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Abstract 

Four Eastern Cape estuaries, the Kromme, Gamtoos, Swartkops and Sundays Estuaries have a permanent connection to the 
adjacent ocean, but differ in the amount of freshwater inflows as well as in the land-use patterns in their respective catchment 
areas. The nutrient loading to the four estuaries in terms of phosphate, nitrate, nitrite and ammonia therefore varies. The 
aim of the study was to show how the nutrient loads received by the estuaries differ, and how they act as filters for nutrients. 
Discriminant analysis revealed such contrasts: The lower reaches of the four estuaries are similar in their inorganic nutrient 
concentrations, but concentrations diverge in their upper reaches and in the inflowing river water. 
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Introduction 

Estuaries are recognised as productive ecosystems, which are 
of economic, recreational and aesthetic value. Increasingly, the 
estuarine ecosystem is threatened through anthropogenic influ-
ences such as pollution, excessive freshwater abstraction in 
the catchment and over-fertilisation from nutrients in agricul-
tural and urban runoff. Estuaries, as the end-users of water of 
the entire catchment, reflect the land-use of the catchment and 
are important areas to trap nutrients and other chemical com-
pounds before discharge occurs into the adjacent coastal ocean. 
As popular areas for settlements and recreation, estuaries have 
been impacted around the world. In South Africa several cities, 
agriculture, tourism, residential developments, and recreational 
activities are concentrated along the coast (Morant and Quinn, 
1999), but largely focus around or adjacent to estuaries.  These 
impact estuaries in the way of nutrient over-enrichment, silta-
tion, and reduced freshwater inflow due to freshwater abstrac-
tion. In this study we investigated the differences between four 
Eastern Cape estuaries (Kromme, Gamtoos, Swartkops, Sun-
days) in terms of their inorganic dissolved nutrient status and 
how well the estuaries act as filters as transition zones between 
the river and the sea. The hypotheses tested in this study high-
light that all four estuaries differ in terms of their inorganic 
dissolved nutrient status in the riverine reaches just above the 
tidal head, but that concentrations in their lower reaches are very 
similar. In this case, the estuaries would act as important filters 
for nutrients de rived from their catchment areas. 
 The four Eastern Cape estuaries under investigation are sit-
uated along the south coast of South Africa (Fig. 1) and belong to 
the 23% of South African estuaries that have a permanent con-
nection to the sea (Whitfield, 2000).  The four estuaries differ in 
the amount of inorganic dissolved nutrients (phosphate, nitrate, 
nitrite, ammonia) they receive from runoff, due to different land 
uses in their catchment areas. The Kromme Estuary (34o08’S, 

24o51’E) is subject to major freshwater abstraction for greater  
than 20 years by two dams that have a storage capacity of ca. 
133% of the mean annual runoff (MAR) of about 105.5 x 106m3 
(Reddering and Esterhuysen, 1983). The Mpofu Dam, completed 
in 1982, is only 4 km from the tidal head of the Kromme Estuary 
which only receives freshwater after rains when overtopping of 
both dams occurs. Nutrient additions to the estuary occur when 
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Figure 1
The location of the Kromme, Gamtoos, Swartkops and Sundays 
Estuaries along the South African coast, including an indication 

of their catchment size. 
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freshwater reaches the estuary (Scharler and Baird, 2000). Agri-
culture is practised on a limited scale along the lower reaches of 
the estuary and on the hills further upstream and natural vegeta-
tion occurs along the middle and upper reaches as well as along 
its biggest tributary, the Geelhoutboom, entering ca. 7 km from 
the mouth. Other numerous but small tributaries along the entire 
length of the Kromme Estuary only flow in a response to rain 
and are dry at other times. 
 The Gamtoos Estuary (33o58’S, 25o04’E), situated 50 km 
west of Port Elizabeth, is ca. 20 km in length and its only 
tributary, the Loerie River, enters at about 8.5 km from the 
mouth. The catchment area is about 34 500 km2 and extends 
far into the interior (Snow et al., 2003). The MAR of the 
catchment is approximately 485 x 106 m3 and the total reser-
voir capacity of the catchment is estimated at 255 x 106 m3 
(Noble and Hemens, 1978; Midgley et al., 1994). There are 
three major impoundments in the Gamtoos River catchment. 
The Beervlei Dam on the Groot River has a storage capacity 
of about 150% of the MAR, the Kouga Dam on the Kouga 
River retains about 85% of the MAR and the Loerie Dam 
retains approximately 20% of its MAR of 21 x 106 m3 (Hey-
dorn and Grindley, 1981). Stock farming and the cultivation 
of vegetable crops and fodder farming occur in the catch-
ment area. The Gamtoos River floodplain surrounding the 
Loerie and Gamtoos Estuaries, is extensively used for crop 
cultivation under irrigation (Heydorn and Grindley, 1981). 
An agricultural drainage pipe, ca.16.5 km from the mouth 
and draining an agricultural area of about 50ha, discharges 
approximately 250 m3·d-1 of water into the Gamtoos Estuary.  
A non-point source of nutrients into the Gamtoos Estuary is 
the leaching of groundwater, containing dissolved fertilizer, 
from the adjacent agricultural fields at a mean rate of about 
276 m3·d-1 (Schumann and Pearce, 1997). Natural fringing 
vegetation is absent along most of the Gamtoos Estuary. 
 The Swartkops Estuary (32o52’S, 25o38’E) lies within the 
municipal boundary of Port Elizabeth, with a relatively pristine 
upper catchment about 1 360 km2 in size and a mean annual 
runoff of 84.2 x 106m3 (Reddering and Esterhuysen, 1981a). 
The lower catchment and the area around the estuary are 
densely populated and numerous industrial activities such as 
clay mining, salt works, sewage treatment works, wool wash-
eries and tanneries are situated in the region. Point sources 
of nutrients include the Swartkops River and the Motherwell 
and Markman Canals which drain an under-serviced, heavily 
populated residential townships and industrial developments  
respectively (MacKay, 1993). The Chatty River enters the 
Swartkops Estuary in the lower reaches and flows through an 
informal settlement. Freshwater abstraction in the catchment 
area is restricted. 
 The Sundays River valley is extensively used for agricul-
ture, mainly citrus cultivation. The Sundays Estuary (33o43’S, 
25o25’E) is about 24 km in length (MacKay and Schumann, 
1990) and its catchment area (20 729 km2) lies in a semi-arid 
region. The mean annual runoff is about 186 x 106m3 (Redder-
ing and Esterhuysen, 1981b). The major freshwater abstraction 
occurs in the upper half of the Sundays River and an interba-
sin transfer scheme adds water to the Sundays River system, 
which has increased the average freshwater inflow to the estu-
ary (Archibald, 1983). There are no tributaries to the Sundays 
Estuary. 
 The total water exchange times were calculated for each of 
the four systems using the land ocean interactions in the coastal 
zone (or LOICZ) water budget modelling protocol. Water 
exchange times were derived from the ratio V1/(VR + VX) where 

V1 =  the volume of the system, VR  = the daily residual water 
flux, and  VX = daily water exchange flux (Gordon et al., 1996). 
Total water exchange times are given by Baird (2001) as 87d for 
the Kromme Estuary, 26d for the Gamtoos Estuary, 34d for the 
Swartkops Estuary, and 42d for the Sundays Estuary. The long 
exchange time for the Kromme Estuary is probably due to the 
low rate of freshwater inflow. 
 Mean annual freshwater inflow rates reported for the four 
estuaries are: Kromme Estuary (June 1993 – March 1995): 
0.07  m3·s-1 (SD=0.14, n=42)(Scharler and Baird, 2003a); Gam-
toos: 0.4 to 1.6 m3·s-1 under base flow conditions (Scharler et 
al., 2003), with an estimated average inflow into the estuary 
of less than 1 m3·s-1 (Snow et al., 2003; Schumann and Pearce, 
1997); Swartkops Estuary (June 1993 to June 1994): 0.82 m3·s-1 
(SD=0.86, n=26) (Scharler and Baird, 2003a); Sundays Estuary 
(June 1993 to June 1994): 2.74 m3·s-1 (SD=1.03, n=26) (Scharler 
and Baird, 2003a). 

Material and methods 

The Kromme Estuary was sampled between June 1993 and 
March 1995 on 12 occasions. Water samples were taken at  
4 stations in the Kromme Estuary, and one in the Geelhout-
boom River tributary near its confluence with the Kromme 
Estuary. Samples were taken at 0.5 m intervals from the sur-
face to the bottom. The two stations in the lower estuary were 
pooled to represent the lower reaches of the Kromme Estuary. 
The Swartkops and Sundays Estuaries were sampled on 7 occa-
sions from June 1993 to June 1994 at 3 stations (also at 0.5 m 
intervals from surface to bottom) in the estuaries to represent 
the lower, middle and upper reaches. Additional samples were 
taken at one station in the freshwater reaches of the river. The 
Gamtoos Estuary was sampled between November 1996 and 
November 1998 on 6 occasions at 12 stations. The data from 
the 12 stations in the Gamtoos Estuary were combined to rep-
resent the lower, middle, upper and riverine reaches. The data 
for all 4 estuaries represent the lower, middle, upper and riv-
erine reaches based on geographical considerations. Samples 
in all four estuaries were taken at all times during spring low 
tides to reduce the effect of dilution and mixing by seawater as 
much as possible.
 Duplicate water samples were filtered through Schleicher 
and Schüll (No 6) glass-fibre filters and analysed after Strick-
land and Parsons (1972) for phosphate, for nitrate and nitrite 
after Bate and Heelas (1975) as modified from Strickland and 
Parsons (1972), and for ammonia after Solórzano (1969). 
 Salinity was measured at the same depth intervals with a 
CTDS Valeport Ser. 600. Freshwater inflow was measured on 
each sampling occasion just above the tidal head of the Gam-
toos, Swartkops and Sundays Estuaries by measuring the cross-
sectional area of the river-bed and the flow velocity using an 
OTT C20 Mini-current meter. Data on freshwater inflow into 
the Kromme Estuary were chosen to be equal to the amount of 
water leaving the Mpofu Dam 4 km upstream of the tidal head. 
These data were obtained from the Department of Water Affairs 
and Forestry in Pretoria.   
 The data were subjected to multiple discriminant analysis 
(e.g. Hair et al., 1992; software: Statistica Version 5.0) to illus-
trate differences firstly between the lower, middle, upper and 
riverine reaches within each estuary and secondly between the 
4 estuaries and in terms of the 4 inorganic dissolved nutrients 
analysed. Discriminant analysis is used to determine which 
variables discriminate between 2 or more naturally occurring 
groups (in this case the different estuarine reaches first within 
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each of the 4 estuaries and then between the 4 estuaries). The 
difference in groups is calculated with regard to the mean of 
the variable. Variables in this study are the inorganic dissolved 
nutrients. The discriminant analysis differs from an ANOVA 
not in the underlying procedure, but in that different types of 
statistics are computed. They include e.g. the significance of 
the contribution of each variable to the discrimination between 
groups whose contributions to the discrimination do not over-
lap, a canonical correlation analysis is performed to determine 
the successive discriminant functions, and individual discrimi-
nant scores can be viewed and plotted (e.g. Hair et al., 1992; 
Software Statistica Version 5.0). When the functions discrimi-
nate significantly, it is possible to develop classification matri-
ces (Hair et al., 1992). The classification matrix is a measure 
of the prediction accuracy of the discriminant function, and its 
classification scores are calculated with classification functions, 
determining to which group each case most likely belongs. Pre-
dicting to which group a case belongs can be done post hoc, 
with the same data used to develop the discriminant function, 
or a priori, using cases which were not part of developing the 
function. Both methods are acceptable (Hair et al., 1992), and 
the post hoc prediction was used here. The classification scores 
are biased towards a better classification score using the post 
hoc method.      

Results 

The salinity distribution along the longitudinal estuarine gra-
dient reflects the restricted freshwater inflow into the Kromme 
Estuary where mean salinities ranged from 30.6 (SD=6.0) near 
the mouth to 24.4 (SD=10.7) in the upper reaches (Scharler and 
Baird, 2003a). The mean salinity gradient in the Gamtoos Estu-
ary ranged from 30.6 at the mouth to about 0.6 at the head of 
the estuary (Scharler and Baird, 2003b). In the Swartkops Estu-
ary mean salinities ranged from 33.1 (SD=2.8) near the mouth 

to 14.7 (SD=11.0) in the upper reaches, whilst the salinity in 
the Sundays Estuary from ranged from 26.5 (SD=3.6) near the 
mouth to 9.9 (SD=10.6) in the upper reaches (Scharler and Baird, 
2003a) 
 The concentrations of the inorganic nitrogen concentrations 
were in general highest in the Gamtoos Estuary (Table 1). High-
est phosphate concentrations were measured in the Swartkops 
Estuary, and lowest concentrations in the Gamtoos Estuary. 
Similar concentration levels of phosphates were measured in 
the Kromme and Sundays Estuaries. The Gamtoos and Sun-
days Estuaries, which are both impacted by agricultural runoff 
showed the highest nitrate concentrations. Lowest concentra-
tions were measured in the Kromme Estuary (Table 1). Nitrite 
concentrations were overall low probably due to the rapid oxida-
tion of nitrite to nitrate in well mixed and oxygenated waters. A 
detailed description of salinity and nutrients values is given in 
Scharler and Baird (2003a; b). 
 In all 4 systems, higher concentrations of nitrate were meas-
ured in the inflowing freshwater compared to the upper estua-
rine reaches. For phosphate, this was true only in the Swartkops 

TABLE 1
Mean values (± SD; n) of inorganic nutrient measurements 

(in µM) for the Kromme, Swartkops, Sundays and 
Gamtoos Estuaries

Phosphate Nitrate Nitrite Ammonia
Kromme
Mouth
Lower
Middle
Upper
River

0.6 (0.8;70)
0.5 (0.8;94)
0.6 (0.9;117)
0.6 (0.9;101)
0.6 (0.5;11)

9.2 (8.5;70)
8.5 (8.3;94)
8.7 (8.2;117)
8.9 (9.1;101)
15.0 (4.1;12)

0.8 (1.3;66)
0.8 (1.3;88)
0.8 (1.4;102)
0.7 (1.3;85)
1.5 (1.8;10)

5.6 (4.9;66)
4.9 (3.1;88)
6.1 (2.7;109)
5.4 (6.2;93)
9.0 (9.3;10)

Swartkops
Lower
Middle
Upper
River

0.8 (0.1;62)
2.6 (0.9;68)
3.9 (1.9;64)
6.8 (3.9;14)

12.4 (12.5;68)
14.2 (12.1;68)
12.4 (13.2;64)
23.3 (27.9;14)

0.8 (0.9;62)
0.7 (0.9;68)
0.4 (0.4;64)
0.7 (0.4;140)

7.2 (2.3;62)
7.5 (5.9;68)
6.8 (4.6;64)
6.9 (5.0;14)

Sundays
Lower
Middle
Upper
River

0.4 (0.4;43)
0.5 (0.4;58)
0.6 (0.4;52)
0.6 (0.4;40)

22.3 (16.3;44)
25.0 (21.7;58)
33.7 (22.9;52)
66.7 (41.4;40)

0.7 (0.5;44)
0.8 (0.6;58)
1.0 (0.5;52)
0.5 (0.3;40)

6.6 (3.9;44)
7.4 (5.2;58)
8.8 (5.3;52)
5.5 (1.7;40)

Gamtoos
Lower
Middle
Upper
River

0.2 (0.2;51)
0.4 (0.3;63)
0.4 (0.3;64)
0.3 (0.3;5)

9.3 (12.9;51)
20.6 (28.8;63)
60.3 (55.7;64)
88.6 (69.1;5)

1.2 (1.0;51)
1.6 (1.2;63)
2.9 (0.8;64)
2.0 (0.6;5)

6.5 (6.3;50)
10.5 (8.2;63)
7.9 (5.9;64)
5.4 (1.3;5)
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Figure 2
Scatter-plot of the canonical scores derived by multiple discri-

minant analysis for the middle, upper and riverine reaches ofthe 
Kromme, Gamtoos, Swartkops and Sundays Estuaries. There 

was no difference between the lower reaches of the 4 estuaries.
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estuarine system. Higher concentrations of nitrite and ammonia 
were measured in the Kromme and Swartkops Rivers, while the 
mean concentrations of these nutrients in the Sundays and Gam-
toos Estuaries were lower in the inflowing freshwater compared 
to the upper estuarine reaches (Table 1) (a detailed description 
of means and variability of nutrient concentrations is given in 
Scharler and Baird 2003a; b). 
 Discriminant analysis was first performed for all 4 estuaries 
to detect differences in terms of the inorganic dissolved nutrients 
(phosphate, nitrate, nitrite, ammonia) between the lower, middle 
and upper estuarine reaches and the river for each of the estuar-
ies separately. Since the Gamtoos and Sundays Estuaries were, 
in general, stratified in terms of salinity and nutrients, while the 
Swartkops and Kromme Estuaries were well mixed, the nutri-
ent data were depth-averaged to compensate for this difference 
and to reduce the possible misclassification of cases in the dis-
criminant analysis. Since the data were sampled over different 
time periods and in variable frequencies, it was assumed that the 
pooled data (temporally and geographically) are representative 
of the nutrient status of the various regions of the estuaries. 
 The summary of the stepwise analysis in Table 2 shows 
that there was no statistically significant difference in terms 
of all 4 inorganic dissolved nutrients between the reaches of 
the Kromme Estuary. Phosphate was the only discriminating 
factor in the case of the Swartkops Estuary, due to the steep 
decrease in concentration from the river to the estuarine mouth. 
Nitrate and nitrite were identified as discriminating factors for 

TABLE 2
Results of discriminant analysis of the Swartkops, Sundays and Gamtoos Estuaries (There were no 

statistically significant differences between the reaches of the Kromme Estuary.) Summary of stepwise 
analyses: list of variables with discriminant power; Discriminant functions: give results of canonical 

analyses and significance of the canonical roots that add to the discrimination between groups; 
Classification matrix: presents to which group (here: lower, middle, upper, riverine reaches) a case 

(here: concentrations of nutrients included in the analysis) most likely belongs; Discriminant loadings: 
measure the simple linear correlation between the variables and the discriminant function; Potency 
Index: A composite measure of the discriminatory power of a predictor variable. Only the variables 

which discriminate statistically significant between the reaches are listed.
Summary of stepwise analysis: Classification matrix: % correctly classified:

F to enter p-level Swartkops Sundays Gamtoos
Swartkops:
Phosphate 9.3 < 0.001

Lower Reaches
Middle Reaches
Upper Reaches
River
Total

100.0
71.4
57.1
57.1
71.4

57.1
14.3
57.1
85.7
53.6

50.0
66.7
66.7

100.0
68.2

Sundays:
Nitrate
Nitrite

4.6
4.5

0.01
0.01

Gamtoos:
Nitrite
Phosphate
Ammonia
Nitrate

50.0
4.6
7.2
9.3

< 0.001
0.02

0.002
0.001

Proportional chance criterion:  
25.0 25.0 25.1

Discriminant functions: Statistical Significance: Discriminant loadings:
Discriminant 
function 
removed

Canonical
 R

Chi-
square

p-level 1st 2nd 3rd Potency 
Index

Sundays: 
0
1

0.75
0.28

21.9
1.9

0.001
0.38

Sundays:
Nitrate
Nitrite

0.64
-0.25

-0.77
-0.97

0.41
0.06

Gamtoos: 
0
1
2

0.99
0.24
0.06

80.4
1.0
0.1

< 0.001
0.98
0.97

Gamtoos: 
Nitrite
Phosphate
Ammonia
Nitrate

-0.28
-0.10
-0.24
-0.14

-0.65
-0.04
0.31
-0.15

0.20
0.40
0.09
0.37

0.08
0.01
0.06
0.02

the Sundays Estuary, and only the first discriminant function 
is statistically significant, separating the Sundays River from 
the estuarine reaches. For the Gamtoos Estuary all 4 inorganic 
dissolved nutrients were included in the model as discriminat-
ing factors, and nitrite had the strongest discriminating power. 
Only the first discriminant function, separating the river from 
the estuarine reaches, was statistically significant (Table 2). 
Discriminant analysis was then performed to assess differences 
between the 4 estuaries (Table 3, Fig. 2). The lower, middle and 
upper estuarine reaches as well as the river sampled just above 
the tidal head were compared between the 4 estuaries. The lower 
reaches of all 4 estuaries showed no difference in their dissolved 
inorganic nutrient concentrations. In the middle reaches phos-
phate was the best discriminating factor, followed by ammonia 
and nitrate. The differences in the upper reaches between the 4 
estuaries are more pronounced, and phosphate was again iden-
tified as the parameter with the highest discriminating power. 
The classification of data was best for the Swartkops Estuary 
(100%) and lowest for the Sundays Estuary (42.9%). Two dis-
criminant functions were statistically significant, where the first 
separates the Swartkops and the second the Gamtoos Estuary 
from the remaining estuaries. Lastly, in the riverine reaches, all 
4 inorganic dissolved nutrients were included as discriminating 
factors and phosphate had again the best discriminating power 
followed by nitrate, nitrite and ammonia. The classification was 
best for the Sundays Estuary (100%) and lowest for the Gamtoos 
Estuary (50%). Two statistically significant discriminant func-
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tions separate the Swartkops (first function) and the Kromme 
(second function) Estuary from the remaining estuaries. 
 The canonical scores are plotted in Fig. 2 for the first dis-
criminant functions (or canonical roots), and shows how each 
discriminant function contributes to the discrimination between 
groups. The differences between the estuaries become more 
pronounced from the middle to the riverine reaches (there was 
no statistically significant difference between the lower reaches 
of the 4 estuaries), and the Swartkops is most separated from the 
other estuaries. In the riverine reaches, the Gamtoos and Sun-
days Estuaries had similar canonical scores derived from the 
nutrient concentrations, whereas the Swartkops and Kromme 
Estuaries differed from the former 2 and from each other. The 
classification accuracy of the data into the various groups was 
always fairly high and always above the proportional chance 
criterion (Tables 1, 2), which describes the probability of right 
classification into a group by chance only (Hair et al., 1992). 
The only exception was a low hit ratio of 14.3% of the middle 
reaches of the Sundays Estuary as a result of a comparison of the 
Sundays estuarine reaches (Table 2).  

Discussion 

Although the differences within the estuaries are either absent 
(Kromme Estuary) or pronounced only for some (Swartkops: 
phosphate, Gamtoos and Sundays: nitrate and nitrite) but not 
all nutrients, it was obvious that the differences between the 
estuaries was the least pronounced in the lower reaches, and 
most pronounced in the upper and riverine reaches. This clearly 
describes the filtering capacity, largely ascribed to the metabolic 
activity of organisms in the water column and sediment of these 
estuaries for land-derived nutrients and its importance as a nat-
ural purification system. Concentrations of dissolved inorganic 
phosphate (DIP)in the coastal waters along the south-east Cape 
coast varies between 0.02 and 0.3 µM , whereas concentrations 
of between 0.4 µM  and 0.8 µM were measured in the lower 
reaches of the estuaries. Dissolved inorganic nitrogen (DIN) in 
coastal water range between 0.4 and 0.8 µM (Switzer and Wal-
dron, 2001; Baird, 2001), whilst a mean of 7.25 µM (SD=6.4, 
n=12) was measured during spring low tide in the lower reaches 
of the estuaries (Scharler and Baird, 2003a; b). Concentrations 

TABLE 3
Results of discriminant analysis of the various reaches between the 4 estuaries. Summary of stepwise 

analyses: list of variables with discriminant power; Discriminant functions: give results of canonical analy-
ses and significance of the canonical roots that add to the discrimination between groups; Classification 

matrix: presents to which group (here: lower, middle, upper, riverine reaches) a case (here: concentrations 
of nutrients included in the analysis) most likely belongs; Discriminant loadings: measure the simple linear 

correlation between the variables and the discriminant function; Potency Index: A composite measure of 
the discriminatory power of a predictor variable. Only the variables which discriminate statistically signifi-

cant between the estuaries are listed. There was no difference between the lower reaches of the 4 estuaries.
Summary of stepwise analysis: Classification Matrix:% correctly classified:

F to enter p-level Middle Upper River
Middle Reaches:
Phosphate
Ammonia
Nitrate

12.5
2.6
1.5

< 0.001
0.07
0.25

Kromme
Swartkops
Sundays
Gamtoos
Total

81.8
85.7
42.9
50.0
67.7

80.0
100.0
42.9
83.3
76.7

60.0
85.7

100.0
50.0
78.3Upper Reaches:

Phosphate
Nitrite
Nitrate

24.1
6.2
2.3

< 0.001
0.003
0.10

Proportional chance criterion: 
27.2 25.5 24.5

River:
Phosphate
Nitrate
Nitrite
Ammonia

11.6
3.9
2.4
1.7

< 0.001
0.03
0.10
0.20

Discriminant functions: Statistical Significance: Discriminant loadings: 
Discriminant 
function 
removed

Canoni-
cal  R

Chi-
square

p-level 1st 2nd 3rd Po-
tency 
Index

Middle Reaches:
0
1
2

0.8
0.4
0.3

34.3
7.7
3.2

< 0.001
0.10
0.07

Middle reaches:
Phosphate
Ammonia
Nitrate

-0.89
0.07
0.13

0.16
0.45
0.96

0.43
0.89
0.23

0.79
0.01
0.02

Upper Reaches:
0
1
2

0.9
0.7
0.3

54.6
16.4
1.7

< 0.001
0.003
0.19

Upper Reaches:
Phosphate
Nitrite
Nitrate

-0.86
0.37
0.25

-0.50
-0.75
-0.65

-0.09
0.55
-0.72

1.00
0.70
0.49

River:
0
1
2

0.9
0.7
0.5

39.1
15.0
4.1

< 0.001
0.02
0.13

River: 
Phosphate
Nitrate
Nitrite
Ammonia

0.74
-0.41
-0.13
0.08

0.53
0.38
-0.48
-0.30

0.40
0.65
0.84
-0.09

0.83
0.31
0.25
0.10
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are thus generally lower in the coastal seas than in the estuar-
ies. However, the dilution effect of seawater was most probably 
limited because of the fact that samples were taken at spring 
low ebb tides. Winter and Baird (1991) calculated a net export 
of orthophosphate from the Swartkops Estuary, which was in 
accordance with many other studies testing the ‘outwelling’ 
hypothesis of estuaries (Odum 1980). The net export of other 
dissolved inorganic nutrients such as ammonium, nitrite, 
nitrate, and dissolved inorganic carbon (DIC) have also been 
reported by Baird and Winter (1990) for the Swartkops Estu-
ary. The low DIP and DIN concentrations in the coastal waters 
must have some dilution effect during tidal floods of nutrients 
in the lower reaches of this estuary, and excess material are 
most probably exported on the ebb tide as suggested by  Baird 
et al (1987), Baird and Winter (1990), and Winter and Baird 
(1991). Similar quantitative results are unfortunately not avail-
able for any of the other estuaries discussed in this paper. How-
ever, the decline in the nutrient concentrations along the axis of 
the estuaries is significant, and estuaries in this case perform a 
similar function as wetlands and marshes. The entrapment of 
land-derived nutrients is an important factor in the high pro-
ductivity of estuaries, which around the world sustain millions 
of people through their productivity (e.g. fisheries). Gabric and 
Bell (1993) state that N and P loadings increased over the past 
few decades by 42.5% and 11.4% respectively in developed 
countries and by 221% (N) and 161% (P) in developing coun-
tries, where the absolute fertiliser application rate is as yet not 
as high as in developed countries. A review of nitrogen fluxes 
from continents surrounding the North Atlantic reported that 
riverine nitrogen inputs to the North Atlantic have increased 
eleven-fold in the North Sea region, six-fold for all of Europe 
and three-fold for the North American continent (Howarth, 
1998). In a thorough review of inorganic nutrient loading to the 
coastal seas, Smith et al. (2003) estimated that the total global 
loads of dissolved inorganic phosphate and dissolve inorganic 
nitrogen are almost three times the amount calculated by Mey-
beck (1982) for the year 1970. Fertilisers applied to agricul-
tural fields are in general not entirely used, so that a substantial 
amount is washed from the soil into rivers and estuaries which 
puts increasing demands on the filtering role of these ecosys-
tems. An over-supply of nutrients is documented extensively in 
the literature through eutrophication of estuaries and the con-
tinental shelf (e.g. Conley et al., 1993; Paerl, 1997; Howarth, 
1998). The occurrence of hypoxia appears to be a common 
phenomenon during late summer in many estuaries along the 
eastern seaboard of the continental United States (Baird et al., 
2004). Eutrophication is also associated with changes in the 
food web structure, e.g. increased phytoplankton biomass at 
the expense of macrophytes, or the shift from edible to ined-
ible phytoplankton species and the consequences for higher 
trophic levels (e.g. Nixon, 1993; Roelke et al., 1999, Baird et 
al., 2004). 
 The overall nutrient loads reaching South African estuar-
ies is still only a small fraction compared to those of Europe 
and North America. In Australia, where estuaries experience 
similar flood-drought cycles as in South Africa (Eyre, 1998), 
eutrophication is a threat to some estuarine systems (e.g. Sum-
mers et al., 1999), but others are reported to carry relatively 
low nutrient concentrations (Eyre, 1997; Eyre and Balls, 1999). 
On those continents where the filtering capacity of estuaries 
has been exceeded by far, restoration efforts are an important 
feature in estuarine research and management, in order to 
decrease the nutrient supply to rivers, estuaries and the conti-

nental shelf (e.g. Gabric and Bell, 1993; Nixon, 1993; Bricker 
and Stevenson, 1996; Rendell et al., 1997; Smit et al., 1997; 
Attrill, 1998; Summers et al., 1999). 
 Freshwater reduction is still perceived as a bigger threat to 
coastal areas in South Africa than eutrophication. A decreased 
freshwater supply to estuaries in agricultural areas can result 
in a decreased flushing potential of freshets and floods. Since 
agriculture is most likely to be a growing industry in the future 
instead of decreasing or stagnating, the pollution pressure on 
South African estuaries will increase. Because of the decrease 
in the flushing of estuaries, in terms of the magnitude and fre-
quency of floods, the water residence times in the estuaries will 
increase and therefore also enhance the potential for eutrophi-
cation. In the Gamtoos Estuary, where phytoplankton blooms 
do exist (Snow et al., 2000), frequent flushing of the estuary is 
believed to clear the system from accumulated fertilisers and so 
prevented large scale eutrophication to date (Scharler and Baird, 
2003b). A similar situation might be true for the Sundays Estu-
ary, where algal blooms are well documented (Hilmer and Bate, 
1990). 
 In conclusion, results from this study show that the varia-
bility in nutrient concentrations is greater in the upper reaches 
than in the lower reaches of the 4 systems investigated. The 
fact that the different estuaries were not sampled over the 
same time period, or that the frequency of samples and sam-
pling varied between systems, could have resulted in greater 
variability than if sampling would have taken place simulta-
neously in the estuaries. However, the close proximity of the 
estuaries, and the relative homogeneous climate in which they 
occur, justifies the comparison of the results, which is reflected 
in the similar trends observed in the distribution of nutrient 
concentrations.
 The absorptive or filtering capacity of the estuaries is a 
function of the inherent metabolic activities within an estu-
ary leading to reduced nutrient concentrations in the lower 
reaches of the estuary. Reduced nutrients in the lower reaches 
may affect the system’s productivity and diversity, which can 
ultimately be traced back to reduced freshwater inflow and 
the associated decreased levels of nutrient inputs. The cause 
and effect of river flow and water quality on the one hand, 
and the filtering capacity of estuaries on the other, imply a 
delicate balance between them that has management implica-
tions.  However, the complex interactions between river flow, 
tidal pulsing, and intertidal wetlands in the control of nutrient 
levels in estuaries are not yet fully understood (Allanson et al., 
2000). 
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