
http://dx.doi.org/10.4314/wsa.v38i4.15 
Available on website http://www.wrc.org.za
ISSN 0378-4738 (Print) = Water SA Vol. 38 No. 4 July 2012
ISSN 1816-7950 (On-line) = Water SA Vol. 38 No. 4 July 2012 597

*	 To whom all correspondence should be addressed. 
 	 +32 2652304; e-mail: eric.struyf@ua.ac.be     
Received 5 September 2011; accepted in revised form 6 July 2012.

Nitrogen, phosphorus and silicon in riparian 
ecosystems along the Berg River (South Africa): 

The effect of increasing human land use

Eric Struyf1*, Kris D Bal1,4, Hans Backx1, Dirk Vrebos1, Annelies Casteleyn1, Eric De Deckere1, 
Jonas Schoelynck1, Luc Brendonck2, Lincoln M Raitt3 and Patrick Meire1

1 Ecosystem Management Research Group, Department of Biology, University of Antwerp, Belgium 
2Laboratory of Aquatic Ecology and Evolutionary Biology, Katholieke Universiteit Leuven,  Charles Deberiotstraat 32, 3000 Leuven, Belgium 

3Department of Biodiversity and Conservation Biology, University of the Western Cape, Cape Town, South Africa 
4Department of Biodiversity, University of Limpopo, Mankweng, South Africa

Abstract

The Berg River is one of the main rivers in the Cape Region; it is essential for the local economy and ecology, as it supplies 
water to agriculture and industries, provides drinking water for the greater Cape Town region, and supports rich aquatic 
ecosystems. The Berg River is impacted by both diffuse pollution from agricultural run-off and point-source pollution 
from urban and industrial wastewater. Construction of a dam on the headwaters of the Berg River in 2007 has changed 
the hydrology of the upper catchment. Pelagic nutrient dynamics in the Berg River are well documented. The opposite is 
however true for riparian nutrient dynamics. We studied changes in riparian nutrient storage over a gradient in elevation 
(a proxy for flooding frequency and drought) and human influence (the Berg River dam and lateral nutrient and pollutant 
input). Our results show that nutrient concentrations in the riparian sediments reflect nutrient concentrations in the river. 
N concentrations in the sediment increased up to 1 000%, while P concentrations rose up to 200% with increasing human 
influence. For biogenic Si, we found generally low concentrations throughout the whole gradient sampled (all < 0.5 mg BSi 
g-1 sediment). Sediments closer to the river appear to have more efficient recycling and export of nutrients into the river. 
Overall, we conclude that the observed patterns indicate the necessity of incorporating nutrient status and management of 
riparian habitats in the Berg River monitoring strategy. 
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Introduction

The Cape Region (South Africa) is a biodiversity hotspot on 
the Southern African continent (Goldblatt and Manning, 2002). 
Due to human development, such as increasing agricultural 
activities and increasing urbanisation, ecosystems in the area 
have to cope with steadily increasing anthropogenic pressures, 
such as higher nutrient inputs, unsustainable water manage-
ment practices, and, as a consequence, reductions in biodi-
versity (Rouget et al., 2003). Riverine water quality integrates 
these anthropogenic influences on the catchment scale. One 
of the main rivers in the Cape Region is the Berg River. It is 
essential for the local economy and ecology, as it supplies water 
to agriculture and industries, provides drinking water for the 
greater Cape Town region, and supports rich aquatic ecosys-
tems (De Villiers, 2007). 

The Berg River is nowadays impacted by both diffuse 
pollution from agricultural run-off and point-source pollution 
from urban and industrial wastewater. The construction of a 
dam on the headwaters of the Berg River in 2007 and other 
impoundments have changed the hydrology of the upper catch-
ment. This combination of pollutant input and hydrological 
effects may impact on the ecological functioning of the entire 
river. In regulated rivers, a combination of short unpredictable 

flood pulses and relatively long stable periods results in a cas-
cade of effects on the aquatic organisms (Stanford et al., 1996; 
Ward et al., 2001). 

Constructing reservoirs also strongly modifies biogeochem-
ical cycles: carbon, nutrient and sediment loadings delivered to 
the coastal environment are strongly impacted due to increased 
residence times and increased stratification (Friedl and Wuest, 
2002). For silica, in particular, it is well known that construc-
tion of dams has resulted in a decline in silica loads reaching 
estuaries and coastal environments (Humborg et al., 1997). 
The silica flux from the continents impacts on two of the major 
global carbon sinks (Street-Perrott and Barker, 2008), due to 
the link between weathering of minerals and atmospheric CO2 
concentrations and the import of Si into coastal zones from the 
terrestrial environment sustaining diatom growth. Diatoms 
play a key role in the oceanic C sink (Ragueneau et al., 2006). 
In addition, Si plays an essential role in the occurrence of 
eutrophication problems in the coastal zone. The ratio at which 
Si, N and P are delivered to the coastal zone from the continent 
is a determining factor for the occurrence of nuisance algal 
blooms (Cloern, 2001).

In contrast to most other African river systems, pelagic 
nutrient dynamics in the Berg River are well documented 
(De Villiers, 2007). This is, however, not the case for riparian 
nutrient dynamics, which remain poorly studied in African 
river systems (Jacobs et al., 2007). Riparian areas are well-
established buffers in the N and P cycle. They affect the 
output of these nutrients to rivers through permanent or tem-
porary uptake in vegetation, detritus and soils, and through 
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transformation processes, e.g. removal by denitrification (e.g. 
Olde-Venterink et al., 2006). Riparian wetlands are often (re)
established as a countermeasure against excessive N and P 
export from agricultural catchments. Recently, they have also 
been indicated as important filters for Si (Struyf and Conley, 
2009; Struyf et al., 2011). Despite the importance of the ripar-
ian zone in riverine nutrient and sediment budgets, there is cur-
rently little or no documented information on nutrient dynam-
ics in the Berg River floodplain. 

The Berg River system provides a good opportunity to 
study hydrological impacts of elevation (flooding frequency 
and drought) and human disturbance effects on riparian 
biogeochemistry, in a system that has recently been heavily 
impacted (De Villiers, 2007), and which displays gradients  
of impact ranging from near-pristine to strongly human- 
influenced over relatively short distances. We studied changes 
in riparian nutrient dynamics over a gradient in elevation  
(a proxy for flooding frequency and drought) and human influ-
ence (the Berg River dam and lateral nutrient and pollutant 
input). This provides a dataset complementing existing data 
on pelagic nutrient dynamics in the Berg River. In contrast to 
most other studies on riparian nutrient dynamics, we included 
Si in our study. Si is an often understudied nutrient in ripar-
ian nutrient dynamics (Struyf and Conley, 2009; Struyf et al., 
2009), yet riparian areas can play a crucial role in Si biogeo-
chemistry. Our study aimed to identify Si, N and P stocks in 
riparian wetlands, as well as the effects of increasing human 
land use on these. 

Materials and methods

Study area

The study area is located in the Upper Berg River, near the town 
of Franschhoek (33° 54’ 36.3” S, 19° 7’ 33.07” E), 75 km east of 

Cape town. The total catchment area for the Berg River is  
7 715 km2, including many of the famous vineyards of South 
Africa. 65% of the catchment is used for agricultural purposes, 
mainly vineyards and fruit orchards. The Berg River has a 
length of 294 km and originates in the Hottentots-Holland 
Mountains at a height of 1 500 m amsl. At the mouth it reaches 
the Atlantic Ocean forming an estuary of 61 km2 which is 
protected as an important bird area (Fig. 1).

Regional climate conditions are Mediterranean with an 
average rainfall in winter of 500 to 1 000 mm. The natural 
vegetation in this area is highly diverse with the most common 
plant families including Ericaceae, Proteaceae, Restionaceae 
and Poaceae. 30% of the catchment still consists of this natural 
vegetation composition. The vegetation type is fynbos and  
is associated with low aquatic pH values (<5.5), alkalinity  
(<0.2 mM), ionic strength (<1 mM) and a generally brownish 
water colour due to relatively high dissolved organic matter 
concentrations (DOC < 2.1 mg∙ℓ-1) (Soderberg, 2003). 

The Berg River Dam was inaugurated on 5 March 2009. 
The ecological Reserve for water quantity of the upper Berg 
River catchment was set at 31.1% of the mean annual runoff. 
To realize these needs, the outlet works of the dam have been 
designed to release both low flows and high flows with provi-
sion for a peak release of up to 200 m³·s-1. This makes it the 
first dam in South-Africa in which provision is made for flood 
releases for environmental purposes. A continuous low flow in 
the range from 0.3 to 12 m³/s is released and adjusted in magni-
tude according to the ecological demand and depending on the 
inflow into the Berg River Lake. In addition, flood events with 
different magnitudes are produced each year. These releases 
are performed simultaneously with natural flood events and 
have the same magnitude as the incoming flows. During  
periods of drought, the magnitude of the Reserve releases  
will be reduced in order to maintain a sufficient supply of 
drinking water.

 

 

Figure 1 Map of the Western Cape area in South-Africa. To the right, the Berg River 

catchment is shown specifically (Source: Department of Water Affairs, Republic of South-

Africa) 

Figure 1
(a) Map showing location of the Berg River catchment in the Western Cape Province, South Africa, 

(b) Berg River catchment (Source: Department of Water Affairs, Republic of South-Africa)

(a) (b)
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Sampling

Locations
Vegetation, sediment and pore water in riparian ecosystems 
were collected at 4 sampling locations within the upstream 
catchment area of the Berg River, representing a near-pristine 
to anthropogenic riverine gradient, in September 2009. The 
first 2 sampling locations were situated just above and below 
the Berg River dam, in an area close to the riverine source(s), 
where little pollutant and nutrient inputs are expected, and 
where vegetation in the catchment is mostly pristine (Fig. 2). 
The last 2 sampling locations were situated near the town of 
Paarl, approximately 35 km downstream from the first 2 sam-
pling locations. Between the upper and the lower location the 
river receives water that has been impacted by vineyards and 
urban sewage (Fig. 2). 

Sampling setup
At every location, we sampled inundation gradients for veg-
etation, sediment and pore water. Pore water and sediment 
samples were taken in gradients perpendicular to the river, 
representing a transition from regularly inundated areas (adja-
cent to the active channel, flooded as soon as water levels rise)  
to occasionally inundated areas (a few meters from the active 
channel, flooded only at high water levels). Sampling was per-
formed at 3 plots along the perpendicular gradient (at Sampling 

Locations 1 and 4) or at 4 plots along the perpendicular gra-
dient (at Sampling Locations 2 and 3) (Fig. 3). Five parallel 
replicate perpendicular gradients were sampled to the river in 
each sampling location. The gravimetric soil water content in 
the samples confirmed the inundation gradient. Herbaceous 
and shrub vegetation was sampled at every sampling location at 
the outermost ends of the perpendicular gradients, in the most 
regularly inundated areas and the least frequently inundated 
areas, respectively, in 3 plots of 1 m2 (Fig. 3). 

Sediment was sampled using Kopecky rings (5 cm height), 
with a fixed volume of 100 cm3 (Manufacturer: Eijkelkamp, 
certified soil sampling equipment, e.g. Javaux and Vanclooster, 
2006). At each of the sampled plots, 2 Kopecky ring samples 
were pooled and analysed. Pore water was sampled in parallel 
to the Kopecky ring samples using polymerous rhizon sam-
plers (Manufacturer: Eijkelkamp, diameter 2.5×1.4 mm, 10 
cm length) (e.g. Struyf et al., 2009; Shotbolt, 2010). At every 
plot, the water content of 3 rhizon samplers was pooled. We 
were unable to sample pore water at the highest elevation at 
Sampling Location 2, which was also the driest site in terms of 
sediment water content. Plant samples were cut manually from 
a fixed area of 1 m2.

Vegetation
Table 1 provides an overview of the dominant vegetation occur-
ring at all sampling stations. Sampling Location 1 had a high 
biodiversity with frequent occurrence of the following species: 
Briza maxima, Brabejum stellatifolium, Cotulata turbinata, 
Diospyros sp., Elegia capensis, Gladiolus sp., Helichrysum 
aureum, Hypochaeris radicata, Juncus sp., Metrosideros 
angustifolia, Moraea sp., Prionum serratum, Paspalum dila-
tatum, Pennisetum macrourum, Rumex sp., Scirpus fluitans 

 

Figure 2 (courtesy of Google Maps): Detail of the 4 sampling locations along the Berg River. 

1 (upstream Berg River Dam) and 2 (downstream Berg River Dam) are relatively undisturbed, 

3 and 4 are subject to human diffuse and point pollution. (Distance, as the crow flies, between 

Paarl and Franschhoek is 27 km.  

(Paarl is 33°43’ S, 18°57’E, Franschoek is 33°55’ S, 19°, 8’ E) 
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Figure 3: Outline of the natural neighbour plots. The most upstream station is at sampling 

location 1 (SL1), the most downstream station is at SL4. Numbered squares indicate 

inundation gradients perpendicular to the Berg River, where pore water and sediment were 

sampled. Inundation gradients consisted of 3 (most upstream and most downstream station) or 

4 (intermediate stations) distances from the riverside. The number in the square indicates 

relative distance from the river. The Berg river dam is between SL1 and SL2. SL1 and SL2 

are relatively pristine, SL3 and SL4 receive strong anthropogenic nutrient and pollutant input. 

The blue rectangle to the left represents the Berg River. Green rectangles represent plots 

where vegetation was sampled. 

SL1

SL2

SL3

SL4

Figure 3
Outline of the natural neighbour plots. The most upstream 

station is at Sampling Location 1 (SL1), the most downstream 
station is at Sampling Location 4 (SL4). Numbered squares 

indicate inundation gradients perpendicular to the Berg River, 
where pore water and sediment were sampled. Inundation 

gradients consisted of 3 (most upstream and most downstream 
station) or 4 (intermediate stations) distances from the riverside. 

The number in the square indicates relative distance from the 
river. The Berg River Dam is between SL1 and SL2. SL1 and 
SL2 are relatively undisturbed, SL3 and SL4 receive strong 

anthropogenic nutrient and pollutant input. The blue rectangle to 
the left represents the Berg River. Green rectangles represent 

plots where vegetation was sampled.

4

3

Figure 2
(Courtesy of Google Maps): Position of the 4 sampling locations 

along the Berg River. 1 (upstream Berg River Dam) and  
2 (downstream Berg River Dam) are relatively undisturbed 

(except for the dam), 3 and 4 are subject to human diffuse and 
point pollution. Straight-line distance between Paarl (33°43’ S, 

18°57’E) and Franschhoek (33°55’ S, 19°8’ E) is 27 km. 
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and Ursinia paleacea. U. paleacea and P. macrourum char-
acterised the most frequently flooded zone. H. radicata and 
B. maxima were restricted to the occasionally flooded higher 
zones (for flooding separation, see explanation above).

Sampling Location 2 had the following dominant species: 
B. stellatifolium, Eleocharis sp., H. radicata, Juncus sp.,  
M. angustifolia, P. serratum and P. dilatatum. The last species 
was only found in the sporadically flooded zone. All other  
species were found at both flooding frequencies.

Sampling Location 3 had the following dominant spe-
cies: Commelina benghalensis, Eleocharis sp., Juncus sp., 
Myriophyllum aquaticum, Nymphaea lotus, P. dilatatum, P. 
macrourum and Polygonum sp. Commelina benghalensis, 
M. aquaticum and P. macrourum were only found in the 
frequently flooded zone. The occasionally flooded zone was 
characterised by P. dilatatum. 

At Sampling Location 4 the following species were domi-
nant at both flooding frequencies: C. benghalensis, Eleocharis 
sp., Juncus sp., M. aquaticum, P dilatatum, P. macrourum, 
Polygonum sp. and Rumex sp.

There was a general tendency of a decrease in the number 
of dominant species from the most upstream location to the 
most downstream location.

Analysis

The plant samples were thoroughly cleaned with demineral-
ised water to remove sediments, epiphytic algae and macro-
invertebrates. They were then dried at 70°C for 48 h until a 
constant mass was reached. Dry biomass was then determined, 
after which the dried material was homogenised and ground to 
500 µm. Biogenic silica (BSi) was extracted from 25 mg of this 
dried plant material by incubation in a 0.1 m Na2CO3 mixture at 
80°C for 4 h (Struyf et al., 2005). The extracted and dissolved 

Si was spectrophotometrically analysed on IRIS® ICP (induc-
tively coupled plasma spectrophotometer, Thermo®). Nitrogen 
and phosphorus content were obtained by digesting 0.2 g dried 
plant material (48 h at 70 °C) using a H2SO4–H2O2 digestion 
(Walinga et al., 1989) followed by a colorimetric analysis of the 
digested material on a ‘Segmented Flow Analyzer Skalar’ (e.g. 
Van Damme et al., 2009).

Pore water DSi concentrations were measured on an ICP 
(inductively coupled plasma spectrophotometer). Pore water 
PO4

3-, NH4
+ and NOx

- concentrations were analysed colorimetri-
cally on a ‘Segmented Flow Analyzer Skalar’ (e.g. Van Damme 
et al., 2009). 

Sediment samples were dried at 70°C for 48 h. BSi in the 
sediment was determined by alkaline extraction of 30 mg of 
oven-dried sediment in 1% Na2CO3 solution over a 5 h period 
with sub-samples taken at 3, 4 and 5 h, as adapted by Conley 
and Schelske (2002). Nitrogen and phosphorus content of 
sediment samples were analysed according to the method as 
described above for plants (Walinga et al., 1989).

Statistics

Plots for nutrient concentrations in sediment and pore water 
were constructed by calculating natural neighbour interpola-
tions between the neighbouring sample plots (Sibson, 1981). In 
practice, for plotting purposes, all 4 sampling locations were 
set at an equal distance and natural neighbour interpolations 
were calculated using the natural neighbour tool from Spatial 
Analyst in ArcGIS 9.3 (ESRI Inc., 2009). The natural neigh-
bour tool is a good tool to infer trends in a spatial dataset: it 
will never produce values outside of the sampled dataset. These 
plots provide a strong visual interpretation of the studied gradi-
ents and capture local variability, as every point for sediments 
is an average concentration for 10 Kopecky ring samples (5 
perpendicular replicate gradients in every sampling location, 2 
Kopecky rings per distance from river in every replicate gradi-
ent). Pore water concentration at every sampling point within 
these kriged plots was the average for 3–15 rhizons (5 perpen-
dicular replicate gradients at every sampling location, 3 rhizons 
per distance from river in every replicate gradient), depending 
on the success rate of rhizon samplers at the particular location. 

Vegetation nutrient content and biomass across the sam-
pled area was analysed using 2-way ANOVA with location and 
flooding frequency as independent factors. For vegetation, only 
the lowest and highest flooding frequency was sampled. For 
vegetation, no individual species were analysed. All analyses 
were performed on bulked vegetation samples, for all biomass 
in plots of 1 m2.

Results

Vegetation

Total vegetation biomass in the sampled plots differed signifi-
cantly between locations and along the inundation gradient 
(Fig. 4 and Table 2). The frequently flooded zone of Location 
2 had a significantly higher biomass than the other locations 
and zones, except for the frequently flooded zone of Location 
1. Highest BSi concentrations were found in the frequently 
flooded zones of Locations 1 and 2, the lowest at Locations 3 
and 4. For N and P content 2 significant groups could be identi-
fied. N and P concentrations showed a significant downstream 
increase. Highest concentrations were found at Locations 3 
and 4, lowest concentrations at Locations 1 and 2. Within these 

Table 1
Occurrence matrix of dominant species at all 4 sampling 
locations. Sampling locations are indicated as 1, 2, 3 and 

4 respectively
Species 1 2 3 4
Briza maxima L. x
Brabejum stellatifolium L. x x
Commelina benghalensis L. x x
Cotula turbinate L. x
Diospyros sp. x
Elegia capensis (Burm.f.) Schelpe x
Eleocharis sp. x x x
Gladiolus sp. x
Hypochaeris radicata L. x x
Helichrysum aureum (Houtt.) Merr. x
Juncus sp. x x x x
Nymphaea lotus L. x
Myriophyllum aquaticum L. x x
Metrosideros angustifolia (L.) Sm. x x
Moraea sp. x
Prionium serratum (L.F.) Drège ex E.Mey. x x
Paspalum dilatatum Poir. x x x x
Pennisetum macrourum Trin. x x x
Polygonum sp. x x
Rumex sp. x x
Isolepis fluitans (L.) R.Br. var. fluitans x
Ursinia paleacea (L.) Moench x
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sites no significant differences in N and P tissue concentration 
were detected between frequently and occasionally flooded 
zones (results of all tests are indicated in Table 2 and Fig. 4).

Sediment 

All pore water and sediment data are summarised in Table 3. 
Water content in the sediment was always highest nearest the 
river, at all 4 sampling stations. This confirmed our assump-
tion that our gradients perpendicular to the river were indica-
tive for flooding frequency and drought (Fig. 5). Location 3 
had generally higher water content along the perpendicular 
gradient than the other locations, which all had similar water 
content.

Sediment P content was  always higher, over the whole 
inundation gradient, above the dam (0.1 mg∙ g-1) in comparison 
to the locations directly below the Berg River dam (0.04  
mg∙g-1). It increased again slightly further downstream, espe-
cially at the highest sampling plots, and was highest at the most 

downstream and most urban sampling location (0.14 mg∙g-1) 
(Fig. 6).

Sediment N content showed a gradual increase over the 
whole longitudinal sampling gradient, with lowest N concen-
trations found at Sampling Location 1 (down to 0.06 mg∙g-1), 
and with a gradual increase in N content further downstream 
(up to 0.62 mg∙g-1). There was no apparent tendency for higher 
or lower N concentrations in relation to flooding frequency 
(Fig. 6).

BSi content in the sediment was highest at Sampling 
Location 2, just downstream of the dam (0.43 mg∙g-1). There 
was little variation in BSi content between the other sites: at 
Sampling Locations 1 and 3, it was highest in the upper section 
of the flooding gradient (~ 0.25 mg∙g-1), at Sampling Location 4 
it was highest near the river. Lowest observed BSi concentra-
tions was 0.06 mg∙g-1 (Fig. 7).

These patterns resulted in gradually decreasing Si/N ratios 
in the sediment downstream, and equivalent Si/P ratios over 
the whole longitudinal gradient, except at Sampling Location 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4: Dry biomass per squared meter (a) at the different sampling locations (a= sampling 

location 1, b = sampling location 2, c= sampling location 3, d = sampling location 4) and plots 

within the locations (white = frequently flooded, grey = occasionally flooded). In panels b, c 

and d biogenic silica, phosphorus and nitrogen tissue concentrations at the different locations 

and plots are shown respectively. Error bars represent standard deviations. Above the bars the 

results of a two-way ANOVA and Scheffé post-hoc test are inserted. a and b are significantly 

differing from each other; ab does not differ significantly from either a and b (see Table 2). 
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Figure 4
(a) Dry biomass per square meter, (b) biogenic silica, (c) phosphorus and (d) tissue nitrogen 

concentrations, at the different sampling locations (a = Sampling Location 1, b = Sampling Location 2, 
c = Sampling Location 3, d = Sampling Location 4) and plots within the locations (white = frequently 
flooded, grey = occasionally flooded).  Error bars represent standard deviations. Above the bars the 

results of a 2-way ANOVA and Scheffé post-hoc test are inserted; ‘a’ and ‘b’ are significantly different 
from each other; ‘ab’ does not differ significantly from either ‘a’ or ‘b’ (see Table 2).

Table 2
An overview of the statistical analysis (2-way ANOVA, with flooding frequency 
and location as independent factors) of the biomass, N, P and Si content of the 
vegetation at the plots at the 4 sampling locations and 2 flooding frequencies. 

Significant differences are indicated in bold.
BSi N P Biomass

Location F = 9.72
p< 0.001

F = 49.85
p < 0.001

F = 35.24
p < 0.001

F = 19.61
p < 0.001

Flood frequency F = 5.90
p < 0.03

F = 0.02
p = 0.88

F = 0.79
p = 0.38

F = 15.84
p < 0.001

Interaction F = 6.11
p < 0.01

F = 0.92 
p = 0.45

F =  0.48
p = 0.70

F = 5.86
p < 0.01

(a) (b)

(c) (d)
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Figure 5: Sediment water content (ml cm
-3

) 

 

Figure 6: Top panel: Sediment P content (mg g
-1

). Lower panel: Sediment N content (mg g
-1

) 

Figure 5
Sediment water content (mℓ∙cm-3). See Fig. 3 for plot outline 

with sampling locations. Plots were constructed by calculating 
natural neighbour interpolations between the neighbouring 

sample plots (Sibson, 1981). In practice, for plotting purposes, all 
4 sampling locations were set at an equal distance and natural 

neighbour interpolations were calculated using the natural 
neighbour tool from Spatial Analyst in ArcGIS 9.3 (see Methods 
section, Statistics). The value of each individual sampling point 

is represented by its colour.

Figure 6
Top panel: Sediment P content (mg∙g-1). Lower panel: Sediment 
N content (mg∙g-1). For details, see legend of Fig. 3 and Fig. 5.
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2, which had higher Si/P ratios. N/P ratio was lowest at the 
most upstream site, and highest just below the dam. The other 
sites had intermediate N/P ratios with no clear pattern linked to 
inundation observed (Fig. 8).

Pore water

Pore water DSi concentrations were lowest at the 2 upstream 
sites, and were 4 times higher at the 2 downstream sites  
(Fig. 9). A similar pattern was observed for NOx along the 
longitudinal gradient, although the lowest concentrations were 
generally observed at Sampling Station 1. NOx concentrations 
were always lowest at the sampling sites nearest to the river. 
A similar flooding frequency pattern was observed for NH4

+ 
concentrations, which were always higher at sampling spots 
farthest from the river. NH4

+ concentrations were higher at the 
2 most upstream stations. This resulted in a gradual increase 
in TDIN (total dissolved inorganic N, NH4

+ + NOx) concentra-
tions along the longitudinal river gradient for spots with lowest 
flooding frequency, and consequently low TDIN concentrations 
in pore water near the river (Fig. 10).

There was a general tendency for highest PO4
3- concentra-

tions at lowest flooding frequencies. No longitudinal riverine 
patterns in dissolved P were observed (Fig. 9).

Discussion

As riparian habitats are important N and P buffers along 
streams and retain important parts of lateral N and P inputs 
into rivers (e.g. Lee et al., 2000), the potential for significant 
increases in riparian nutrients is high with increasing human 
land use. Nevertheless this aspect has not been studied in the 
past for the Berg River. Nutrient input in riparian wetlands 
is dependent on hydrology: the source can either be lateral 
groundwater input or floodwater input from the river (Osborne 
and Kovacic, 1993; Brinson, 1993). We observed increases in 
sediment N and P concentrations from upstream near-pristine 
to downstream impacted locations. N concentrations in the sed-
iment increased by up to 1 000%, while P concentrations rose 
by up to 200%. The shift in N and P availability in sediments 
was clearly reflected in the plant N and P content, which also 
shifted strongly downstream and increased by about 200%. At 
the same time, there was a clear shift in the number of domi-
nant species, which was highest in the upstream locations, and 

lowest in the downstream locations. This potentially reflects a 
decrease in biodiversity with increasing nutrient availability. 
Nutrient biogeochemistry in riparian soils is linked to produc-
tivity of the vegetation and could have long-lasting effects on 

 

Figure 7: Sediment BSi content (mg g
-1
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Figure 7
Sediment BSi content (mg∙g-1). 

For details, see legend of Fig. 3 and Fig. 5.

 

 

 

 

Figure 8 : Molar sediment Si/N (top), Si/P (middle) and N/P (lower panel) ratios (mol/mol) 

Figure 8
Molar sediment Si/N (top panel), Si/P (middle panel) 
and N/P (lower panel) ratios (mol/mol). For details, 

see legend of Fig. 3 and Fig. 5.
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biodiversity. Shifts in riparian nutrients are often correlated to 
shifts in biodiversity (Bedford et al., 1999; Wassen et al., 2003) 
and hence shifts in the ecological functioning of the riparian 
ecotone (Tabacchi et al., 1998). In contrast to the expected posi-
tive relationship with nutrient loading, biomass was generally 
lowest at the most downstream locations. This was most likely 
a by-product of the sampling season: the downstream locations 
were greatly subjected to human management (mowing) and 
characterised by opportunistic, annual species. As we sampled 
at the beginning of the growth season (September 2009), this 
resulted in generally low biomass at the downstream sampling 
locations. Additional sampling through different seasons could 
provide more insight.

In a semi-arid savannah riparian zone in South Africa, 
nitrogen storage is strongly associated to soil particle size 
(Bechtold and Naiman, 2006). However, we did not analyse soil 
particle size and cannot determine its role in N storage in our 
study. This certainly warrants further investigation. Nitrogen 
mineralisation and storage tend to increase along the length of 
rivers even without human interference (e.g. Evans et al., 2011), 
but this is unlikely to explain the strong increase we observed 
over the relatively short distance of 35 km. The N to P ratio 
in the sediment increased downstream, reflecting the higher 
relative increase in N. The results generally show that changes 
in riverine water quality, as indicated by De Villiers (2007), are 

directly reflected in the riparian soils. 
The Berg River has had to cope with increasing inputs of 

fertilisers, nutrients and pollutants from domestic, agricultural 
and industrial wastewater. As a result, the nutrient status of the 
river has deteriorated over the past decades, which De Villiers 
(2007) clearly showed in her review paper on nutrients in the 

 

Figure 9: Pore water DSi (top panel) and PO4 
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Figure 10: pore water NOx (top panel), NH4
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Figure 10
Pore water NOx (top panel), NH4

+ (middle panel) 
and TDIN (lower panel) concentrations (µmol∙ℓ-1). 

For details, see legend of Fig. 3 and Fig. 5.

Figure 9
Pore water DSi (top panel) and PO4 

3- (lower panel) concen
trations (µmol ℓ-1). For details, see legend of Fig. 3 and Fig. 5.
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Berg River. This has already resulted in declining fishery 
yields, as well as increasing dominance of water plant species 
associated with eutrophic or hypertrophic conditions (Paulse et 
al., 2007). The Berg River catchment is generally characterised 
by a nutrient-poor lithology (De Villiers, 2007). Low base input 
of nutrients to the river and the riverine floodplain is the pris-
tine situation: vegetation in the catchment will retain the scarce 
available nutrients as efficiently as possible. This means there 
is a high potential for strong relative nutrient enrichment of the 
receiving aquatic systems when human-induced nutrient inputs 
increase. De Villiers (2007) indicated up to 1 000% increases 
in dissolved N and P concentrations compared to pristine 
conditions in the Berg River water, while South African water 
quality guidelines stipulate that inorganic N and P concentra-
tions should not change by more than 15% from unimpacted 
conditions at any time of the year. The increases in N and P 
content we observed between impacted and un-impacted sites 
likely reflect the effect of human-induced nutrient enrichment.

The increase in relative availability of N and P in the sedi-
ments and higher N and P concentrations in the vegetation was 
not reflected in an equally clear increase in dissolved N and 
P fractions in the pore water. There was however a general 
tendency for all dissolved N and P fractions to increase along 
the elevation gradient, with highest pore water concentrations 
observed at the least flooded locations. We hypothesize that 
this reflects the level of nutrient exchange with the river water. 
The most frequently flooded locations have the most frequent 
exchange of water with the river, as was reflected in the soil 
water content. Riverine concentrations of TDIN were meas-
ured twice at each location during the sampling campaign, and 
TDIN increased from 20 to 40 µmol∙ℓ-1 between the two most 
upstream and the two most downstream sites. This is about 2–4 
times lower than the concentrations observed in the pore water. 
Frequent refreshing of pore water will hence result in lower 
TDIN concentrations in the pore water. For dissolved P, river-
ine concentrations did not change along the river, and remained 
between 0.4 and 0.8 µmol∙ℓ-1, which is much lower than concen-
trations observed in the pore water (5–20 µmol∙ℓ-1). This again 
resulted in lower P concentrations in pore water close to the 
river. For P, this mechanism may be enhanced by the increased 
release of P from Fe-oxides under reductive conditions (higher 
water content) in the frequently flooded, wetter locations close 
to the river (e.g. Moore and Reddy, 1994; Surridge et al., 2007). 
The N and P stocks, which are now built-up in the riparian 
sediments, could become a challenge for future management of 
riverine water quality, as they could provide a source of nutri-
ents for years to come.

For biogenic Si, we found generally low concentrations 
throughout the whole sampled gradient (all < 0.5 mg BSi g-1 

sediment); these concentrations are also low in comparison to 
previous studies on BSi in wetland sediments. Earlier studies 
showed concentrations up to 100 mg.g-1 in sub-arctic wet-
lands (Struyf et al., 2010), 4–14 mg∙g-1 in tidal freshwater and 
mesohaline sediments (Norris and Hackney, 1999; Struyf et 
al., 2005) and 0.5 to 2.5 mg∙g-1 in Everglades mangrove soils 
(Jensen et al., 1999). The slightly higher BSi concentrations at 
Sampling Location 2 could be linked to elevated BSi contents 
in vegetation. Vegetation is a potentially important control on 
sediment BSi concentrations (Struyf et al., 2009).  The low 
BSi concentrations potentially reflect low input of BSi into the 
riparian zone from the river (reflecting low primary productiv-
ity of diatoms in the river) or the occurrence of mostly peren-
nial plants which efficiently retain BSi, as well as the generally 
nutrient-poor lithologies within the catchment. We can also 

assume that in the Berg River riparian areas are more impor-
tant in the N and P cycle compared to the Si cycle, as they 
apparently retain only a small fraction of Si in a biogenic form.

The pore water DSi concentrations were also low (26–128 
µmol∙ℓ-1), compared to, e.g., 300–600 µmol∙ℓ-1 in freshwater 
tidal sediments (Struyf et al., 2005). These pore water concen-
trations are far below saturation concentrations for biogenic 
Si (~2 000 µmol∙ℓ-1). This probably indicates that plant BSi 
deposited in the sediments quickly dissolves after deposition. 
Studies which have included both BSi in wetland sediments 
and DSi in pore water seem to suggest a mechanism whereby 
low DSi in wetland soils is generally associated with low BSi in 
the soils (as all deposited BSi quickly dissolves) (Struyf et al., 
2005; Struyf et al., 2009; this study). This actually implies that 
a certain threshold level of BSi deposition is needed to obtain 
substantially higher DSi concentrations, consequently slowing 
down relative BSi dissolution and stimulating further BSi depo-
sition, which in turn favours high DSi concentrations. 

Conclusions

Our study has provided a first analysis of nutrient stocks in 
riparian habitats along the upper reaches of the Berg River, 
after dam construction. We showed that nutrient concentra-
tions in the riparian sediments reflect nutrient concentrations 
in the river. Sediments closer to the river furthermore had more 
efficient recycling and export of nutrients into the river. In 
2007, De Villiers predicted that both hydrological changes and 
continued development will result in further increases in nutri-
ent levels in the river. Our results seem to imply that this will 
result in further nutrient enrichment in the riparian zone.

The strongly shifting nutrient status of the riparian zone 
could affect all functions generally associated with these 
habitats. It may change the habitat function for vegetation, as it 
will favour fast-growing annual plants over typically perennial 
fynbos vegetation. This will in turn affect associated fauna. 
The natural filter function will also be affected: it is uncertain 
whether this will still hold at higher nutrient levels, and our 
results already show that riparian zones could actually become 
a source of nutrients to the river in the future. Changes in veg-
etation will further alter the flooding characteristics and thus 
erosion–sedimentation characteristics. Major habitat changes 
could be expected as a result. Finally, the loss of native vegeta-
tion could also inflict a reduced affinity of the local community 
for the habitat, which could result in further deterioration as a 
result of reduced management efforts. 

Overall, we conclude that the observed patterns indicate 
the necessity of incorporating nutrient status and management 
of riparian habitats in the Berg River monitoring strategy. As 
deterioration in the Berg River has not reached levels observed 
in similar rivers in, e.g., Mediterranean areas, lessons learned 
from such an integrated monitoring could become an example 
for the management of more deteriorated systems. 
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