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Eutrophication of water resources following nutrient loading is a global threat to water quality, and 
has been found to be one of the major threats to water quality in South Africa. Eutrophication is large-
scale autotroph growth following nutrient enrichment and has several consequences, including loss of 
biodiversity, oxygen depletion, taste/odour generation and algal toxin production. Phosphate enrichment 
is often (but not always) the cause of freshwater eutrophication, and limitation of phosphate is commonly 
used as a means of controlling eutrophication. This study reports on a survey of trends in nutrient levels 
in South African freshwater resources. The research reported on here shows a significant decrease in 
dissolved phosphate levels in recent years, following a long period during which phosphate levels had 
been increasing with time. While changes in inorganic nitrogen were found, these changes did not match 
those in phosphate levels. Several potential causes of these changes were assessed, and it is concluded 
that no one cause can explain the changes observed. While the decrease in freshwater phosphate levels 
bodes well for water quality management, internal phosphorus cycling and other mechanisms are likely 
to mask the short-term impact of phosphate decreases.

Significance:
•	 Eutrophication, caused by nutrient loading, is a threat to water quality.

•	 Phosphate levels in South African fresh water have risen steadily with time, but recently have shown a 
sharp decrease, which cannot easily be attributed to one phosphate source.

•	 The decrease has promise for eutrophication management but changes may not occur in the short term.

Introduction
A number of studies have commented on global trends of increasing nutrient loads in fresh water that drive 
eutrophication of freshwater and coastal ecosystems.1,2 Eutrophication, recognised as a major threat to surface 
waters globally, is excessive autotroph growth consequent to nutrient enrichment.1 Eutrophication has a number of 
side effects with undesirable ecological and economic consequences that include increased autotroph biomass, 
species compositional shifts, reductions in biodiversity, potential production of algal toxins, oxygen depletion, and 
taste and odour production.

Nutrient enrichment effectively removes control over growth and production by limiting nutrients. Although the 
predominant paradigm suggests that freshwater systems are phosphorus-limited3,4, both nitrogen and phosphorus 
enrichment may increase growth in freshwater systems, and concomitant enrichment of nitrogen and phosphorus 
may have synergistic effects leading to the greatest increase in autotroph production5,6. Control of nitrogen in 
water resources is confounded by the potential of changes to available nitrogen forms and levels as a result of 
nitrogen cycling, among other factors. Although management of phosphorus levels may be modified by legacy 
phosphate and other mechanisms7,8, phosphate limitation is a common approach to managing eutrophication in 
fresh water. Nutrient limitation is a simple and obvious approach to eutrophication management, and has in some 
cases been successful.5

Nutrient sources that contribute to anthropogenic nutrient loading are many and broadly relate to waste disposal 
practices and land use and management practices. Globally, the major anthropogenic causes of eutrophication 
are sewage effluent disposal and agricultural land use management practices.5,9 Beyond anthropogenic causes, 
several geochemical and ecological factors affect the quantity and type of nutrients that may be available. As a 
result of anthropogenic changes, the global nitrogen and phosphorus cycles have increased by factors of about 1 
and 4, respectively.10

Increasing eutrophication in South African freshwater ecosystems is no exception to the global trend, and a number 
of publications have expressed concern at the ongoing impact of eutrophication on local water resources.9,11,12-18 
While nutrient levels in many catchments may be low at times, trends show an increase with time in levels of 
nutrients in most catchments, most particularly in the case of phosphate.9,19 Increased nutrient levels in South 
African rivers have been accompanied by increases in eutrophication of reservoirs in the country to the extent that, 
depending on estimates, half or more of the larger reservoirs in the country are eutrophic or hypertrophic.12,13,17,18 
This level of eutrophication has severe ecological and economic consequences, and concerns have been raised 
regarding the capacity in South Africa for managing the situation.18

Despite a chemical water quality monitoring programme that monitors nutrients at hundreds of points across 
South Africa, there is relatively little published information on trends in nutrient levels with time. De Villiers and 
Thiart9 looked at trends in nitrate/nitrite and phosphate at points low in major catchments over the full data record. 
Trends in nitrate/nitrite varied from catchment to catchment, and all the statistically significant trends detected 
were towards decreasing levels of this nutrient. On the other hand, in all but 1 catchment of the 25 assessed, 
levels of phosphate were found to be increasing – in many cases at a statistically significant rate. This greater 
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increase in phosphate levels is consistent with the change in nitrogen 
and phosphorus cycles reported by Falkowski et al.10

Since the promulgation of the 1 mg P/L standard for discharged effluent, 
most of the eutrophication management in South Africa has focused 
on phosphorus concentration management.12,18,20,21 Phosphate loading 
in South Africa has been associated with discharge of wastewater 
treatment works effluent19,22,23, urban run-off24,25, the use of phosphate-
containing detergents12,18,26,27, mining28,29 and agricultural activity30,31. 

Phosphorus loads from urban areas entering freshwater resources have 
particularly received considerable attention of late18 because primary 
and secondary treatment of wastewater removes very little phosphate32, 
and because South African wastewater treatment works do not focus 
on phosphorus removal18. In addition, a significant portion of the 
phosphorus in domestic wastewater derives from phosphate-containing 
laundry detergents26,27 which in many other countries have been banned 
or limited.

A recent analysis of temporal trends in water quality in two catchments 
noted an unexpected and sharp decrease in phosphate levels in river 
water since 2009.29 This decrease was noted at most sites in the study 
and largely seemed unrelated to catchment, geology, land use or relative 
position of the site along the length of the river. The decrease followed 
many years of increasing phosphate levels. The research described here 
aims to test whether this observation can be generalised to South Africa 
as a whole. This paper describes an assessment of historical and recent 
trends in phosphate and inorganic nitrogen across the country, with 
consideration of potential drivers.

Methods
Data on major nutrients in rivers and canals collected at the Department 
of Water and Sanitation’s (DWS) 333 priority monitoring points were 
sourced from the Department’s WMS database. Received data were 
then compiled into a single table (332 084 records from 1952 to 2015, 
sampling frequency varies but often fortnightly) and processed so that 
the data format requirements of the various statistical methods were 
met. Monitoring points without reasonably complete data records (taken 
as having records from at least 9 months of each year) were omitted 
from the analysis.

Left-censored data occur where the result is below the detection limit 
of the analytical approach, and are relatively common in water quality 
data.33 Phosphate levels in WMS data contain significant levels of left-
censored data, and so appropriate statistical methods were required. 
Two approaches were selected for the analysis. In the first approach, 
pairwise tests were used to compare selected years using a paired 
Prentice–Wilcoxon test as recommended for paired censored data.34 
In the second approach, quantiles in left-censored data were estimated 
for all years between the first and last year using an implementation 
of regression on order statistics as described by Helsel33. In the latter 
approach, quantiles were estimated by pooling all data nationally, with 
no consideration of particular catchment or location.

Assessment of data from Griffin et al.29 showed a general increase in 
phosphate levels from the start of the data record until around 2009, 
whereafter levels dropped sharply. Because the start of the data record 
at the 333 priority monitoring points varied, the start year for testing was 
selected as 1985, at which point nearly all points had routine monitoring 
in place. The mid-year for testing was selected as 2008, after levels had 
increased to near their peak. The last year for testing was selected as 
2013, as this year was well after the decrease noted by Griffin et al.29, 
and the latest year in the data set for which data records were complete.

Data on nitrate/nitrite, ammonium and phosphate were selected for 
analysis as these compounds had the best data record, making them 
suitable for analysis. Ideally, data on chlorophyll-a and total phosphorus 
(which includes biologically incorporated phosphorus) would be 
included in a full analysis that addresses nutrient loading, and by 
implication eutrophication, but the data record on these variables was 
more sparse after pre-processing. Almost no chlorophyll-a records 

survived pre-processing, and the full chlorophyll-a data set without pre-
processing was used instead.

Data on total inorganic nitrogen were compiled from nitrate/nitrite 
and ammonium data. After conversion from mass concentration to 
molar concentration, data on the molar nitrogen-to-phosphorus ratio 
(N:P  ratio) were derived using total inorganic nitrogen and phosphate 
data. In both these calculations, propagation of nulls owing to missing 
data in the contributing data sets increased the amount of null data in the 
derived indices.

For pairwise testing of the years 1985, 2008 and 2013, pairwise tests 
were undertaken such that data from the same monitoring point and 
month were compared across years. Where more than one sample was 
taken per month, only the first sample in the month was selected for 
analysis. Monitoring points selected for analysis were those for which 
data were present for at least 9 months of every year. The locations of 
the selected monitoring points are presented in Figure 1.

Figure 1:	 Location in South Africa of monitoring points used in the 
current analysis. Circles indicate points from which data were 
used to derive estimates of national nutrient levels. Squares are 
the subset of these points that had data for 9 months or more 
of the year in 1985, 2008 and 2013.

All data manipulation and analysis was done using PostgreSQL and 
R 3.0.2.35 Regression on Order Statistics made use of routines provided 
in the package NADA36, and Prentice–Wilcoxon tests made use of the 
package smwrQW (Lorenz, in preparation). Other packages used in 
loading and manipulation of data and plotting of figures were RODBC37, 
xlsx38, plyr39, ggplot240, scales41 and grid35.

Results
Estimates of annual median South African phosphate levels are 
presented in Figure 2. It can be seen that dissolved phosphate levels 
in South Africa showed an increasing trend that peaked around 2007, 
whereafter levels decreased to a level comparable to levels encountered 
during the 1980s. This movement equates to a median increase from 
0.016 mg P/L in 1985 to a peak of 0.036 mg P/L in 2007 – more than 
doubling the amount of phosphate available for uptake by freshwater 
biota. Thereafter, levels fell swiftly to a median of 0.007  mg  P/L in 
2012. Pairwise comparisons support this trend, and confirm that at 
sites across the country, phosphate levels increased from 1985 to 
2008 (p<0.001), then decreased until 2013 (p<0.001). Following the 
DWS’s generic classification, phosphate levels would have been classed 
as tolerable in 1985, worse than tolerable in 2007, and acceptable in 
2013.15 The 75th percentile is, however, not tolerable, indicating that a 
large number of sites still have high phosphate levels.
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Levels of total phosphorus were also assessed to determine whether the 
trend that was apparent in dissolved phosphate was also reflected in total 
phosphorus levels. Total phosphorus levels are generally considered 
a more reliable indicator of incipient eutrophication than dissolved 
phosphate.12,18 The data set for total phosphorus was much smaller 
than that for dissolved phosphate. There was no overt trend with time 
in total phosphorus, and certainly not one that matches the trends in 
dissolved phosphate (data not shown). Median estimates of annual total 
phosphorus ranged from 0.05 mg/L to 0.11 mg/L. This range would be 
classed as holding significant potential for algal and plant productivity.12

A proxy or indicator of potential total phosphorus may be found in 
assessment of chlorophyll-a levels in conjunction with dissolved 
phosphate, which follows the premise that algal uptake of phosphate 
removes it from the water column, and algal phosphorus contributes 
to total phosphorus. Chlorophyll-a data from DWS priority monitoring 
points were not collected evenly across the country, and the data in the 
data set were collected from 1990 onwards and overwhelmingly from 
the Orange River. Because of limited data, all data were assessed without 
following the data filtration processes undertaken for nutrient data. 
Despite this omission, these chlorophyll-a levels were examined to see 
how they relate to phosphate levels as seen in Figure 2. Chlorophyll-a 
levels showed a decrease after 2007 that paralleled that observed in 
dissolved phosphate levels (data not shown). Median levels from 2000 
(the first year when more than 10 records were collected) to 2007 ranged 
around 10 µg/L, while after 2009 median levels ranged between 1 µg/L 
and 4 µg/L. This observation suggests that a large body of phosphorus 
is not locked up in phytoplankton, and the decrease in chlorophyll-a 
levels indicates a smaller phytoplankton body in recent years. The 
most parsimonious explanation for this finding is that the decrease in 
chlorophyll-a levels is a function of decreased available phosphate in 
the resource; however, growth was not phosphate limited across most 
of the timeframes assessed. It also indicates that a significant amount 
of phosphorus was held in the phytoplankton body prior to 2007, which 
suggests in turn that total phosphorus may have been higher before 
2007. It should be noted that these observations reflect the state of the 
Orange River in particular, and may not apply across the entire country. It 
should also be noted that chlorophyll-a data were occasionally censored, 
but the quantity of data available precluded use of analytic techniques for 
censored data as undertaken with nutrient data.

Although trends in phosphate levels in South African fresh water are 
clear, they are not matched by trends in inorganic nitrogen (Figure 3). 
Levels of nitrogen vary with time, and the only generally directed trend 
is a slight decrease in median inorganic nitrogen since the start of 
the data set. The only exception to this trend is a brief period in the 
late 2000s when elevated levels were encountered. Median inorganic 
nitrogen levels ranged between around 0.02 mg N/L during 2010 and 
0.20 mg N/L during the late 1980s; therefore inorganic nitrogen levels 
in South African rivers have varied by up to a factor of 10 since 1985. 
Pairwise comparisons show a slight increase in inorganic nitrogen from 
1985 to 2008 (p=0.015), and a drop thereafter until 2013 (p<0.001). 
The year 2008 was selected based on the preliminary assessment of 
phosphate levels. Using data from 2008 is not desirable for inorganic 
nitrogen levels, as these are drawn from a brief peak in inorganic nitrogen 
levels that is not present for most of the data record. Nevertheless, for 
compatibility with the analysis of phosphate levels, it was retained.

These figures may be somewhat low as inspection of annual nitrate/
nitrite nitrogen medians reveals these to be slightly higher at times 
(data not shown). The reason for this discrepancy seems likely to be 
the smaller sample size used in estimating annual inorganic nitrogen 
medians, as inorganic nitrogen levels could only be validly calculated 
when both nitrate/nitrite nitrogen and ammonium nitrogen were sampled 
and tested for, and detected. Nitrate/nitrite levels indicate that the 
majority of nitrogen in the inorganic nitrogen pool was in the form of 
nitrate and nitrite. The upper level for the ideal class used in the DWS 
generic classification (for nitrate/nitrite nitrogen) is 6  mg  N/L.15 The 
median levels of inorganic nitrogen reported on here are well below that 
level and so would be classed as ideal.

The N:P ratio is a commonly used ecological stoichiometric measure 
used to assess relative amounts of available nutrients to ascertain which 
might be limiting for growth.42,43 A molar N:P ratio of 16:1, known as the 
Redfield ratio, indicates that neither nitrogen nor phosphorus alone is 
limiting. Figure 4 shows annual medians of the N:P ratio in South Africa. 
As can be seen, annual median N:P ratios only approximate the Redfield 
ratio in the late 1980s, with a maximum annual median of 20:1 from 
1987, indicating that algal and plant growth was limited by phosphate in 
that year only. The remaining years returned ratios below 16:1, indicating 
that for the majority of recent years algal growth was nitrogen-limited, 
and that phosphate was present in excess.

Figure 2:	 Annual median phosphate levels in South African fresh water plotted against time. The points show median dissolved phosphate (as mg P/L) 
per year; the line is a loess smoother; and the grey ribbon spans the 25th to 75th percentiles.
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The recent decrease in phosphate levels seen in Figure 2 is linked to a 
largely unchanging N:P ratio, and, with a ratio of 4.9:1 in 2013, growth 
remains nitrogen-limited in 2013 – the last year of the data set. This 
is similar to ratios reported from sewage, zooplankton excreta, and 
pastureland run-off by Downing and McCauley42, and below ratios 
reported from urban stormwater and cattle manure seepage.

Rainfall levels have been found to modify water chemistry by two major 
mechanisms. The first is increased dilution capacity of water bodies 
when rainfall is higher and more water is available to dilute dissolved 
materials, thereby reducing the concentration of dissolved compounds 
present. The second is the ‘first-flush’ effect, in which increased surface 
run-off and baseflow following rainfall may wash compounds into 
a river, thereby increasing their concentration in the river. In this light, 
annual rainfall data were assessed to see whether they might explain 

the observed trends in nutrients. At this point it is worth noting that 
phosphorus and nitrogen nutrients are involved in biological cycling, 
which alters the quantities of nutrients available. Rainfall data were 
sourced from the World Bank and rainfall anomaly data from the South 
African Weather Service. Annual rainfall data ranged from 320 mm/year 
to 587 mm/year, with the wettest years being 2000, 2006, 2011, 1988 
and 1996, and the driest years being 1992, 2003, 1994, 1990 and 2007. 
No overall trend is apparent that can simply explain the recent decreases 
in phosphate that were observed. In addition, no simple correlation 
between wet or dry years and decreased or increased nutrient levels 
was apparent. It may be of some significance that increasing phosphate 
levels from 1990 to 1994 occurred during a period that included three 
of the driest years in this period (Figure 1); inorganic nitrogen showed 
no obvious change at this time (Figure 3). However, other short-term 
increases of phosphate, such as that from 1999 to 2001, occurred when 

Figure 3:	 Annual median total inorganic nitrogen levels in South African fresh water plotted against time. The points show median dissolved total inorganic 
nitrogen (as mg N/L) per year; the line is a loess smoother; and the grey ribbon spans the 25th to 75th percentiles.

Figure 4:	 Annual median molar nitrogen-to-phosphorus (NP) ratio in South African fresh water plotted against time. The points show the median molar 
nitrogen-to-phosphorus ratio per year; the line is a loess smoother; and the grey ribbon spans the 25th to 75th percentiles.
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rainfall was above average. However, the possibility that local variation 
that more closely links nutrient levels and rainfall is masked in this 
national assessment cannot be discounted.

Discussion
The data presented here support the conclusion that after a long increase 
to levels that would be classified as not tolerable, phosphate levels after 
2008 dramatically decreased on a national scale. It is also notable that 
the change in dissolved phosphate was rapid, with the major changes 
occurring in only 1 year. Because the change happened at a national 
scale, changes at a more local scale are less likely to be drivers. This 
raises the question as to what drove this rapid shift, and maintained the 
recent lowered levels of phosphate. 

As noted earlier, the major widespread sources of phosphate in fresh water 
in South Africa include agricultural effluent and sewage, with a significant 
phosphate load coming from detergents, especially washing powders. 
Agricultural effluent could comprise effluent from stocking-intensive 
operations, nutrient-enriched returns from agricultural operations, 
and other practices that release nutrients to ground- or surface water. 
Phosphate is a highly charged and reactive ion that is strongly sorbed 
by most sediments and which is capable of binding with a number 
of metal cations, all of which limit its transport in groundwater.44,45 In 
contrast, nitrates are more labile but can be removed by denitrification.46 
Nevertheless, phosphates can move through soil, albeit slowly44-45, and 
can be mobilised depending on soil and groundwater chemistry47. The 
implication is that while nitrogen can leach from soil where agricultural 
lands are fertilised or nutrient contaminated, phosphate leaching is likely 
to be more limited, but can occur, particularly when nutrient application 
has been prolonged. Phosphate input from agricultural regions can also 
occur as surface water run-off. This contribution may be significant 
when considering common thunderstorm rainfall events in South Africa, 
in which soil that has been fertilised is washed off into water resources, 
together with any adsorbed phosphorus compounds.

Over the period 2007–2008, the price of phosphate rock increased 
dramatically.48 Prices recovered in 2009, although at a higher level than 
before 2007. The majority of phosphate rock is used in the production of 
fertiliser, although smaller amounts are used in detergent production, feed 
additives and chemical production.49 The increased phosphate rock price 
was accompanied by an increased fertiliser price, both internationally48 
and locally50. Fertiliser consumption (in kilograms per hectare of arable 
land) in South Africa decreased slightly in 2008, although the magnitude 
did not approach that of the price increases (data from World Bank51). 
After 2008, fertiliser consumption normalised in 2009, fell further in 
2010, and then normalised thereafter. Overall, fertiliser consumption 
in South Africa has changed little since 2006 and is far below world 
average consumption. Changes in fertiliser application seem not to be 
the cause of the decreased riverine phosphate levels.

Much has been written of the negative impact of South African wastewater 
treatment works on river and reservoir trophic status.14,15,21-23 Smaller 
wastewater treatment works, which often have no phosphate removal 
process and are more subject to failure, pose a greater risk in this regard 
than do larger operations.52 The Green Drop certification programme is 
a benchmarking initiative that commenced in 2008 and aims to improve 
wastewater management in the country.53 Results from the scores have 
shown better service delivery with time, but the improvement has not 
been dramatic.53,54 Given the recent start, this programme cannot assess 
changes that happened before 2008. However, inspection of changes 
in inorganic nitrogen show that levels after 2008 are about six times 
lower than those around 2008, and three times lower than those around 
2000. In comparison, phosphate levels decreased roughly fourfold 
from around 2008 to later years. As wastewater treatment plants may 
produce both nitrogen and phosphate in their effluents32, it is possible 
that improvements in wastewater treatment, either in terms of facilities 
or wastewater treatment works management, may have contributed 
to the decrease in phosphate observed recently. The relatively 
unchanged N:P ratio in the years since 2009 supports the likelihood that 
decreases in both nutrients may have the same cause. However, this 

finding is not conclusive as other causes may have contributed to the 
observed changes.

The impacts of wastewater treatment works on phosphate in rivers is a 
consequence of sewage phosphorus and detergent phosphorus entering 
the facility. Quayle et al.27 estimated that detergent phosphorus made up 
32% of the total phosphorus found in domestic sewage, and contributed 
up to 30% of the phosphorus loading of receiving reservoirs.

A major producer of laundry detergent in the country removed builder 
phosphorus from all its products in 201018,27, and a reduction in 
wastewater effluent phosphorus at the majority of plants assessed was 
noted a year later18. As noted above, this removal would have led to a 
reduction of phosphate loading in receiving water bodies on a national 
scale, and may partially explain the observed reduction in phosphate. 
However, the reduction of phosphate reported here commenced in 
2008 or 2009, and removal of phosphorus from laundry detergents in 
2010 cannot account for these changes alone, although it is possible 
that the phosphorus removal process started earlier. It seems likely 
that a combination of reductions in nutrient loading from wastewater 
treatment plants and the removal of builder phosphate from detergents 
has contributed to the decrease in phosphate noted here. 

It has long been known that inorganic phosphate in reservoirs is 
subject to rapid uptake by biota, or adsorption to silt, and transfer to 
the sediments by sedimentation.55 On the face of it, it would seem that 
reduced phosphate loads together with sedimentation would remove 
phosphate from water bodies and reduced phosphate loads would lead 
to a rapid reduction in eutrophication. However, internal phosphorus 
cycling results in the release of phosphate from the sediment, with 
rates modified by various physicochemical and biotic parameters.56-59 
Sediment phosphorus is found in a wide range of compounds, and 
bioavailability varies among them.60 Sediment phosphate loading and 
release may significantly delay the recovery of eutrophic systems once 
phosphate loading is limited.56

In conclusion, levels of phosphate have recently dropped in South 
African surface waters – a trend largely matching that seen more 
recently in inorganic nitrogen. During this change, levels fell from a point 
at which national guidelines were exceeded to a more acceptable level. 
Despite the changes, phosphate levels, although tenfold lower, remain 
relatively higher than inorganic nitrogen levels. These trends were found 
on a national scale, and local variation may mask the trend in places. 
Given the links between phosphate levels and eutrophication, decreased 
phosphate loading bodes well for eutrophication management, although 
internal phosphorus cycling will mean that eutrophic and hypereutrophic 
water bodies will not recover in the immediate future. Nevertheless, the 
recent period with decreased phosphate levels has been relatively short, 
and no firm conclusions as to long-term phosphate levels can be made 
as yet.
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