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Environmental water requirements (EWRs) are set for South Africa’s estuaries to ensure that they are 
maintained in a state that is both achievable and commensurate with their level of conservation and 
economic importance. However, these EWRs are typically determined on the basis of models and scenario 
analyses that require extrapolation beyond existing data and experience, especially if climate change is 
considered. In the case of the Berg Estuary, South Africa, available data on changes in freshwater flow and 
water quality span a period of at least five decades (1970s–present) during which significant reduction in 
flows has been observed. Monitoring data also cover an extreme 3-year drought, from 2015−2017, which 
provided a unique opportunity to study the effects of severe freshwater starvation (zero-flow for an extended 
period) on this large, permanently open system. Our analyses show that mean annual runoff (MAR) under 
present-day conditions has been reduced to around 50% of that under reference (natural) conditions and 
that reduction in runoff during the low-flow season (summer) has been more severe (80–86% reduction) than 
for the high-flow season (39–42% reduction). The salinity gradient now extends much further upstream than 
under reference conditions. Hypersaline conditions along with a reverse salinity gradient were recorded in 
the estuary for the first time ever during the drought of 2015/17. Levels of dissolved inorganic nitrogen (NOx) 
reaching the estuary from the catchment have increased dramatically (6–7 fold) over the past five decades, 
dissolved reactive phosphate (PO4) slightly less so (2–3 fold), but ammonia (NH4) hardly at all. Increases in 
nutrient input from the catchment in the high-flow season are also much more dramatic than in the low-flow 
season. The estuary is no longer compliant with gazetted EWRs and requires urgent interventions to restore 
the quantity and quality of freshwater it receives.
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INTRODUCTION

Estuaries are among the most biodiverse and valuable types of ecosystems globally, but their location 
in the landscape and their characteristics also make them extremely vulnerable to a wide range of 
pressures. Their health is dependent not only on direct management but also critically on the quantity 
and quality of freshwater inflows (Meynecke et al., 2006; Murrell et al., 2007; Sun et al., 2008). Because 
of the dependence on long-term monitoring data, understanding of how these inflows affect estuaries 
has generally been poor − but has improved, largely as a result of the development of legislation in 
countries such as Australia, South Africa and the USA that requires it (Adams, 2014).

South Africa’s National Water Act (Act No. 36 of 1998) is a progressive piece of legislation that 
recognises the environment as a legitimate user in making decisions about water allocation. The 
Act contains provisions for setting environmental water requirements (EWRs) that would ensure 
that each estuary is maintained in a state of health that is both achievable and commensurate with 
their level of conservation and economic importance. The gazetted state of health to be managed for 
is expressed on a scale from natural to largely modified (A to D, or rarely E or F, highly/extremely 
degraded, if unavoidable), and is determined on the basis of the recommended ecological category 
(REC) from a conservation perspective and other socio-economic factors in the classification process 
(Dollar et al., 2010). The REC is based on the estuary’s present health as assessed using the Estuary 
Health Index (EHI) in combination with the estuary’s national importance rating (DWA, 2012a, 
Turpie et al., 2012). The EWRs are expressed in terms of the proportion (or sometimes absolute 
quantity) of natural mean annual runoff (MAR) that should be allowed to reach the estuary in each 
month, and the minimum water quality standards of these freshwater inflows. These EWRs form 
part of a broader set of resource quality objectives (RQOs) that include other measures that could 
impact on resource quality, such as fisheries management, and also take into consideration the need 
to balance potential trade-offs with other users.

The methods to set EWRs rely on good understanding of the relationship between the quantity and 
quality of freshwater inflows and the overall health of an estuary system, which means understanding the 
linkages between those inputs and estuarine hydrodynamics, sediment dynamics, primary productivity 
and the productivity and diversity of faunal assemblages across a range of taxonomic groups. Inevitably, 
such data are limited, and this requires drawing on data and understanding from similar systems and 
developing models to estimate the potential impacts of changing flows on the system. Furthermore, since 
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EWR studies seek to identify limits of use of freshwater inflows in 
a growing economy, they generally have to consider scenarios that 
are well beyond observed experience. This is particularly the case 
when scenarios include future climate scenarios. This information 
is also critical in terms of determining the value of the estuaries.

EWRs and RQOs were gazetted for the Berg Estuary in the 
Western Cape, South Africa, on the basis of models developed 
using long-term monitoring data (DWS, 2019). However, this pre-
dated an extreme (approximately 1:300 year) drought event that 
saw the complete cessation of freshwater inflows to the estuary for 
an extended period and contributed to a water supply crisis for 
the City of Cape Town (Kaiser and Macleod, 2018). This natural 
experiment provided the opportunity to observe the effects on the 
water quality and ecological health of the system, and to develop 
insights into the potential implications of increasing water 
demands in a much drier climate, as is predicted for the future in 
this area (Engelbrecht et al., 2011).

This paper presents data on measured changes in flow in the 
lower Berg catchment over the past 50 years, estimates changes 
in runoff to the estuary over the same period, along with data on 
changes in the quality of freshwater flows reaching the estuary and 
water quality in the estuary itself, focusing on the effects of the 
drought in 2015 to 2017. We show that this large, permanently 
open estuary, which is relatively robust to freshwater reduction, 
will potentially become severely impacted by climate change, far 
more so than was previously assumed or projected for this system. 
The implication for biota that rely on the system as a nursery and 
foraging area and on ecosystem services it provides are profound, 
and underscore the importance of ensuring adequate quantities 
of water of good quality are set aside for estuaries the world over. 
This is increasingly important due to the risks of climate change 
and increasing demands for water.

Study area

The Berg Estuary is located approximately 130 km north of Cape 
Town on the west coast of the Western Cape Province, South 
Africa. The mouth of the estuary is permanently open, having 
been canalised in the late 1960s to facilitate the use of the estuary 
as a fishing port. The Berg River is about 160 km long from the 
headwaters to the sea. The lower reaches are extremely flat, with the 
result that tidal oscillations propagate upstream for about 69 km  
(Bath, 1989). The Berg is one of the country’s largest estuaries, 
covering an area of 61 km2. It supports large areas of salt marsh, and 
high numbers and diversity of waterbirds and fish, and is ranked 
as one of the most important estuaries in the country in terms 
of its biodiversity (Turpie et al., 2002). Changes in the quantity, 
timing and quality of freshwater flows reaching the estuary from 
the catchment have been identified as major threats to the health of 
the estuary (Bennett, 1994; Slinger and Taljaard, 1994; De Villiers, 
2007; Clark et al., 2009; Cullis et al., 2019; Van Niekerk et al., 2019).

The Berg River Catchment forms a major part of the Western 
Cape Water Supply System (WCWSS) which supplies the growing 
urban population of Cape Town and the surrounding irrigation 
farming and industrial areas from a number of interconnected 
reservoirs, including the 130 Mm3 Berg River Dam. As a result, the 
MAR reaching the estuary had dropped to around 70% of natural 
MAR by 1993 (Bennett, 1994) and 54% by 2010 (DWA, 2012b). 
Water quality in the catchment has also deteriorated significantly 
in recent years as a result of wastewater treatment works discharges 
and agricultural return flows. Levels of phosphate (PO4

3−) and 
nitrogen (NO3

− + NO2
−) in the Berg River have increased by 

between 1.5 and 2-fold since 1990 (De Villiers, 2007; Cullis et al., 
2019), and levels of faecal coliforms and trace metals frequently 
exceed published safety guideline limits (Jackson et al., 2007, 
Paulse et al., 2007, Cullis et al., 2019).

The estuary’s catchment area experienced a very severe drought 
over the period 2015–2017, rated as the worst drought in the 
Western Cape since 1904 (Botai et al.,  2017; Otto et al., 2018; 
Wolski, 2018; Archer et al., 2019; Odoulami et al., 2020). Anecdotal 
reports suggest that flows to the estuary dried up completely for 
extended periods during this drought.

Climate change projections for the region indicate that the 
Western Cape is one of the most vulnerable regions of the country 
in terms of the potential for reduced rainfall and associated runoff 
as a result of climate change (Engelbrecht et al., 2011; Schulze, 
2011; Midgley et al., 2011). Cullis et al. (2015) examined a hybrid 
frequency distribution (HFD) plot of likely climate change 
impacts across all the primary catchment areas of South Africa 
and found that the Berg catchment was one of only two primary 
catchments in the country where all scenarios considered under 
the analysis showed a reduction in MAR by 2050. Further analysis 
using a 10th percentile scenario from the HFD study (Cullis  
et al., 2015) suggests that climate change will likely reduce MAR 
in the Berg Catchment by around 15% and historical firm yield 
by around 60 Mm3 or 8% by 2050 (DWS, 2018). This will have a 
significant impact on the water available to the estuary and is a 
critical reason for an improved understanding of the impact on 
estuary health.

DATA AND METHODS

Overall approach

In this study we have sought to provide an overview of historical 
changes in the quantity and quality of freshwater reaching the Berg 
Estuary, how these have affected water quality in the system, how 
these impacts have been exacerbated by a recent major drought, 
and what implications this has for the health of the system now 
and in the future.

Hydrology and crop water requirements

The hydrological anlaysis aimed to provide an improved estimate 
of inflow to the Berg Estuary. To this end, an historical monthly 
estuary inflow time-series was constructed for the period June 
1974 to May 2019 using the observed flows from the closest flow-
gauging station to the estuary, G1H031, located at Misverstand 
Dam, some 100 km upstream of the estuary. The observed flows 
were adjusted to take into account losses and gains between 
the gauging station and the estuary as a result of estimated 
irrigation demands, contributions from incremental catchments 
and natural river losses and losses due to invasive alien plants 
(IAPs). Irrigation water requirements downstream of G1H031 
were derived by estimating the gross demand calculated as the 
A-pan evaporation for quaternary catchment G10K multiplied 
by the crop factor. The relevant crop factors were obtained from 
the 1990 Surface Water Resources of South Africa Study, WR90 
(Midgely et al., 1994). The net demand is then estimated as the 
gross demand less the effective rainfall (actual rain × effective 
rainfall which was assumed to be 65%). The historical crop water 
requirements were applied to mapped areas of different crop types 
sourced from the 2013 Western Cape Crop Census (DOA, 2013) 
and the 2017/18 Western Cape Crop Census (DOA, 2018), and 
for the period before 2000 the estimated irrigation areas from 
the Water Resources 1990 study (Midgley et al., 1994) were used. 
The distribution of crops was assumed to be the same as for the 
Crop Census 2018, and a linear growth was applied to obtain 
the irrigation areas for each year in the time-series. Estimated 
losses due to IAPs were derived from the Consolidated Drought 
Support Project for the City of Cape Town (Aurecon, 2019). This 
study showed that IAPs currently reduce total system yield by  
27 Mm3/a and that this could increase to as much as 95 Mm3/a or 
17% by 2045. This is consistent with previous studies in the region 
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(Cullis et al., 2007; Le Maitre, 2016). Three hydrological scenarios 
were considered: a ‘Natural’ scenario, which is equivalent to the 
reference conditions and assumes no upstream infrastructure or 
irrigation demands; a ‘Present Day’ scenario, which is based on 
the estimated irrigation demands downstream of Misverstand 
Dam, as well as the current infrastructure including the Berg River 
Dam and upstream demands; and a ‘Future Scenario’ which takes 
into account planned infrastructure development to augment the 
Western Cape Water Supply System (WCWSS, the Berg River 
Voëlvlei augmentation scheme). A climate change scenario was 
also generated which was based on a 10th percentile ‘dry’ scenario 
using the results of the hybrid frequency distribution (HFD) 
study (Cullis et al., 2015) and imposed on each of the hydrological 
scenarios.

Water quality

The water quality analysis examined changes in salinity and 
nutrients in the estuary from the 1970s up to and including the 
recent drought, and related the observed patterns to the hydrological 
inflows. While some of these data have been published, most were 
extracted from the grey literature:

•	 Data on physical properties (temperature, salinity, dissolved 
oxygen), nutrients (nitrite, nitrate, total ammonia, reactive 
phosphate), chlorophyll a, and faecal coliform bacteria 
from 18 stations distributed along the length of the estuary, 
collected on various occasions in 1975, 1976, 1989, 1990 and 
1995. Details on methods used for collection and analysis 
of the samples are provided in Slinger and Taljaard (1994), 

Eagle and Bartlett (1984), Taljaard et al. 1992, and Slinger 
and Taljaard (1994, 1996).

•	 Data on physical properties (temperature, salinity, dissolved 
oxygen) and nutrients (nitrite, nitrate, total ammonia, reac-
tive phosphate) from ~25 sites distributed up the length of 
the estuary collected by the authors as part of the Depart-
ment of Water Affairs and Forestry Berg River Baseline 
Monitoring Programme on several occasions in the period 
2003–2005 (Clark and Ractliffe, 2007).

•	 Continuous monitoring data on temperature and salinity 
at two sites in the Berg Estuary over the period 2012–2019 
supplied by the Department of Water and Sanitation (DWS) 
and West Coast District Municipality (WCDM).

•	 Data on physical properties (conductivity), nutrients (ni-
trite, nitrate, total ammonia, reactive phosphate) and faecal 
coliform bacteria available for a range of sites in the Berg 
River Catchment (12 sites) and Estuary (10 sites), collected 
at monthly intervals over the period 2013–2019 as part of 
the Berg River Improvement Plan (BRIP), supplied by the 
Department of Environmental Affairs & Development Plan-
ning (DEA&DP) (unpublished data) and Cullis et al. (2019).

•	 Data on physical properties (conductivity, pH) and nutrients 
(nitrite, nitrate, total ammonia, reactive phosphate) collected 
by the DWS: Resource Quality Information Services (RQIS, 
unpublished) from various sites in the Berg River Catchment 
and Estuary between 1965 and 2019.

Locations of sampling stations for these monitoring programmes 
are given in Fig. 1.

Figure 1. Locations of monitoring stations and dams on the Berg Estuary (A) and locality map (B).  Stations from Department of Water and 
Sanitation: Resource Quality Information Services (DWS:RQIS: 1965–2019) shown in C, D and E for reference; (C) Department of Water and 
Sanitation and West Coast District Municipality Aquatroll loggers (DWS: 2012–2019); (D) Berg River Improvement Plan (DEA&DP BRIP:2013–2019) 
and (E) the Berg River Baseline Monitoring Project (BRBMP: 2003–2005), Council for Scientific and Industrial Research (Eagle and Bartlett, 1984; 
Taljaard et al., 1992; Slinger and Taljaard, 1994, 1996).
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RESULTS

Hydrology and crop water requirements

The total irrigated area below Misverstand Dam consisted of a 
range of different crop types and was estimated to be 3 612  ha 
in 2013 and 4 891 ha in 2018. The total gross unrestricted crop 
water requirement for 2013 was estimated at 21.3 Mm3/a, and the 
net demand was 18 Mm3/a (taking into account effective rainfall 
and irrigation efficiency). Similarly, the total mean monthly crop 
water requirements for 2018 was estimated at 26.3 Mm3/a, and 
the net demand at 21.6  Mm3/a. A summary of the estimated 
irrigated areas from 1920 to 2018 is shown in Table 1 and 
estimated crop water requirements from 1975 to 2017 are shown 
in Fig. 2. There has been a steady increase in irrigated crop areas 
from 1920 to about 1989, when a sharper increase in irrigation 
areas (and presumably water use) began for the period 1990 to 
2000, and then another very sharp increase after 2012 to 2018. 
However, water use in the Lower Berg River is managed through 
specific allocations from the Department of Water and Sanitation 
(DWS). The current registered allocation for irrigation water use 
downstream of Misverstand Dam is 17 Mm3/a with 4.05 Mm3/a 
allocated in summer from Voelvlei Dam, 5.37 Mm3/a from run-
of-river in summer, and 7.60 Mm3/a from run-of-river in winter. 
The analysis suggests that these allocations would have been 

exceeded from around 2014 due to a combination of the increase 
in irrigated area and the reduced rainfall during the drought. 
Climate change is expected to increase irrigation demands by a 
further 6% by 2050 (Cullis et al., 2015).

The hydrological time-series analysis (Fig. 3) suggests that flows 
reaching the estuary under present-day conditions have been 
reduced quite dramatically, by 50% overall relative to natural 
(reference) conditions (natural MAR = 912.4 Mm3/a, present 
day MAR = 459.2 Mm3/a), and that reductions during the dry 
season (summer, 80–86%) are much more significant than during 
the high-flow season (winter, 39–42%; Fig. 4). The increased 
irrigation demands have resulted in a modest reduction in overall 
annual volume of water reaching the estuary but a very marked 
reduction in dry season (summer) flows (Fig. 5). Also clear from 
this analysis is the marked reduction in flows reaching the estuary 
during the drought (2015–2017), relative to the rest of the flow 
record. The flow duration curve for summer month flows (Fig. 5)  
shows that even under natural conditions the minimum flow 
requirement for the estuary of 0.6 m3/s is only met 35% of the time, 
while under the present day this drops to around 16% if irrigation 
use is restricted to the current DWS allocations, and drops below 
10% based on the unrestricted crop water requirements below 
Misverstand Dam.

Figure 2. Estimated growth in irrigated areas and annual unrestricted crop water requirements downstream of Misverstand Dam for the period 
1975 to 2019.  LBIB = Lower Berg Irrigation Board

Table 1. Historical irrigation areas downstream of Misverstand Dam

Year Irrigation area (km2) Source

1920 6.32 Water Resources 1990 (Midgley et al., 1994)

1942 9.15 Water Resources 1990 (Midgley et al., 1994)

1970 15.25 Water Resources 1990 (Midgley et al., 1994)

1986 17.25 Water Resources 1990 (Midgley et al., 1994)

1989 17.25 Water Resources 1990 (Midgley et al., 1994)

2000 30.61 National Land Cover (adjusted) (Fairbanks et al., 2000)

2013 36.12 CropCensus2013, Western Cape Department of Agriculture

2018 48.91 CropCensus2018, Western Cape Department of Agriculture
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Figure 3. Simulated inflow to the Berg Estuary under  Natural’ and  Present Day’ conditions

Figure 5. Flow duration curve for summer flows (Jan, Feb, Mar) at G1H031 (Misverstand) and reaching the Berg River Estuary.  Estuary (allocations) 
= outflow from Misverstand Dam less allocations authorised by DWS; Estuary (crop) = outflow from Misverstand Dam less estimated water uses 
for irrigation of crops.

Figure 4. Mean monthly flow under reference (  Natural’) and  Present Day’ and % change from reference
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Salinity, temperature and dissolved oxygen

Data on temperature and salinity in the Berg Estuary indicate 
that the system is well mixed throughout its length. Examples of 
temperature and salinity profile data collected during the low-
flow season (summer) and high-flow season (winter), which are 
typical of these seasons, are shown on Fig. 6. Under high-tide 
conditions in summer there is generally a marked longitudinal 
gradient in temperature, being lowest (10°C) near the mouth 
due to seasonal upwelling in the sea and advection of this cool 
upwelled water into the lower reaches through tidal action, but 
increasing rapidly with distance upstream where it matches that 
of the air temperature which can reach up to 30°C or more. In 
winter (the high-flow season), the longitudinal temperature 
gradient is much less marked, solar insolation and upwelling 
intensity are much reduced and water temperature in the Berg 
Estuary typically ranges from around 14°C at the mouth up 

to a maximum of around 18°C in the upper reaches (Fig. 6). 
Longitudinal stratification is much reduced in both summer and 
winter under low-tide conditions, when the cooler seawater is 
forced back out of the mouth.

There is a marked salinity gradient that extends up the length of 
the estuary in both low and high flow seasons. Saline influences 
extend much further upstream during the low-flow (typically 
around 40–45 km) compared with the high-flow season (3–15 km,  
Fig. 7). Conditions recorded in the estuary during the drought 
of 2015 to 2017 were somewhat anomalous as a reverse salinity 
gradient developed in the estuary in summer and autumn (lowflow 
season, Jan–Jun) of 2017 and 2018, with salinity increasing from 
levels typical of normal seawater (34.5) at the mouth up to a 
peak of 37.2, 23 km upstream (Fig. 8). This is the first time such 
a reverse salinity gradient, and indeed hypersalinity, has been 
recorded in the Berg Estuary.

Figure 6. Temperature (°C) within the Berg Estuary during spring high tide in summer (low flow, top) and winter (high flow, bottom).  Red arrows 
on the top panel indicate the timing of the sampling relative to estimated rates of freshwater inflow at the head of the estuary.
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Figure 7. Salinity in the Berg Estuary during spring high tide in summer (low flow, top) and winter (high flow, bottom). The timing of the sampling 
in relation to freshwater inflow at the head of the estuary corresponds with that on Fig. 6.

Figure 8. Average salinity (± standard error) in the lower 25 km of the Berg Estuary over the period 2014–2016 relative to that during the 
peak of the drought (January–May 2018)
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The continuous monitoring data from mid-2012 highlighted the 
typical daily and longer-term seasonal variations in temperature 
and salinity, along with the anomalous conditions experienced 
during the recent drought (Fig. 9). Short-term (daily) variations 
in temperature and salinity were both much more marked in the 
lower estuary (Aquatroll 2, 5.3 km from the mouth) compared with 
further upstream (Aquatroll 4, 23.7 km from the mouth). The effects 
of the drought on salinity, especially in the lower reaches of the 
estuary, were also very clear – salinity levels recorded by Aquatroll 2 
did not drop below 17 for a period of more than 18 months. Effects 
of elevated salinity in the estuary during the drought were evident 
as far upstream as Jantjiesfontein (52 km upstream of the mouth), 
where salinity levels above 4 were recorded at a site where they 
seldom rise above 2 (Fig. 10). Incidences of hyper-salinity (>35) 
were recorded at the continuous monitoring station 23 km from 
the mouth (Fig. 9), over an extended period in 2017 (30 March– 
12 June, 26% of records) and again in 2018 (22 Jan–03 Jun, 13% 

of records, Fig. 9) but none in the period prior to (21 Aug 2012– 
29 Mar 2017), or after this (03 Jun 2018–22 May 2019).

Levels of dissolved oxygen are strongly linked with temperature. 
Thus, levels of oxygen were typically higher (above 6 mg/L) in 
the high-flow season (winter) when the temperature across the 
entire estuary was low (<20°C, Fig. 11). During the low-flow 
season, upwelling at sea often brings oxygen-depleted waters up 
to the surface and into the lower reaches of the estuary, which, 
in combination with elevated temperatures further upstream, 
means that oxygen levels are typically low (<7 mg/L) throughout 
the system. Pockets of low-oxygen water (DO < 4 mg/L) are also 
often found close to the bottom in the upper and middle reaches 
of the estuary during the low-flow season. These pockets of low-
oxygen water develop as a result of poor flushing at this time of 
the year, decomposition of organic matter in the warm water, and 
the uptake of oxygen by microalgae and macrophytes at night.

Figure 9. Salinity (PSU) and temperature (°C) data from two continuous data loggers moored in the Berg Estuary for the period 2012–2019. 
Aquatroll 2 (B, C) was located approximately 5.3 km from the mouth and Aquatroll 4 (D, E) 23.7 km from the mouth. Variation in freshwater inflows 
entering at the head of the estuary are shown in the top panel (A). Red arrow indicates the peak of the recent drought in 2017.  
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Figure 10. Long term variations in runoff and salinity at Jantjiesfontein roughly 52 km upstream of the mouth (Fig. 1)

Figure 11. Dissolved oxygen (mg/L) within the Berg Estuary during spring high tide in summer (low flow, top) and winter (high flow, bottom)  

Nutrients

Data on levels of dissolved inorganic nutrients (nitrite, nitrate, 
ammonia, phosphate) in the Berg Estuary and river inflow were 
available from a number of surveys conducted in the period 1975 
to 2019. Data on nutrient levels were plotted against salinity to 
examine an assessment of the relative importance of different 

sources of nutrients (freshwater inflow at head of the estuary, 
seawater inflow at the mouth) and processes that operate within 
the estuary (uptake and remineralisation). Monthly sampling 
of nutrient levels in the estuary undertaken as part of the Berg 
River Improvement Project (BRIP), collected over the period 
2013–2019, provides a clear indication of some of these patterns.  
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Figure 12. Property-salinity plots showing variation in levels of dissolved inorganic nitrogen (NOx, top), ammonia (NH4-N, middle) and dissolved 
reactive phosphate (PO4-P, bottom) relative to salinity in the low- (left) and high-flow seasons (right) in the Berg Estuary from 2013–2019.  Data 
from the Berg River Improvement Project (BRIP).  Trendlines on each graph are lines of best fit and are designed to show the general pattern or 
overall direction of the data.

Only data collected in those periods that could be clearly classified 
as being in the low-flow (summer) season (at least 2 months after 
winter high flows had subsided) or high-flow season (winter, after 
the onset of the winter rains) are presented here (Fig. 12). River 
inflow at the head of the estuary is clearly the primary source of 
dissolved inorganic nitrogen (NOx = NO2 + NO3) in the system, 
with levels peaking at around 4 000 µg/L at salinities <2 in the high 
flow season in the most recent survey data (2013–2019). Levels of 
NOx were much lower (<1 000 µg/L) in the fresh water at the head 
of the estuary in summer (low-flow season), and similar to levels 
in seawater at the estuary mouth during both seasons. Levels 
of NOx drop off very rapidly as salinity increases with distance 
downstream, stabilising at salinity levels of around 20 (Fig. 12) 
or around 20 km upstream of the mouth (Fig. 13). During the 
low-flow season, salinities at the head and mouth of the estuary 
are similar, but are typically lowest at intermediate salinities 
(15) which were recorded in the middle reaches of the estuary  
(15–20 km upstream of the mouth).

The impacts of the recent drought (2015–2017) on nutrient inputs 
to the Berg Estuary are most clearly evident in data on levels of 
DIN (NOx) in the estuary from the BRIP programme. DIN levels 
typically spike each year during the high-flow (winter) season at 
all sites in the estuary, with the magnitude of the spike diminishing 
with distance upstream, as the nutrient-rich freshwater is diluted 
to an increasingly greater extent by the less nutrient-rich seawater. 
However, there was a complete absence of a spike in the 2017 high-
flow (winter) season due to the below-average flows (Fig. 14).

Levels of dissolved inorganic phosphate (DIP) were slightly 
higher in the low-flow (summer) period (peaking at between 500 
and 800 µg/L) than in the high-flow (winter) season (peaking at 
around 200–500 µg/L). In the low-flow (summer) season, levels of 
DIP were highest near the mouth (salinity >30) but remained high 
in some samples until salinity dropped below 10, at which point 
level of DIP also dropped off very sharply. In the high-flow season 
(winter) levels of DIP were mostly low (<200 µg/L) across the full 
salinity gradient, with odd samples registering levels higher than 
this (up to 450 µg/L).

When variations in the levels of these nutrients were examined in 
relation to distance upstream, using data collected through BRIP 
programme (which covers the period 2013–2019 and the lower 
25 km of the estuary only), patterns were similar to that evident 
when data were plotted against salinity, except for ammonia  
(Fig. 13). Levels of DIN in the low-flow (summer) period were 
low (<200 µg/L) throughout the lower and middle reaches of the 
estuary but showed a clear increase with distance upstream in 
the high-flow season. Ammonia levels declined with distance 
upstream in both the low- (summer) and high-flow (winter) 
seasons, the latter not immediately evident in the full dataset and 
possibly linked to the fact that the BRIP data cover only the lower 
and middle reaches of the system. Little variation was evident 
in levels of PO4 with distance upstream but levels were clearly 
higher in the low-flow (summer) as opposed to the high-flow 
(winter) season, which is similar to the trend observed when 
these data were plotted against salinity.
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Figure 14. Variation in levels of dissolved inorganic nitrogen (NOx: NO2 + NO3 ) at 9 stations within the Berg Estuary ranging from the mouth 
(Estuary 1) to roughly 23 km upstream (BRIP E9) in relation to freshwater inflow (top panel)

Figure 13. Variations in dissolved inorganic nitrogen (NOx-N = NO2-N + NO3-N), ammonia (NH4-N), and dissolved inorganic phosphate (DIP) 
(mean ± standard error) within the Berg Estuary with increasing distance (km) from the mouth under low-flow (left) and high-flow conditions 
(right). Trendlines on each graph are lines of best fit and are designed to shows the general pattern or overall direction of the data.  Data from the 
Berg River Improvement Project (BRIP).  
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Nutrient levels have also changed dramatically over the past 30 
years, primarily in respect of the amount of DIN (NOx) with the 
freshwater inflow at the head of the estuary. Peak levels of DIN 
in river inflow in the high-flow season increased dramatically in 
both the low-flow (summer) and high-flow (winter) seasons, while 
those in seawater at the mouth of the estuary barely changed at all 
(Fig. 15). Peak levels in river inflow during the low-flow (summer) 
season increased from around 100 μg/L in 1990 to around 700 μg/L 
in the past decade (2013–2019). and from around 600 μg/L in 1989 
to around 4 000 μg/L in the high-flow (winter) season. Levels of 
NH4 seem to have become much more variable throughout the 

estuary in the past decade relative to preceding decades (1990, 
2000), but have not increased per se (Fig. 16). Peak levels of PO4 
in the influent river water in the low-flow season increased from 
around 30 μg/L in 2005 (no data available from the head of the 
estuary prior to this) to around 70 μg/L in the past decade (2013–
2019), and in the high-flow season from around 50 μg/L in the 
1970s to around 150 μg/L in the past decade (Fig. 17). These data 
also indicate that peak levels of PO4 in seawater at the mouth of 
the estuary may also have increased over the same period, but not 
nearly as much as in the influent freshwater – an increase that is also 
to some extent masked by a much greater increase in variability.

Figure 15. Property-salinity plot showing variation in levels of dissolved inorganic nitrogen (NO2 + NO3) relative to salinity in the Berg Estuary 
during the low- (top) and high-flow seasons (bottom) between 1989 and 2019

Figure 16. Property-salinity plot showing variation in levels of total ammonium (NH4-N) relative to salinity in the Berg Estuary measured in the 
low- (top) and high-flow (bottom) seasons between 1989 and 2019
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DISCUSSION

South Africa enacted legislation in 1998 (National Water Act, 
No. 36 of 1998) that provides for the protection of the ‘ecological 
reserve’, which is one of a suite of measures designed to ensure 
that the country’s water resources are used (and maintained) in 
such a way as not to compromise the economic opportunities and 
social wellbeing of future generations. An ecological reserve is 
supposed to be set for all significant water resources in the country 
(which include rivers, wetlands, estuaries and groundwater) at a 
level defined in terms of the quantity and quality of freshwater 
that it receives (the ‘resource quality objectives’ or RQOs), which 
is adequate to ensure that the resource in question is maintained 
in a state of health that is both achievable and commensurate 
with its level of conservation and economic importance, but also 
balances the demand for water for other uses in the catchment. 
While environmental water requirements (EWRs) have been 
determined for almost all estuaries in the country, at least at a 
basic level, and RQOs have been determined for a large portion 
of these estuaries, very little effort has been invested in auditing 
compliance with the RQOs or in assessing the impacts of non-
compliance on estuary health. This represents one of the first 
studies in this country where this has actually been done.

The ‘target ecological category’ (TEC) and requisite RQOs were 
gazetted for the Berg Estuary in 2019 (DWS 2020). based on 
results of an environmental flow assessment (EFA) completed in 
2012 (DWA, 2012b) and a classification study completed in 2018 
(DWS, 2018). At the time of publication, the estuary was rated as 
second-most important in the country (Turpie et al., 2002); the 
PEC and TEC were determined to be a ‘C’ (moderately modified), 
and the RQOs designed to maintain the estuary in this state of 
health are listed in Table 2. Values specified for the RQOs were 
linked with tolerance thresholds for biota in the estuary identified 
during the EFA study. Of critical importance was the fact that it 
was recommended that freshwater inflows to the estuary not be 
allowed to drop below 0.6 m3/s as this was the minimum flow 
necessary to ensure adequate flushing and to minimise the risk 
of water stagnating and becoming hypoxic in the upper reaches 
of the estuary during the warm summer months (DWA, 2012b).

Results from this study, which extended the hydrology to 2019 
and included the recent drought, place the MAR reaching the 
estuary at around 459.2 Mm3/a, which is only 6% less than that 
estimated in 2012 (486.86 Mm3/a), but has highlighted the fact 
that freshwater flows reaching the estuary during the low-flow 
season (summer) are considerably lower than that estimated by 
DWA (2012b) and also markedly lower than the minimum flow 
specified in the gazetted RQOs. In fact, it is clear from this study 
that flows during the summer months often dropped to zero 
and remained at this level for many months during the recent 
drought.

The main reasons for the discrepancy between estimated inflows 
to the estuary from this study and the previous one is that flows 
reaching the estuary were not explicitly measured or even modelled 
in the latter study, the assumption being that a sufficiently large 
portion of the water released from Misverstand Dam would 
actually reach the estuary and that any losses en route would be 
balanced by inflows from incremental catchments. Estimates of 
flows from this study suggest that the amount of water abstracted 
for irrigation purposes from the section of river between 
Misverstand Dam and the top of the estuary, and that taken up 
by IAPs, is generally not offset by inflows from the incremental 
catchments joining the river below the dam, especially during the 
summer months when water demand is high and rainfall is low. 
This, coupled with what has clearly been an increase in nutrient 
inputs from the catchment, has had a severe impact on water 
quality in the estuary. During the recent drought, river flows 
essentially stopped reaching the estuary, which is the first time 
that this has been observed and thus provided an opportunity to 
investigate the water quality and ecosystem health impacts that 
can better inform the assessment of the possible impacts of further 
flow reductions and not meeting the EWRs.

These findings strongly highlight the importance of investing in 
good quality flow data/hydrology. If a proper investment had been 
made in collecting good hydrological data in earlier studies much 
of this conflict with the gazetted RQOs could have been avoided or 
addressed sooner. Addressing such concerns post allocation and/or 
dam construction is much more costly and very often not possible.

Figure 17. Concentration of dissolved inorganic phosphate (PO4-P) in the Berg Estuary measured in the low- (top) and high-flow (bottom) 
seasons between 1975 and 2019
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Continuously recorded data on salinity levels (one measurement 
taken every 2 hours) are available for two recording stations in 
the Berg Estuary – one at 5.3 km upstream of the mouth and 
the second at 23.7 km upstream (Fig. 9). Data from the second 
station indicate that salinity levels did not exceed 20 for more 
than 3 months in 2013 or 2014 as required by the RQOs, but 
did exceed this level in 2016, 2017, 2018 and 2019. Regrettably, 
no data are available for 2015. A good portion of this period of 
non-compliance is covered by the extreme drought of 2015–2017, 
during which one could reasonably expect that requirements 
for compliance with the RQOs would have been suspended. 
However, this does not account for non-compliance in 2018 and 
2019, which is more likely linked with reduction in freshwater 
flows reaching the estuary as a result of the recent increases in the 
volume of water abstracted from the river for irrigation purposes 
(Fig. 2). It seems, therefore, that non-compliance with the flow 
RQOs highlighted above during and subsequent to the drought 
is translating into non-compliance with salinity RQOs as well, 
as might have been predicted in the EFA study. Incidences of 
hyper-salinity (salinity levels > 35), also a contravention of the 
RQO limits, were recorded in middle reaches of the estuary in 
the monthly monitoring data collected as part of this study in 
summer and autumn (low-flow season, Jan–Jun) of 2017 and 2018 
and also at the second of the two continuous monitoring stations 
(23.7 km upstream of the mouth) over a similar period in 2017 
and 2018, but none in the period prior to (21 Aug 2012 – 29 Mar 
2017), or after this (03 Jun 2018 to 22 May 2019). The incidences 
of hyper-salinity recorded in 2017 were within the period of the 
recent drought, or at least the period of below-average rainfall 
that extended from 2015–2017 (Botai et al., 2017; Wolski, 2018; 
Otto et al., 2018; Odoulami et al., 2020), and could be considered 
excusable, but this is not the case for those recorded in 2018, 
which are presumably linked to over-abstraction of water from 
the river in the period after the end of the drought.

Monitoring data collected from 1975 to 2019 confirmed that 
river inflow at the head of the estuary is the primary source of 
dissolved inorganic nitrogen (NOx = NO2 + NO3) in the system, 
with levels peaking at around 4 000 µg/L in the high-flow season 
(winter), but dropping in recent years to around 700 µg/L. The 
latter is similar to levels measured in seawater at the mouth of the 
estuary during both seasons. There has been a marked increase 
in levels of DIN in the river inflow at the head of the estuary over 
time, which is consistent with observed increases higher up in the 

catchment (DWAF, 2004; De Villiers, 2007; DWA, 2012b, c; De 
Villers and Thiart, 2007; Struyf et al., 2012; Magoba, 2018; Cullis 
et al., 2019). These changes are linked to increased agricultural 
activities, human settlements and wastewater inputs in the 
catchment. While the reported levels of DIN in seawater at the 
mouth of the estuary may seem high (up to 700 µg/L), these are in 
line with levels that are typically recorded in the Benguela region 
(Barber and Smith, 1981; Chapman and Shannon, 1985; Brown 
and Hutchings, 1987; Bailey and Chapman, 1991; Brown, 1992), 
which is one of the most intense upwelling regions in the world.

The rapid drop-off in levels of NOx with salinity in the high-
flow season, more rapid than one might expect as a result of 
simple dilution, and the convex curvature of the slope of the 
gradient evident in both the high- and low-flow seasons, are both 
indicative of significant uptake of DIN within the system at this 
time (Church, 1986; Fisher et al., 1988; Balls, 1994; Eyre, 2000; 
Ferguson et al., 2004). This suggests that DIN concentration 
plays an important role in controlling primary production in the 
system.

The impacts of the recent drought (2015–2017) on nutrient inputs 
to the Berg Estuary are also clearly evident in data presented in 
this paper, particularly those for DIN. DIN levels typically spike 
each year during the high-flow (winter) season at all sites in 
the estuary, with the magnitude of the spike diminishing with 
distance upstream as the nutrient-rich freshwater is diluted to 
an increasingly greater extent by the less nutrient-rich seawater. 
However, there was a complete absence of a spike in the 2017 
high-flow (winter) season, due to below-average flows at this time 
of year and less wash-off of nutrients into the river than usual.

Levels of ammonia (NH4-N) in the estuary were similar in the 
high- and low-flow seasons (peaking at around 2 000 µg/L). 
However, variation in relation to salinity was very different for 
the two seasons. In both seasons, levels were lowest in the middle 
reaches of the estuary (again pointing to significant uptake of this 
nutrient by primary producers in the estuary, and its importance 
in controlling primary production in the system). In the low-flow 
season (summer), ammonia levels were very much higher in the 
lower as opposed to the upper reaches of the estuary, and suggest 
that the sea (or possibly a point-source of ammonia in the lower 
reaches of the estuary) are the primary sources of ammonia in the 
system at this time. In contrast to DIN, however, peak levels of 
ammonia measured at the mouth of the estuary were considerably 

Table 2. RQOs for the Berg Estuary (Source: DWS, 2019)

Component Resource quality objectives

Freshwater 
inflow

Month Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Annual

Mm3 31.2 12.6 3.92 1.6 1.5 1.7 9.1 22.2 64.3 123.4 137.2 78.3 486.9

m3.s-1 12.0 4.8 1.5 0.6 0.6 0.6 3.5 8.6 24.8 47.6 52.9 30.2 187.8

% Natural 46% 36% 25% 19% 23% 20% 36% 26% 42% 61% 68% 63% 52%

Water 
quality

0–33 km upstream 33–65 km upstream

Dissolved inorganic  
nitrogen (DIN)

Jan–Mar <300 µg/L <80 µg/L

Apr–Dec <800 µg/L <800 µg/L

Dissolved inorganic 
phosphorus (DIP)

Jan–Mar <100 µg/L <30 µg/L

Apr–Dec <60 µg/L <60 µg/L

Salinity Not >35; but not >20 for >3 months consecutive months at 20 km upstream; <1 above 40 km

pH 7 < pH < 8.5

Dissolved oxygen >4 mg/L

Secchi depth >1 m

Enterococci ≤185 Enterococci/100 mL) (90th percentile, Hazen system)

E. coli ≤500 E. coli/100 mL (90th percentile, Hazen system)
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higher than those measured in newly upwelled water (Chapman 
and Shannon, 1985; 30–100 µg/L), and may be linked with 
discharge of effluent from a fish-processing plant located at the 
mouth of the estuary, effluent from which generally contains very 
high ammonia levels (Christie and Moldan, 1977; Monteiro et 
al., 1997). Levels of ammonia seem to have become much more 
variable throughout the estuary in the past decade relative to 
preceding decades (1990, 2000), but have not increased per se.

Levels of dissolved inorganic phosphate (DIP) in the Berg Estuary 
were slightly higher in the low-flow (summer) period than in the 
high-flow (winter) season and were elevated at salinities above 
10 during the low-flow season. These data suggest that, at least 
in summer (low-flow season), the sea (or a point-source in the 
lower estuary) is the primary source of DIP in the system and that 
the sea and freshwater inflow contribute more of less equally in 
winter (high-flow season), and that there is little or no evidence of 
DIP uptake, or that this nutrient exerts any control over primary 
production in the estuary. There has been a marked increase in 
levels of DIP in freshwater entering at the head of the estuary 
since the 1970s, particularly in the high-flow season, which seems 
to mirror changes observed in levels of DIN. A similar increase 
in the DIP in the upper reaches of the Berg River has also been 
observed, particularly during the period of the drought, and is 
associated with urban and rural developments in the catchment 
(Cullis et al., 2019).

Under natural conditions, inorganic N and P inputs to the estuary 
from the Berg River were probably low, considering that much of 
the catchment, especially that part from which perennial flow is 
derived, is comprised of Table Mountain Sandstone (TMS) which 
typically leaches very few ions (Fourie and Görgens, 1977; Bath, 
1993; Day, 2007). Vegetation in the Berg River Catchment is mainly 
fynbos (Harrison and Elsworth, 1958; Mucina and Rutherford, 
2006), which is nutrient-poor and decomposes very slowly 
(Mitchell et al., 1986; Mitchell and Coley, 1987; Witkowski, 1991). 
Over time, human activities in the catchment have increased runoff 
of nutrients into the Berg River (Cullis et al., 2019), hence increasing 
contributions from this source to the estuary. This, coupled with 
increases in retention time of influent water into the estuary as a 
result of reduced freshwater inflow (estimated to be around 50% 
in this study), will have greatly increased the amount of nutrients 
available for primary production in the estuary. Although there 
are limited data to support this, a study by Snow and Bate (2009) 
showed that levels of Chl-a in the Berg Estuary had increased 
dramatically relative to those measured a decade earlier by Slinger 
and Taljaard (1994). Slinger and Taljaard (1994) recorded levels of 
between 1.0 and 1.25 µg/L during the high-flow season (winter) 
of 1989 and between 0.1 and 0.4 µg/L during the low-flow season 
(summer) of 1990, while Snow and Bate (2009) measured levels in 
the range 0.2–8.0 µg/L and 6–10 µg/L in the low- and high-flow 
periods in 2005, respectively. They attributed the observed increases 
to corresponding increases in nutrient level, and it is likely that this 
has increased still further since this time given the subsequent 
increases in nutrient levels reported in this study.

Reductions in freshwater inflow and increases in nutrient inputs 
and their concomitant impacts on other drivers (e.g. retention 
time, water temperature, dissolved oxygen concentration) 
and response variables (primary production, invertebrates, 
fish and bird populations) has had a profound impact on the 
ecological functioning and health of the Berg Estuary. In a 
study commissioned by DWA (2012), based on data available 
at the time (mostly collected in the period prior to 2008), it was 
estimated that the health of the estuary had dropped to a ‘C’ 
category (defined as 61–75% of natural) using the Estuary Health 
Index (EHI, Turpie et al., 2012). This finding, coupled with the 
recognised importance of the system from a conservation and 
socio-economic perspective, resulted in the TEC being gazetted 

at the same level (‘C’ category: DWS, 2019), which implies that the 
system should not be allowed to degrade beyond this point. Data 
presented in this study suggest that this requirement has not been 
upheld and that the health of this important estuary has been 
allowed to degrade further. Indeed, using the data presented here, 
along with data on measured changes in other biotic response 
variables (vegetation, fish and birds), DEADP (2020) suggest 
that this estuary is now in a ‘D’ category (41–60% of natural). 
Importantly, this assessment is based not on the impacts of the 
recent drought alone, but on likely impacts of current levels of 
inflow, nutrient input, etc., applied over an extended (70-year) 
period. Given that most climate change scenarios forecast a 
reduction in rainfall for the region and that this, combined with 
continued growth in demand for water from upstream users, will 
likely lead to a further reduction in inflows to the estuary. This is 
likely to lead to a further degradation in the ecological health of the 
estuary and suggests that urgent action is needed. It is proposed 
that practical solutions, such as increasing the storage capacity at 
Misverstand Dam and improved monitoring and enforcement for 
downstream users, be introduced to ensure that the minimum 
flows are achieved during the summer months; however, a greater 
challenge will be to address the much larger impact on winter 
flows as a result of climate change, which could see as much as 
a 34% reduction in the MAR under the current development 
scenario. This is likely to require much harder decisions about the 
allocation of water to different users and a potential trade-off in 
terms of the value of the estuary.

The reason that this has been allowed to happen is most probably 
linked to the lack of good monitoring data for this system, particularly 
in respect of its physico-chemical drivers such as freshwater flow 
and water quality. Recent initiatives to improve coverage of water 
quality monitoring in the system must be commended, but the lack 
of a monitoring station where flows reaching the estuary can be 
accurately gauged remains a serious problem.
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