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The Zambezi River Basin in Southern Africa is undergoing rapid development and population growth.

Agricultural intensification, urbanization and future development of hydropower dams will likely lead to

a degradation of surface water quality, but there have been few formal assessments of where, how and

why these changes impact specific water quality parameters based on in situ data spanning a large

region. We sampled a large suite of biogeochemical water quality parameters at 14 locations in four field

campaigns in central and southern Zambia in 2018 and 2019 to characterize seasonal changes in water

quality in response to large hydropower dams and human landscape transformations. We find that the

major rivers (Zambezi and Kafue) are very clean with extremely low concentrations of solutes, but suffer

from thermal changes, hypoxia and loss of suspended sediment below dams. Smaller tributaries with

a relatively large anthropogenic landcover footprint in their catchments show signs of pollution in the

form of higher concentrations of nutrients and dissolved ions. We find significant relationships between

crop and urban land cover metrics and selected water quality metrics (i.e. conductivity, phosphorus and

nitrogen) across our data set. These results reflect a very high-quality waterscape exhibiting some

hotspots of degradation associated with specific human activities. We anticipate that as agricultural

intensification, urbanization and future hydropower development continue to accelerate in the basin, the

number and extent of these hotspots of water quality degradation will grow in response. There is an

opportunity for governments, managers and industry to mitigate water quality degradation via

investment in sustainable infrastructure and practice, such as wastewater treatment, environmental dam

operations, or riparian protection zones.
Environmental signicance

Sub-Saharan Africa will undergo dramatic environmental changes this century because of rapid population growth and economic development. The integrity of
its water resources face an uncertain future and baseline understanding of the relationship between human activities and water quality are limited because of
sparse data. In this study, we provide evidence for causal linkages between hydropower dams, urbanization and agriculture and surface water quality based on
extensive eld observations in the Zambian part of the Zambezi basin. These ndings provide an empirical foundation for informing water quality monitoring
and management strategies to counteract water pollution as dams, cities and agriculture expand in the region.
Introduction

Sub-Saharan Africa (SSA) is experiencing some of the steepest
rates of population growth in the world, with United Nations
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data predicting a tripling to occur before the end of the 21st

century.1 In addition, the region faces accelerating external
resource demands from globalization, driving expansion of
industrialized agriculture, natural resource extraction and
power generation. These developments will transform the
region over the coming decades and a major geopolitical
concern is whether existing water resources will be able to
sustain such rapid growth of cities and economies.

In the Zambezi, Africa's fourth largest river basin, and the
most important draining into the Indian Ocean, eight nations
share the watershed and its water, which provides hydroelectric
energy, irrigation and domestic water for roughly 50 million
people.2 Each of these uses has the potential to change the
physical and chemical properties of surface waters. Hydropower
reservoirs can alter river thermal regimes, create hypoxic dead
Environ. Sci.: Processes Impacts, 2021, 23, 981–994 | 981
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zones and store sediments and coarse materials behind dams.3,4

Wastewater from cities and towns loads nutrients and other
solutes into streams, especially where treatment infrastructure
is not available. Agricultural lands can leach applied fertilizers
and pesticides and tillage enhances erosion and sedimentation.
Human enterprise inevitably leaves biogeochemical impres-
sions on its waterways, typically degrading the value that
aquatic systems can provide for society. Both professional
scientists and the general public, typically refer to such changes
in water physico-chemical properties arising from human
activities as changes in “water quality,” a subjective term lack-
ing a formal technical denition. We use “water quality” in this
paper as a short-hand for referring to values of various physical
and or chemical properties that we have measured in reference
to waters that lack human inuence. That is, waters far from
human intervention we may dene as being of “excellent
quality” and waters with higher concentrations of solutes we
assess to have been altered or degraded by some (typically)
human process.

In the heavily populated and industrialized regions of the
world, freshwaters are commonly found to be in a state of severe
degradation via chemical and microbial pollution.5 Much of the
Zambezi Basin, in contrast, is sparsely populated with many
river reaches in a relatively intact state.6 The region is changing
rapidly, however, and it is not clear how resilient the quality of
surface waters will be to developmental trends. Damming is
accelerating in the basin, with 11 to 25 hydropower projects
under construction or in a planning stage,7 augmenting 5
existing large dams.8 The population of Zambia, the country
comprising the largest portion of the Zambezi Basin (40.7%), is
growing at a rate of 2.9% per year and expected to triple by
2050.9 There will be, of course, increased food consumption,
which will necessitate commensurate increases in agricultural
productivity. In addition, the government of Zambia has put in
place accelerated efforts to increase agricultural exports.
Expansion of croplands and demand for increased yields will
necessitate accelerating use of fertilizers and water abstractions
for irrigation. Will the rivers be able to absorb the excess
nutrients that will inevitably leach from all these new elds
without experiencing major trophic changes? Will wastewater
treatment infrastructure keep pace with the rapid rate of
urbanization? To understand the potential future of Zambia's
surface water quality eld observations spanning broad geog-
raphies and targeted at potential sources of pollution are
required.

In order to assess the status and potential trajectory of
surface waters we studied the biogeochemical quality in Zam-
bia's major rivers, focusing on physico-chemical parameters,
such as inorganic ions and nutrients (we omitted metals and
organic pollutants). To this end, we implemented a series of
eld campaigns in 2018 and 2019. We sampled a wide range of
physical and chemical properties of the river water bracketing
Zambia's two largest hydropower reservoirs, the Kariba Reser-
voir on the Zambezi and the Itezhi-Tezhi Reservoir on the Kafue
River to test for effects of hydropower dams. We also sampled
three smaller tributaries: Maramba, Chongwe, Little Chongwe
draining some of the more intensively-transformed sub-
982 | Environ. Sci.: Processes Impacts, 2021, 23, 981–994
catchments in order to test for changes in water quality
related to urban and agricultural land uses.

In this paper, we summarize broad spatial and seasonal
patterns of hotspots of water quality changes associated with
human activities in Zambia. We focus on hydropower and the
role that two large dams play in changing downstream water
quality and on urban and agricultural pollution sources. Our
aim is to link specic types of water quality changes to drivers
and improve understanding of the present patterns of water
quality in Zambia. Based on this analysis we make coarse
predictions on where and why Zambezi water quality might be
degraded in the future in the context of regional and global
change.
Methods
Study area

We focused our eld study on the western half of Zambia, with
sampling points bracketing major hydropower reservoirs on the
Zambezi and Kafue River main stems (Fig. 1; Table 1). The
inows of both reservoirs are not easily accessible, so we
sampled upstream at the nearest point accessible by road.10 We
also sampled surface and deep waters (50 m depth) of the
Kariba and Itezhi-Tezhi reservoirs near the dam wall (KAS, KAD,
ITS, ITD) in order to assess stratication strength and any
differences between epilimnetic and hypolimnetic waters.11 To
test for effects of anthropogenic landcover change on stream
water quality, we sampled three smaller streams (Maramba–
MAR, Chongwe – CHO, Little Chongwe – LCH) draining sub-
catchments (510 km2, 5130 km2 and 530 km2, respectively)
characterized by dense urban and/or agricultural areas. To
provide some context for the impacted small streams we addi-
tionally sampled a few minimally-impacted streams draining
small catchments of mostly protected areas (Zambezi Source
Protected Forest Area and North Swaka Forest Reserve north of
Lusaka) during the nal eld campaign and during a follow-up
study in November 2019 (Fig. S1†). The study region's climate is
characterized by intense hydrologic seasonality, with a 5 to 6
month rainy season accounting for 95% of annual precipitation
that gives way to a half-year of nearly no rainfall. As a result,
river ows and the connectivity between surface waters and
catchments follow a corresponding high-low, on–off modality.

Discharge of the Zambezi River at Victoria Falls spans more
than an order of magnitude12 from minimum ows of around
240 m3 s�1 in October/November to about 3780 m3 s�1 in April/
May (average 1420 m3 s�1) (daily data between 2010 and 2013,
data from Teodoru et al., 2015). Even more intense seasonality
occurs on the upper Kafue River where discharge at Hook
Bridge (upstream of the Itezhi-Tezhi Reservoir) ranges from
a minimum of 40 m3 s�1 during dry season to a maximum of
1230 m3 s�1 during wet season (average 330 m3 s�1) (daily data
between 2010 and 2013, from Teodoru et al., 2015).
Field sampling

In order to capture the region's seasonally variable hydrologic
conditions, we collected surface water samples from all sampled
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Maps of Zambezi Basin and sampling points on the Kafue and Zambezi Rivers and tributaries. River and catchment delineations are from
the HydroSheds database.13 Landcover is from Copernicus Global Land Service.14 Elevation data is courtesy of the United States Geologic Survey.
Dams, wetlands and water bodies are from Open Street Map (www.openstreetmap.org).
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points four times between March 2018 and March 2019 at
approximately even intervals spanning both wet and dry seasons.
In most cases we were able to sample from a boat or oating
pontoon to avoid bias from hyporheic or littoral inuence at the
river margins. We measured pH, conductivity and water
temperature in situ using a YSI Professional Series multi-
parameter sonde (Yellow Springs, Ohio). We measured dis-
solved oxygen (DO) using a second YSI optical dissolved oxygen
This journal is © The Royal Society of Chemistry 2021
probe. We calibrated pH and oxygen sensors daily before taking
measurements. We ltered water samples through pre-
combusted and pre-weighed glass ber F lters for total sus-
pended solids (TSS) determination, collecting subsamples of the
ltrate for analysis of dissolved ions, nutrients, and dissolved
organic carbon (DOC) (in borosilicate glass vials). We sun-dried
lters for subsequent analysis of particulate matter. For anal-
ysis of chlorophyll we collected a second lter, which we stored in
Environ. Sci.: Processes Impacts, 2021, 23, 981–994 | 983
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Table 1 Locations and identity of surface water sampling sites in
Zambia

ID River

Distance from dam Latitude Longitude

km downstream Decimal degrees

VIC Zambezi Upstream �150 17.810 �S 25.673 �E
SIA Zambezi 3 16.504 �S 28.792 �E
BRE Zambezi 70 15.985 �S 28.881 �E
LOW Zambezi 110 15.719 �S 29.335 �E
MUK Kafue Upstream �65 14.981 �S 25.994 �E
DIT Kafue 1 15.764 �S 26.030 �E
MAZ Kafue 300 15.745 �S 27.805 �E
KBR Kafue 430 15.837 �S 28.237 �E
GWA Kafue 520 15.951 �S 28.862 �E
CHO Chongwe NA 15.709 �S 29.339 �E
LCH L. Chongwe NA 15.948 �S 28.844 �E
MAR Maramba NA 17.889 �S 25.854 �E
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95% ethanol and in the dark for subsequent eld processing and
analysis. We also collected unltered surface water samples for
analysis of bulk nutrients and alkalinity. We separately collected
water samples for dissolved inorganic carbon (DIC), which we
ltered through 0.2 mM syringe lters in 12 ml exetainers without
headspace. All water samples were collected in triplicate in order
to estimate error associated with our entire sampling and
analytical workow and if necessary, discard outliers. We kept
samples cool during handling and storage.
Sample analysis

Nutrients. To analyze surface waters for nitrate and phos-
phate we used a Skalar (Breda, Netherlands) SAN++ automated
ow injection analyzer following standard procedure ISO
13395:1996. We used the same instrument to analyze
potassium-persulfate digests of unltered samples. We note
that this method typically underestimates true “total” P and N
because of the potential for ne particles to settle during
sample storage15 and are better labelled “digestible” N and P.

Ions, alkalinity, DIC, and DOC. We analyzed ltered water
samples for anions (Cl�, SO4

2�, NO3
�) on a Metrohm 882

Compact IC Pro and cations (NH4
+, Na+, Mg2

+, K+, Ca2
+) on

a Metrohm 881 Compact IC Pro. We analyzed unltered water
samples for total alkalinity on a Metrohm 862 Compact Titro-
sampler. We analyzed ltered water samples for DOC (non-
purgeable organic carbon), dissolved nitrogen and DIC using
a Shimadzu TOC-L.

Chlorophyll. We sonicated plastic centrifuge tubes contain-
ing lters and ethanol for 30 minutes to release photosynthetic
pigments into solution. We lled the water bath with ice cubes
to avoid excessive heating of the samples during sonication and
kept the device covered by a black cloth to avoid photo-
degradation. We used a 0.45 mM syringe lter to remove glass
ber particles while transporting the solution to a photometric
cell. We recorded absorbance at 665 nm using a portable
spectrophotometer and then transferred the sample to an
amber vial, which we stored at�20 �C (or as cold as possible) for
transport to the Eawag laboratories for analysis via a Jasco
984 | Environ. Sci.: Processes Impacts, 2021, 23, 981–994
Instruments (Easton, Maryland) High-Performance Liquid
Chromatograph (HPLC) system.

Total suspended solids. We oven dried and then weighed
lters to calculate TSS. In some cases, we yielded negative
values, which we found to be associated with light actual TSS
burdens and anomalously heavy pre-weights coupled, possibly
caused by humidity and/or weighing error. We sought to avoid
issue by passing as much water as possible before lter clog-
ging, but this was not always enacted in practice. In one of the
campaigns the entire supply of pre-weighed lters was lost. For
these samples with no pre-weighed or suspiciously heavy pre-
weights, we instead used a synthetic mean lter weight based
on a sample of 21 clean and dry lters with weights tting
a normal distribution. Standard deviation of clean lters (0.85
mg) is high relative to the lowest of the calculated captured
sediment mass (i.e. 1.34 mg for Lake Kariba deep water) and for
such samples our analytical precision is very poor. Heavier
sediment masses (i.e. 22.6 mg in the Zambezi) are less suscep-
tible to this source of error. In addition, TSS is also strongly
biased for samples taken shortly aer or during rainfall. We
observed relatively turbid river water in several instances,
usually regaining clarity within 48 hours of dry conditions.
Landcover classication

We used a discrete global land cover classication at 100 m
resolution for 2019 (ref. 14) to determine cropland and urban
areas as potential sources of water pollution. For each of the 10
sampling points (excluding the locations directly below ITT and
Kariba dams), we dened the catchment corresponding to each
sampling point by combining all sub-catchments from the
Hydrosheds global database13 that were located upstream using
QGIS version 3.10.

We then calculated the effect of pixels in each of the two land
cover classes upstream of each sampling point. To take into
account the loss of compound concentration via dilution, bio-
logical uptake and sedimentation over distance and time we
included a parametric weighted distance function. The result-
ing weighted pixel area is based on the Euclidean distance from
the sampling point and an exponential decay function
describing loss of solute concentration. Following the approach
of Liberoff et al. (2019),16 we calculated the weight based on an
exponential curve reparametrized as a function of the half-life of
a given indicator. We then assumed that the weight decays
exponentially as a function of the distance between a given land
use pixel and the sampling point. Based on visual interpretation
of the catchment morphology for each sampling point,
Euclidean distance (as suggested by Liberoff et al. 2019) was
sufficient to capture the dominant land cover types at the given
spatial resolution. For a given indicator, we then calculated the
effective contribution area of a land cover class to a given river
sampling point. To account for the size difference between
different catchments and the dilution effect of larger streams,
we then calculated the percentage of the weighted land cover
area of the total catchment area. Due to the absence of reliable
gauging stations at most sampling sites, catchment size was the
This journal is © The Royal Society of Chemistry 2021
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best available indicator for streamow. All spatial analyses were
carried out using the raster package17 in R version 3.6.1.18
Data analysis

We fed the outputs of all analyses into a master spreadsheet
(reference data set), which we then analyzed and visualized
using R version 3.6.1.18 To explore the data set for spatial and
seasonal patterns and to identify hotspots we created a heat
map of the data set, with all values standardized to fall between
0 (corresponding to the lowest value in the data set) and 1
(corresponding to the highest). We inverted dissolved oxygen,
so that hypoxic values would be close to 1 (and thus be
Fig. 2 Heat map of water quality parameters observed during four seaso
Oct. 2018, S4: Feb. 2019). All values are scaled by parameter from 0 (m
minimum values (hypoxia) appear red. We expressed pH as a deviation
redder; the most extreme cases are marked with “�” for basic and “+” for a
un-scaled values is available at (https://doi.org/10.3929/ethz-b-000476

This journal is © The Royal Society of Chemistry 2021
highlighted as hotspots) with the highest oxygen value scaled to
0. We converted pH to distance from pH 7 (dened as 0), so that
extremely acidic or basic values would be closer to 1.

To assess the potential role of landcover changes as drivers of
water quality degradation we built simple linear regression
models in R, using percent effective cropland cover with a 10 km
decay constant and percent effective urban cover with a 100 km
decay constant as explanatory variables. We chose these
constants because they fall within the range reported by Liberoff
et al. (2019) in a subtropical setting and because pollutants
leaching from fertilizer should already be in mineral form (i.e.
NO3

�, PO4
3�) andmore easily removed through assimilation into
ns in surface waters of western Zambia (S1: Mar. 2018, S2: Jul. 2018, S3:
inimum) to 1 (maximum). Dissolved oxygen (DO) is inverted so that

from 7, so that extreme values, whether acidic or basic, would appear
cidic. Dotted frames highlight reservoirs. Complete dataset with actual
426).

Environ. Sci.: Processes Impacts, 2021, 23, 981–994 | 985
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biomass, whereas pollutants in municipal wastewater are more
likely to be bound to organic materials and require additional
mineralization steps prior to uptake. For response variables we
used specic conductivity (SpC), digestible phosphorus and
digestible nitrogen. We did not assess additional response vari-
ables because other ions would be correlated with conductivity
and mineral nutrients were oen below limits of quantication
making quantitative modelling efforts impractical.
Results and discussion
Spatial and temporal water quality hotspots

In general, the water chemistry of the major rivers in western
Zambia reects very clean conditions, with low concentrations
of nutrients, other solutes and suspended particles. This is
especially the case in the upper Zambezi where residents report
routinely drinking river water without any chemical pre-
treatment. The Kafue shows slightly elevated concentrations
of some solutes compared to the Zambezi, but both major rivers
exhibit concentrations at least one order of magnitude lower for
many parameters, compared to the three smaller tributaries we
sampled that drain catchments more intensively-modied by
human activities. These smaller tributaries appear as hotspots
of contamination in a waterscape otherwise characterized by
oligotrophy (Fig. 2). Other obvious hotspots emerge for dis-
solved oxygen (hypoxia) and DOC associated with the middle
sections of the Kafue River and hypolimnetic waters of the
Kariba and Itezhi-Tezhi Reservoirs.

Hotspots of hypoxia in the study area follow expected
patterns governed by well-documented biogeochemical
processes. In the deep water of lakes and reservoirs, hypoxia is
Fig. 3 Selected water quality parameters illustrating differences in specifi
(C), chloride (D), sodium (E) and magnesium (F) between Zambezi, Kaf
Tributaries exhibit higher concentrations during rainy seasons (solid sym

986 | Environ. Sci.: Processes Impacts, 2021, 23, 981–994
driven by persistent thermal stratication that occurs during
warmer months of the year in most tropical reservoirs3

including Kariba19 and Itezhi-Tezhi.20 Floodplain dynamics
drive hypoxia across associated reaches of the Kafue River. The
Kafue Flats, a vast seasonal oodplain, consumes river water
oxygen via intense decomposition of organic matter, especially
during the falling phase of the hydrologic cycle.21 The Kafue
experiences hypoxia driven by both natural oodplain processes
and the articial process of deep-water release from the Itezhi-
Tezhi Reservoir for power production.

Seasonality is also evident in the hotspots of nutrients and
solutes in the smaller tributaries. Concentrations are highest
during the rainy seasons and relatively low in most cases during
the dry seasons (Fig. 3). This pattern can be explained by
seasonal differences in solute mobility. During the dry season
many streams have low ow or no ow and there is little
connectivity between pollution sources and perennial streams.
The onset of rains ushes solutes from the landscape and
restores hydraulic connectivity to river networks. For the major
rivers (Kafue and Zambezi), this effect is relatively subtle or even
undetectable for most solutes, presumably because of the large
dilution capacity of these waterways. In contrast, the smaller
waterways exhibit multi-fold increases in solute concentrations.
Dams and altered thermal regimes

The different turbine intake designs of Kariba and Itezhi-Tezhi
dams lead to dramatically different patterns of downstream
temperature response. At Itezhi-Tezhi turbinated water is
withdrawn from well below the depth of the seasonally-forming
thermocline, meaning that downstream Kafue River tail water
was typically colder than that observed upstream during the
c conductivity (A), concentrations of total phosphorus (B), total nitrogen
ue and tributaries (left, center and right, respectively, of each panel).
bols) compared to dry seasons (hollow symbols).

This journal is © The Royal Society of Chemistry 2021
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same season (Fig. 4). This thermal effect was most extreme at
the end of the 2018 dry season (October: dT ¼ �6 C), modest
during rainy seasons (March 2018: dT ¼ �2; February 2019: dT
¼ �3), and absent during the cool dry season of 2018 when
upstream Kafue River water was cold and the reservoir well-
mixed (July 2018; dT ¼ 0). These data indicate that the Itezhi-
Tezhi Dam generates cold-water pollution for the downstream
Kafue River during reservoir stratication.

In contrast, at Kariba Dam the water discharged downstream
during stratied conditions is typically a mixture of mostly
epilimnetic and metalimnetic waters, and, as a result, thermal
perturbations were opposite. Warming of Zambezi tailwaters
relative to the upstream reference condition was most
pronounced during the cool dry season (July 2018), modest
during the warmer stratied months (October 2018 and
February 2019), and absent at the end of the 2018 rainy season
(March 2018). We note that while cold-water pollution caused by
the Itezhi-Tezhi was strongest during reservoir stratication,
the most intense warm-water pollution at Lake Kariba occurred
while the reservoir was well-mixed.

Studies on other river systems indicate that the magnitudes
of thermal pollution we observed (��5 �C) are likely to be
disruptive to downstream biota. A regional example is the Oli-
fants River of South Africa where hypolimnetic dam releases of
water 3 to 5 �C colder-than-expected have been connected to sh
reproductive failures.22 A very similar scenario has been docu-
mented below a dam in subtropical Australia23 and a meta-
analysis of rivers receiving hypolimnetic releases found signif-
icantly lower abundances of sh and macroinvertebrates.24 This
information from literature suggests that impacts on sh
ecology would be especially likely on the Kafue River below the
bottom-releasing Itezhi-Tezhi Dam. This potential impact is
Fig. 4 Seasonal water temperature along the Zambezi (A) and Kafue (C)
downstream of Kariba Dam (B) and Itezhi-Tezhi Dam (D). Waters are gen
season (hollow symbols).

This journal is © The Royal Society of Chemistry 2021
notable because the Kafue River here forms the Kafue Flats,
which is a nationally important shery facing extreme pressure
from overexploitation. An analysis found that the impacts from
the Itezhi-Tezhi Dam are likely to be negligible relative to
overshing,25 but this study focused on ow regime and pre-
dated the recent change in mode of operation of the Itezhi-
Tezhi to a power-generating dam (prior to 2015 it served as
a supply for hydropower stations hundreds of km downstream).
More recently, investigators have argued that the impacts of the
dam on the Kafue Flats shery have become exaggerated by
a new hydropeaking regime,26 but the potential ecological
effects of cold-water hypolimnetic release remains unexplored
in this context. It also remains unclear the extent to which
thermal pollution would extend into the critical sh spawning
habitats of the Kafue Flats oodplain and/or downstream on the
river mainstem. A longitudinal study coupled with modelling
temperature recovery could shed light on the seriousness of
thermal impacts in the Kafue River.
Dams and hypoxia

Dissolved oxygen concentrations follow a pattern similar to that
of temperature, with turbination of hypolimnetic waters during
stratication at Itezhi-Tezhi leading to the release of hypoxic
waters downstream (Fig. 5A). Compared to 80% saturated
waters upstream, the Kafue River just below the dam held 20 to
25% oxygen saturation during the sampling dates coinciding
with stratication (Oct. 2018 and Feb. 2019). Declines in oxygen
saturation were also evident during better-mixed sampling
dates (Mar. and July 2018), but these changes were relatively
small. Immediately below the Itezhi-Tezhi Dam begins the
Kafue Flats oodplain, which exerts a strong control over Kafue
rivers and the differences between waters upstream and immediately
erally warmer during the rainy season (solid symbols) compared to dry
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Fig. 5 Seasonal dissolved oxygen concentration along the Zambezi (A) and Kafue (C) rivers and the differences between waters upstream and
immediately downstream of Kariba Dam (B) and Itezhi-Tezhi Dam (D).
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River water oxygen content because of high productivity and
subsequent decomposition of organic matter.27–29 Our data from
the other end of the Kafue Flats, more than 300 km down-
stream, show a wide range of dissolved oxygen concentrations,
which likely reects seasonally dominant biogeochemical
processes occurring within the oodplain. In Oct. 2018 and Feb.
2019, we observed some recovery of dissolved oxygen content
relative to hypoxia observed in the Itezhi-Tezhi Dam tailwater,
but during the other two sampling dates, we observed a further
loss of dissolved oxygen on the far side of the Kafue Flats.

At Kariba, as with temperature, the depth of the turbine
intakes relative to the thermocline seems to buffer against
extreme changes in dissolved oxygen reaching downstream
waters (Fig. 5B). Regardless of season and the strength of
stratication we observed downstream oxygen saturation falling
within a relatively narrow range of values. We note that these
values are mostly lower than those we observed upstream in the
Zambezi River above Victoria Falls, but they are still well above
those we observed in the Kafue in the wake of Itezhi-Tezhi.
From sampling points further downstream on the Zambezi,
we observed a trend of recovery towards near-saturation, though
models have suggest that full recovery of dissolved oxygen will
only occur aer 380 km at which point the river will have already
reached the Cahora Bassa reservoir in Mozambique.30

The severe hypoxia in the Kafue River below the Itezhi-Tezhi
appears to be a new phenomenon driven by a recent change in
dam operation. Previously, the Itezhi-Tezhi had served as
a supply reservoir for downstream generation at the Kafue
Gorge (located at the far end of the Kafue Flats) and discharged
lake surface waters through spill gates. When power-generating
turbines were installed and commissioned in 2015, the dam
began releasing hypolimnetic and hypoxic waters, which has
988 | Environ. Sci.: Processes Impacts, 2021, 23, 981–994
changed the oxygen regime of the Kafue River downstream
compared to previous observations in 2012 and 2013 (Fig. 6). It
is noteworthy that the severity of hypoxia we observed is far
worse than that predicted by models forecasting the impacts of
power generation on oxygen dynamics at this site.20

The biogeochemical and ecological implications of deoxy-
genated water being discharged into the Kafue Flats are not
known. Hypoxia is a naturally occurring state within the Kafue
Flats, but only emerges 200 to 250 km downstream of the dam
where hypoxic water draining from the oodplains rejoins the
main river channel.21 Although the complex spatiotemporal
dynamics of oxygen have not been fully resolved, the logical
assumption is that the most water will be reentering the river
from hypoxic oodplains during peak discharge, which occurs
predictably each year roughly from February to May. Our
observations of dissolved oxygen as well as those of Teodoru
et al. (2015) support this seasonal pattern, with more severe
hypoxia evident during February and March, compared to July
and October. In contrast, the seasonality of reservoir stratica-
tion, which drives the discharge of hypoxic waters below the
Itezhi-Tezhi Dam, follows (and lags by a few months) peak air
temperatures, manifesting most strongly from October to April.
This means that reservoir-driven hypoxic effects on the Kafue
River differ from those of the Kafue Floodplain in both space
and timing, the former potentially active for roughly half the
year and inuencing ecological and biogeochemical processes
hundreds of kilometers upstream and in the upper reaches of
the oodplain. Hypoxia in the Kafue River below the Itezhi-
Tezhi Dam was independently conrmed by other investiga-
tors in 2019.31

Although we found little evidence to suggest the presence of
severe hypoxia below Kariba Dam on the Zambezi, we caution
This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Dissolved oxygen dynamics above, below and within the Itzehi Tezhi Reservoir, observed in 2018/2019 (this study) and in 2012/2013.10
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that changes in the limnology of Kariba Reservoir and/or
hydropower operations could cause an abrupt shi, analogous
to what we encounter at Itezhi-Tezhi. Stratication dynamics of
Kariba Reservoir and operations at Kariba Dam together govern
downstream water chemistry of the Zambezi. Our observations
of relatively mild downstream hypoxia stem directly from the
conguration of multiple turbine intakes straddling the
predominant depth of the thermocline/oxycline, resulting in
discharge downstream that reects a mixture of deep and
shallow water conditions. Changes to either dam operations or
patterns of reservoir stratication could make downstream
hypoxia more severe in the future.

Changing the depth of the water intakes for turbines in
tropical hydropower reservoirs would shi the chemistry of
downstream water temperature and oxygen conditions. Similar
effects could be driven by hypothetical future changes to the
reservoir limnology that might make the predominant depth of
the thermocline shallower. If Kariba Reservoir were to become
more turbid, for example from eutrophication, this would
decrease the photic depth and reduce the depth of the oxic
epilimnion, effectively shiing the balance of discharges toward
deep anoxic water. Climate warming could also change strati-
cation dynamics by disrupting seasonal re-mixing driven by
cooler air temperatures and winds. Modeling the physical
mixing, temperature and oxygen regimes in tropical reservoirs30

such as Kariba and Itezhzi-Tezhi could quantify the projected
effects of climate warming and increased fertilizer loads on
water quality in downstream river reaches.
Dams and sediment trapping

The issue of sediment trapping in dams is a prominent one that
intersects with dam operability (reservoir inlling), river
geomorphology and delta subsidence; topics which lie well
outside the scope of this study. We analyze sediment trapping
This journal is © The Royal Society of Chemistry 2021
from a water quality perspective, considering how dams alter
TSS concentrations just as we do for other physico-chemical
parameters such as dissolved oxygen or temperature. Grab
sampling only gives us a snap shot of conditions during the
sampling day, so we are missing important dynamics associated
with storms, but we nd that this analysis still elucidates
dominant seasonal-scale patterns.

TSS data illustrates the potential for the trapping of ne
sediments in both Kariba and Itezhi-Tezhi reservoirs (Fig. 7). In
the Zambezi, TSS varies strongly throughout the year with much
higher values characterizing the rainy season compared to the
dry season. Regardless of season, we observed very low TSS
concentrations (<4 mg L�1) below Kariba Dam. Further down-
stream on the Zambezi, TSS recovered to concentrations similar
to upstream reference condition within roughly 100 km, prob-
ably from bank erosion, resuspension and contributions from
tributaries.

The Kafue River above the Itezhi-Tezhi Reservoir also showed
strong seasonal variation in TSS. The high value for October
2018 reects an early rainfall event of 36 mm in the upper Kafue
catchment 3 to 4 days before the day we sampled
(www.worldweatheronline.com), a rst ush of the rainy season
that mobilized a lot of sediment locally. Below the Itezhi-Tezhi
dam, TSS was lower than upstream for all sampling dates and at
this location percent particulate carbon was very high, indi-
cating the particulate matter was primarily microbial biomass
inherited from the reservoir. Below the Kafue Flats, TSS levels
had recovered to levels similar to those we observed upstream of
the Itezhi-Tezhi Dam.

The direct effect of reducing particle load on water quality is
increased transparency which will facilitate in-stream produc-
tion downstream of dams. Sediment trapping by dams is
a globally ubiquitous phenomenon with important indirect
consequences for downstream ecosystems caused by changing
Environ. Sci.: Processes Impacts, 2021, 23, 981–994 | 989
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Fig. 7 Seasonal total suspended solids concentration along the Zambezi (A) and Kafue (C) rivers and the differences between waters upstream
and immediately downstream of Kariba Dam (B) and Itezhi-Tezhi Dam (D).
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river morphology and delta subsidence.32 In the Zambezi River
Basin, little is known about dam-sediment effects beyond
associated changes in long-term river geomorphology.33,34

Sediment starvation35 and a variety of potential mechanisms36

are likely to have impacts on downstream ecosystems, such as
the Kafue Flats oodplain below the Itezhi-Tezhi Dam, the
Mana Pools wetlands below Kariba Dam as well as the Zambezi
Delta.37 Sediment management is an important component of
dam design and planning, but because of uncertainty
surrounding ecological impacts, prohibitive costs or other
reasons,36 loss of river sediment transport, remains a major
concern associated with hydropower expansion.38
Land-use change and water quality

Major research efforts have assessed the critical accumulation
of phosphorus and nitrogen in agricultural soils and its impact
on nutrient transfer along the aquatic continuums,39,40 not to
mention centuries of investigation into wastewater treatment
from cities. Regions of the Global South with limited fertilizer
input and low population density, however, require a more
targeted approach in order to assess watersheds at risk. We nd
that hotspots of nutrient and solute concentrations associated
with selected small tributaries in the Zambezi River Basin
reect their relatively high degree of catchment land cover
transformation. In general, the Kafue and the upper Zambezi
are sparsely populated with a small percentage of urban or
agricultural coverage, a fact reected by the dilute solute
concentrations we observed in the main stem surface water. In
contrast, the Maramba and Chongwe sub-catchments contain
several times more relative urban cover, and the Chongwe and
Little Chongwe catchments contain much more relative agri-
cultural cover. For a variety of water quality parameters, these
990 | Environ. Sci.: Processes Impacts, 2021, 23, 981–994
three catchments showed elevated concentrations suggesting
that agricultural and urban land cover additively contribute to
deterioration of water quality. A linear model including both
urban or crop land cover metrics explained specic conductivity
and digestible phosphorus better than either land cover type
alone (Fig. 8A–F). We found digestible nitrogen to be better
explained by crop cover alone (Fig. 8H), with urban cover being
a rather poor predictor (Fig. 8G) even when combined with
cropland (Fig. 8I). Based on the regression coefficients, for each
10% increase in effective crop cover, we expect specic
conductivity to increase by 75 � 9 mS cm�1 (p ¼ 0.002), digest-
ible phosphorus to increase by 1.3 � 0.4 mg L�1 (p ¼ 0.009) and
digestible nitrogen to increase by 10 � 2.3 mg L�1 (p < 0.001)
during the rainy season. For each 10% increase in effective
urban cover, we expect specic conductivity to increase by 5.2 �
1.4 mS cm�1 (p < 0.001), digestible phosphorus to increase by 0.3
� 0.1 mg L�1 (p ¼ 0.004) and digestible nitrogen to increase by
6.7 � 3.5 mg L�1 (p ¼ 0.078) during the rainy season. Of course,
given the small sample size and numerous uncontrolled and
potentially confounding variables, these relationships are
tentative. Nevertheless, these calculations give a rst estimate of
the sensitivity of waterways in central and southern Zambia to
land use change. Secondarily, we compared these same three
parameters in the small impacted catchments, to small catch-
ments draining mostly-forested protected areas and found that,
as expected, the concentrations in the Maramba, Chongwe and
Little Chongwe were much higher (Table S1; Fig. S2†). This
result supports the notion that changes in these parameters are
not simply a function of catchment size or local geology, but
reect patterns of land use.

Demographers predict that the Zambian population will
grow rapidly by 2050 and its urban population will more than
triple from 7.7 million to 25.6 million.1 It is reasonable to expect
This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Relationships between select water quality parameters: specific conductivity (A–C), digestible phosphorus (D–F) and digestible nitrogen
(G–I); and relative, distance-weighted anthropogenic landcover: urban cover (A, D, G), crop cover (B, E, H) and sum (C, F, I). Regression lines are
calculated separately for wet season (solid) and dry season (dashed) data and overlaid numbers are r2 values.
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that urban landcover and associated wastewater discharge will
increase proportionally to accelerating urbanization. Based on
the projected population growth, our regression models suggest
that we should not necessarily expect major changes in
concentrations of nutrients and solutes in the largest rivers
because of their large dilution capacity. Smaller tributaries
draining smaller sub-catchments may exhibit more severe
increases in concentrations unless mitigated by investment in
wastewater treatment infrastructure.

The future expansion of agriculture is difficult to predict, but
there are two potential approaches. One would be to assume
that growth in agricultural productivity will need to at least
increase proportional to population growth to support domestic
consumption. With globalized markets, however, Zambia may
seek to increase its agricultural output in excess of population
growth in order to generate exports; economists have suggested
that agricultural development would be a prudent strategic
goal.41 The population growth factor (3.3-fold increase by 2050)
is probably a conservative lower bound for the rate of agricul-
tural growth and its associated impacts of water quality (i.e.
fertilizer and pesticide application, tilling). Another approach
This journal is © The Royal Society of Chemistry 2021
would be to predict exploitation of economically viable irriga-
tion capacity, which should correlate strongly with both fertil-
izer use and total cropland cover. Irrigated land in Zambia
already tripled from 50 000 ha in 2002 (ref. 42) to 160 000 ha in
2015 (ref. 43) and according to estimates, there is potential for
another tripling in the future with an estimated ceiling of
520 000 ha as a theoretical maximum.42 Therefore, a growth
factor in agricultural expansion matching population seems
realistic and may even be an underestimation as some
researchers have argued that future irrigation use is systemati-
cally underestimated on a global scale.44

An increase by 3-fold (or more) of agricultural activity in
Zambia might represent a more durable threat to water quality
than the projected increase in urbanization. Unlike urban
wastewater and other point sources, agricultural pollution is
a diffusive source and typically more difficult to manage,
though this depends greatly on the type of fertilizer used and
the timing and magnitude of application. Mitigating non-
point source pollution from agriculture requires a combina-
tion of management interventions ranging from the catch-
ment to the eld level.45 Improved farming practices include
Environ. Sci.: Processes Impacts, 2021, 23, 981–994 | 991
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landscape engineering measures, improved crop management
and site-specic adjustment of farming intensity.46 The
establishment of riparian buffers and protection for wetlands
are further recommended best-practices,47 but their estab-
lishment can be difficult without advanced planning and
robust regulation.

Conclusion

The surface waters of Zambia largely exhibit excellent water
quality except for smaller streams draining heavily impacted
catchments which have elevated concentrations of solutes
during wet seasons, and for the river reaches below large
dams, which become seasonally hypoxic, exhibit altered
thermal regimes and depletion in suspended sediments. As
new dams are built, urban populations grow and agriculture
expands and intensies, there will likely be some additional
degradation of water quality, but these will probably remain
relatively localized for the foreseeable future. Nevertheless,
since Zambia relies on river water for domestic use and on
freshwater sheries for a large share of its protein, it would be
wise to monitor pollution hotspots closely for signs of further
degradation so that timely mitigation measures can be
implemented as necessary. These ndings may be useful for
managers looking to enhance water resources protection in
other data-scare regions.
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M. L. Fogel and M. A. Pascual, Assessing land use and land
cover in  uence on surface water quality using
a parametric weighted distance function, Limnologica,
2019, 74, 28–37.

17 R. J. Hijmans and J. van Etten, raster: Geographic analysis and
modeling with raster data. 2012, available from: http://cran.r-
project.org/package¼raster.

18 R Core Team. R, A language and environment for statistical
computing, R Foundation for Statistical Computing,
Vienna, 2019, available from: https://www.r-project.org/.

19 E. Calamita, M. Schmid, M. Kunz, M. R. Ndebele-murisa,
C. H. D. Magadza, I. Nyambe, et al., Sixty years since the
creation of Lake Kariba: Thermal and oxygen dynamics in
the riverine and lacustrine sub-basins, PLoS One, 2019, 1–21.

20 M. J. Kunz, D. B. Senn, B. Wehrli, E. M. Mwelwa and
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