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Abstract
There is increasing global interest in employing nature-based solutions, such as reforestation and
wetland restoration, to help reduce water risks to economies and society, including water pollution,
floods, droughts and water scarcity, that are likely to become worse under future climates. Africa is
exposed to many such water risks. Nature-based solutions for adaptation should be designed to
benefit biodiversity and can also provide multiple co-benefits, such as carbon sequestration. A
systematic review of over 10 000 publications revealed 150 containing 492 quantitative case studies
related to the effectiveness of nature-based solutions for downstream water quantity and water
quality (including sediment load) in Africa. The solutions assessed included landscape-scale
interventions and patterns (forests and natural wetlands) and site-specific interventions
(constructed wetlands and urban interventions e.g. soakaways). Consistent evidence was found that
nature-based solutions can improve water quality. In contrast, evidence of their effectiveness for
improving downstream water resource quantity was inconsistent, with most case studies showing a
decline in water yield where forests (particularly plantations of non-native species) and wetlands
are present. The evidence further suggests that restoration of forests and floodplain wetlands can
reduce flood risk, and their conservation can prevent future increases in risk; in contrast, this is not
the case for headwater wetlands. Potential trade-offs identified include nature-based solutions
reducing flood risk and pollution, whilst decreasing downstream water resource quantity. The
evidence provides a scientific underpinning for policy and planning for nature-based solutions to
water-related risks in Africa, though implementation will require local knowledge.

1. Introduction

Globally, for the period between 2001 and 2018
floods and droughts affected over three billion
people and caused total economic damage of almost
US$700 billion. (UNESCO 2020). For the period
between 1995 and 2015, droughts accounted for
5% of natural disasters, affecting 1.1 billion people,
killing 22 000, and causing US$100 billion in damage
(UNISDR 2015, Wallemacq and Below 2015). Africa
is experiencing many serious water issues including
floods (Di Baldassarre et al 2010, Ekwezuo and Ezeh

2020, Lumbroso 2020), droughts (Haile et al 2019)
and river pollution (Fayiga et al 2018), presenting
major risks to economies and societies. Furthermore,
these issues may worsen in the future as the cli-
mate changes (DeWit and Stankiewicz 2006, Douglas
et al 2008). Seven African countries are in the recent
top ten rank of countries with the highest risk of
drought for combined agricultural systems of rain-
fed and irrigated crops (Meza et al 2020). Floods
are associated with a 35% decrease in total and food
per-capita consumption and 17 percentage point
increase in extreme poverty (Azzarri and Signorelli
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2020). Consequences will continue to impair eco-
nomic development and poverty alleviation, increas-
ing risks linked to conflict andmigration (Scholes et al
2018).

There is increasing interest in Africa, as well as
globally, in employing nature-based solutions to help
address water issues (Boelee et al 2017, Kalantari et al
2018, Frantzeskaki et al 2019, Seddon et al 2020).
These can include protection and/or restoration of
naturally occurring systems, such as regrowth of nat-
ural forests, removal of non-native vegetation, recon-
necting floodplains with their rivers and construc-
ted interventions, including installing green roofs and
creating artificial wetlands. Past studies have shown
how landscape elements, such as natural wetlands
(Bullock andAcreman 2003) and forests (Dadson et al
2017, Filoso et al 2017), can alter the hydrological
cycle, and how site-based interventions, such as con-
structed wetlands (Kivaisi 2001) can be effective for
wastewater treatment in developing countries.

A widely acknowledged definition of nature-
based solutions, used by IUCN, is ‘Actions to pro-
tect, sustainably manage, and restore natural or
modified ecosystems, that address societal challenges
effectively and adaptively, simultaneously provid-
ing human well-being and biodiversity benefits’
(Cohen-Shacham et al 2019). In contrast, other solu-
tions, such as dams, embankments or pipelines to
transfer water between catchments often disrupt nat-
ural processes and lack biodiversity benefits. Nature-
based solutions for adaptation can also produce mul-
tiple additional benefits, such as carbon sequestration
(Reid et al 2006), thus addressing the Triple Chal-
lenge of simultaneously minimising climate change,
restoring biodiversity and addressing food security
and other development priorities (Baldwin-Cantello
et al 2020). Nature-based solutions are increasingly
attracting the attention of governments and non-state
actors in climate, conservation and natural resource
management arenas. For instance, they feature in
national climate change adaptation policies inAfrican
countries (Seddon et al 2021). Yet, there is a lack
of scientific evidence on nature-based solutions and
their effectiveness, particularly in Africa (FAO 2015)
and limited meta-analysis of available evidence; this
has led to the emergence of ‘popular narratives’, such
as in forest hydrology, that are not consistent with the
best available scientific evidence (Gilmour 2014).

This paper presents the results of a systematic
review of the available evidence for nature-based
solutions to water-related risks in Africa. Systematic
reviews were designed specifically to find, classify and
analyse all available scientific evidence in a compre-
hensive, objective, transparent and repeatable man-
ner. We focus on blue water issues of floods and
water resources in rivers and aquifers (Falkenmark
and Rockström 2006); we do not cover green water
in soils and solutions such as conservation agricul-
ture. We considered solutions at the landscape scale,

(forests and natural wetlands) and site-specific scale
(constructed wetlands and urban interventions). This
evidence provides the basis for identifying the poten-
tial for nature-based solutions to current and future
water risks in Africa and can guide policy develop-
ment, strategic planning and investments.

2. Method

Whilst most studies start with an assessment of past
literature, reviews can vary enormously in methods
employed and quality. In some cases, specific evid-
encemay be selected to justify a pre-determined view-
point at the exclusion of contrary evidence (Goldacre
2009) or interpreted in a manner to create fake sci-
ence (Hopf et al 2019). Systematic evidence reviews
provide a means of collating in a comprehensive and
unbiasedmanner all available science to produce con-
clusions and summary statements supported by an
audit trail back to original studies. They originated
in medical research (Cook et al 1997), have been
widely accepted as best practice to develop health
policies and are now applied to environmental issues,
including effectiveness of protected areas for fresh-
water biodiversity conservation (Acreman et al 2019)
and impacts of riverine aggregate mining on freshwa-
ter ecosystems (Koehnken et al 2020).

We undertook a systematic evidence review to
answer focused questions (table 1), by applying the
preferred reporting items of systematic reviews and
meta-analyses (Moher et al 2009) and guidance pro-
duced by theUKGovernment’s Department of Envir-
onment, Food and Rural Affairs (Collins et al 2015).
Our review included search and selection proto-
cols based on the population, intervention, compar-
ator and outcome framework (table 1). The search
strategy, search terms and inclusion/exclusion criteria
were peer-reviewed and amended before searching.

We searched theWeb of Science database (includ-
ing SciELO) and Google Scholar, made requests to
experts and institutions and scanned reference lists
of review papers and books (termed ‘snow-balling’)
to obtain publications containing evidence of the
effectiveness of nature-based solutions in Africa.
Throughout the rest of this paper, the term ‘searches’
refers to this activity. These searches returned a
range of information including published papers and
unpublished reports and brochures from conserva-
tion organisations, UN agencies and development
banks. Some documents referred to more than one
study area or water metric (e.g. nitrate concentra-
tion or flood peakmagnitude); these were each recor-
ded as separate case studies. Only those containing
primary quantitative evidence related to the effective-
ness of nature-based solutions to downstream water
issues (floods, water quality, water resource quantity)
were retained. This meant rejecting other documents
that reported the same study results. We also rejec-
ted publications that reported confounding factors,
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Table 1. PICO elements.

Primary question:
‘are nature-based solutions effective in mitigating specific water risks to societies and economies in Africa?’
Secondary question:
‘What are the characteristics of nature-based solutions (e.g. type of ecosystem, landscape location, level of
management) that are effective in mitigating specific water risks?’

PICO element Inclusion Exclusion

Population. The subject
or unit of study

Any country in Africa. In terrestrial
and freshwater systems e.g. forests,
wetlands, urban areas, where quantitative
results have been published in searchable
databases

Other developing countries not in
Africa. Other ecosystems such as coastal
and marine areas. Reviews, personal
opinions and unpublished material.

Intervention. Exposure
applied or investigated

Actions to alter ecosystems at landscape
scale (e.g. deforestation, reforestation,
restoring wetlands) or presence/
absence of these ecosystems that provide
insight into effectiveness of interventions.
Local scale interventions (e.g. constructed
wetlands and sustainable urban drainage)
that could be nature-based solutions to
water issues (e.g. floods, water resource
quantity, droughts, water quality).

Engineered solutions, such as large
dams and inter-basin transfers through
pipes. Solutions to risks other than
climate-water issues, e.g. increased
temperature, CO2 concentration or
atmospheric pollution.

Comparator. Control
with no intervention

Pre- and post-intervention. Post- compared
to reference location representing
pre-implementation conditions.
Measurement of processes and
simulation of reference conditions within a
computer model. Comparison of catchments
with and without forests and wetlands
or other nature-based solutions to water
issues.

Implementation of interventions where
there is no comparator, control or
reference counter-factual. Studies where
pre- and post-implementation are both
modelled and not based on local data.
Presence of confounding factors that
question associations.

Outcome. The effect
of the intervention

Quantified change in blue water metrics
downstream such as floods, droughts,
water resource quantity and water
quality, including sediment, demonstrated
with recorded data.

Green water issues, such as soil
moisture. Qualitative or inferred change
in water issues without data. Changes in
other metrics e.g. CO2 concentration.
Wholly model-based studies within
new observed data. Impacts outside the
catchment of intervention.

which precluded unambiguous, firm conclusions; for
example where recorded hydrological changes could
have resulted either from deforestation or from con-
current urban development. Documents that repor-
ted other hydrologicalmetrics, such as evaporation or
infiltration rates, fromwhich floods or water resource
quantity had to be inferred, were also discarded. Fur-
thermore, we rejected documents recording metrics
downstream of wetlands or forests that lacked com-
parative data for reference sites (without wetlands
or forests) or before interventions. The exception to
this was for process studies that clearly demonstrated
the link between interventions and hydrological met-
rics, particularly related to groundwaters. Modelling
studies not supported by data were excluded from
the review. However, studies were included where
pre-intervention reference conditions were simulated
using amodel, but where post-intervention data were
employed. Because we were primarily interested in
local and landscape-scale effects of nature-based solu-
tions, the review excluded studies of regional or

continental processes, such as deforestation in the
tropics altering the hydrology of higher latitudes.
Key information was recorded for each case study
(table 2).

Water resource quantity metrics were of three
types: ‘annual flow volume’, ‘dry season flow volume’,
‘wet season flow volume’. The flood metrics are pre-
dominantly peak flow during flood events. Water
quality metrics were primarily percentage removal of
pollutants (e.g. nutrients, biological oxygen demand
(BOD), chemical oxygen demand (COD), cadmium,
zinc, pharmaceuticals, coliforms, petroleumproducts
and sediment).

In this paper we use the term afforestation to refer
to planting of trees where the species would not have
occurred naturally, such as use of non-native spe-
cies or planting any species on land that would have
been grassland in the past. We use reforestation to
refer to planting of native trees where they would
have existed or allowing natural regrowth of native
trees.
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Table 2.Meta-data collected for each case study.

All case studies
Authors, publication reference, country,
catchment/location, ecoregion (Olson et al 2001), period
of study, key species, size of intervention, water metric
and direction of change (increase, decrease, unchanged),
notes (e.g. compounding factors)

For forest and natural wetland case studies
Ecosystem type (e.g. native forest, fen wetland),
catchment area

For natural wetland case studies
Major freshwater habitat type (Abell et al 2008)

For constructed wetlands
Inflow rate

3. Overall results

The searches returned 10 633 publications. After
applying inclusion/exclusion criteria, we were left
with 150 publications containing 492 case studies
from across Africa (table 3), all meta-data for which
are provided in the supplementary file (available
online at stacks.iop.org/ERL/16/063007/mmedia).
Only 13 case studies were explicitly referred to by the
authors as ‘nature-based solutions’, five were urban
and eight rural. They covered a range of intervention
types, such sustainable urban drainage.

Of the 133 forest case studies, 50 were of native
forests, 45 related to non-native forests, whilst 14were
mixed native and non-native. In 24 forest case stud-
ies the forest type was not specified. These 133 case
studies reported mainly downstream water resource
quantity metrics, though a small number reported
impacts on floods and sediment loads.

Afforestation case studies totalled 35, with 31
explicitly planting non-native trees, two planting a
mix of native and non-native and in two cases the tree
species were not specified. Only two studies involved
reforestation. Deforestation case studies totalled 92
studies, with 50 involving removal of native trees, 10
removal of non-native trees, 12 removal of mixed tree
species, whilst in 20 case studies the tree species were
unspecified.

The 144 natural wetland case studies reported a
range of water resource quantity and quality paramet-
ers and groundwater interactions. The 202 construc-
ted wetland case studies only reported water quality
parameters comparing input concentrations of pol-
lutants with outputs from the wetland to calculate
effectiveness of removal.

In the following sections we present the num-
bers of case studies grouped according to differ-
ent associations between land cover and hydrological
metrics; we also provide graphs of the associations.
The cases studies of various species, at different scales
and employing a range of analysis techniques and
method of inference. Furthermore, the majority were

single observational studies rather than experiment-
ally designed with replicates, and few provided stat-
istical significance of their results. Therefore, we avoid
making definitive conclusions but indicate tendencies
in the evidence found.

4. Hydrological response to forest

4.1. Forests and water resource quantity
Of the 133 case studies involving forests, 97 repor-
ted effects on downstream surface water resource
quantity. Most (32 of the 35) afforestation case stud-
ies showed decreased downstream surface water
quantity, with 30 non-native species examples
and two mixed forest types (figure 1). Most stud-
ies were for a single time period, and only a few
reported flow changes at different stages of tree
growth. For example, after replanting of pine
trees (following clear-felling and flow increases) in
Jonkershoek, South Africa, flows reduced to preclear-
ing levels within 12 years, with the peak decrease
after 20 years; thereafter the reduction was less
(Scott et al 2000). The two reforestation case stud-
ies in Ethiopia were of exclosures that allowed nat-
ural tree regrowth, without replanting; they repor-
ted a significant decrease in runoff generation,
which continued for 20 years (Descheemaeker et al
2006).

Deforestation was reported to increase down-
stream surfacewater resource quantity, in almost 60%
(35 of 59) of case studies. Most studies considered
only one time period, so changes in hydrological
impact over time were not present, but studies dir-
ectly after deforestation showed effects were imme-
diate. Of these 35, 15 case studies concerned native
species, 11 non-native, three mixed species and six
unspecified. Almost one third (19 of 59) of deforest-
ation case studies reported decreased surface water
quantity. Of the 19, eight were native species stud-
ies, one non-native, five mixed and five unspecified.
Of the case studies reporting dry season flows, just
of over half (8 of 15) recorded a decrease follow-
ing deforestation, whilst 40% (6 of 15) recorded an
increase. Considering only studies of native or mixed
forests, twice as many (8) showed a decrease in dry
season flows in response to deforestation as those that
showed an increase (4).

A subset of case studies reported the percentage
changes in water resources. Of these, more than 70%
(17 of 24) of the case studies of afforestation show
decreases in surface water resource quantity of greater
than 60%. Changes were less consistent for deforest-
ation. Most (7 of 8) case studies of native tree defor-
estation reported increased water quantity of greater
than 80%, with one reporting a decrease of over 80%.
Almost half (13 of 28) of the case studies of non-native
deforestation (e.g. Scott et al 2000) showed increases
in water quantity of greater than 40%, whereas one
third (9 of 28) show decreases.
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Table 3. Numbers of case studies in African countries.

Nature-based
solutions Forests

Natural
wetlands

Constructed
wetlands Total

Algeria 4 4
Benin 2 2
Botswana 6 6
Burkina Faso 1 1 2
Burundi 2 2
Cameroon 2 5 7
Chad 2 2
Congo 1 1
Egypt 2 29 31
Ethiopia 38 9 35 82
Ghana 2 6 16 24
Kenya 2 9 1 3 15
Madagascar 2 2
Malawi 10 10 20
Mali 4 4
Morocco 10 10
Namibia 1 1
Nigeria 2 5 19 26
Rwanda 2 2
Senegal 5 5
Sierra Leone 3 3
South Africa 9 37 14 10 70
Sudan 3 3
Tanzania 16 3 19 38
Tunisia 1 18 19
Uganda 21 27 48
Zambia 9 28 37
Zimbabwe 3 13 16
More than one country 1 4 5 10
Total 13 133 144 202 492

Figure 1. Numbers of case studies reporting changes in downstream surface water resource quantity (increase, neutral or
decrease) under deforestation (left) and afforestation (centre) and reforestation (right). Case studies of native forest studies are
shown as triangles, non-native forest studies as circles, mixed forest studies as diamonds and unspecified forest studies as squares.
‘annual’ indicates mean annual flow was measured, whereas ‘dry’ and ‘wet’ refer to the season that flows were recorded.
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Figure 2. Relationship between change in forest cover (% of catchment area) and change in downstream surface water resource
quantity (%). The vertical axis is truncated at 250% to aid visualisation of lower values, which excludes the four most extreme
increases in resource quantity due to deforestation (maximum 3450%).

A few studies showedmaps of forest cover change,
which were distributed across the catchment, but
most simply reported the percentage change within
the catchment. Therefore, it was not possible to assess
the differing impacts of forest change in different loc-
ations, such as in headwaters or along the main chan-
nel. All case studies reported at a single measuring
point at the outlet of the catchment under study, so it
was not possible to determine how changes in water
resources might propagate downstream.

Figure 2 shows the percentage change in surface
water resource quantity for a given change in percent-
age of the catchment forested for the subset of the
case studies that reported both values. Themaximum
decrease in surface water quantity from deforestation
was 50% from clear-felling native trees in Tanzania

(Lundgren 1980), though this was from a micro-plot
study of 12 m2. In contrast, several studies repor-
ted 100% decrease (drying of the river) from affor-
estation. The general trend was for increasing water
resource quantity as the percentage of the catchment
covered by forests decreases and decreasing water
resource quantity as the percentage of the catchment
forested area increased. Changes in water resource
quantity were generally greater for non-native than
for native species. Case studies covered a range of eco-
regions and forest types found inAfrica, but two types
found on the continent and not represented in the
literature were tropical rainforests and cloud forests.
There was no clear pattern of the direction of change
in water resource quantity with native forest type or
ecoregion (table 4).
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Table 4. Type of native forests (ecoregion from Olson et al 2001) in case studies of deforestation impacts on water resource quantity
Reproduced with permission from Olson et al (2001). CC BY-NC 3.0.

Country Forest type Catchment area km2 reference

Annual flow volume
Increase in water availability Tanzania Montane evergreen forest 5 Lorup and Hansen (1997)

Malawi Montane forest 95 750 Calder et al (1995)
Kenya Montane forest 690 Mwangi et al (2016)
Benin Forest-savannah mosaic 3 Giertz et al (2005)
Tanzania Miombo woodland 24 620 Kashaigili (2008)
Zambia Miombo woodland 1 Mumeka (1986)
Kenya Forest-savannah mosaic 1 Recha et al (2012)

Neutral Ethiopia Montane forest 266 Gebrehiwot et al (2010)
Decrease in water availability Tanzania Eastern arc forests 0.00001 Lundgren (1980)
Dry season flow volume
Increase in water availability Tanzania Montane evergreen forest 5 Lorup and Hansen (1997)

Malawi Miombo woodland 534 McCartney et al (2013)
Zambia Miombo woodland 3699 McCartney et al (2013)

Decrease in water availability Tanzania Acacia woodlands 164 Chiwa (2012)
Ethiopia Montane forest 47 Kidane et al (2018)
Zambia Miombo woodland 17742 McCartney et al (2013)

Wet season flow volume
Increase in water availability Ethiopia Montane forest 46.6 Kidane et al (2018)

4.2. Forests and floods
The 20 case studies of flood response to changes in
forest cover were from a range of catchment sizes
from >17000 km2 to <1 km2 and show a diverse pat-
tern of responses. Three quarters (12 of 16) of defor-
estation case studies reported an increase in down-
stream flood peak flow (e.g. Mumeka 1986), whilst
three showed no effect (e.g. Mwendera 1994). The
afforestation case studies reported increases (1 of 4),
decreases (1 of 4) and no effect (2 of 4) on floodmag-
nitude. Sub-dividing the case studies into native and
non-native did not reveal strong trends, partly due to
the small numbers of studies.

The ten case studies providing numerical val-
ues for percentage change in flood magnitude and
percentage in catchment area forested are shown in
figure 3; there were no studies providing quantitat-
ive results of afforestation effects on floods. Although
data were limited, they suggested that greater defor-
estationwas associatedwith a greater increase in flood
magnitude.

Most case studies reported flood metrics at a
single time period after deforestation. One exception
was in Kapchorwa, Kenya, where the conversion from
forest to agricultural land in the first 5 years caused
half of the total increases in flood discharge (Recha
et al 2012).

4.3. Forests and sediment yield
There were 11 case studies of change in sediment
yield in response to alterations in forest cover. Most
(9 of 11) case studies indicated that deforestation was
associated with increases in sediment yield down-
stream and one showed decreasing sediment yield
with afforestation. One study reported higher sed-
iment loads in naturally forested catchment than
a savannah catchment in the Congo (Coynel et al

2005), but sediment concentrations from both catch-
ments were very low, so the difference may not be
significant.

Only 5 of the 11 case studies reported the percent-
age change in sediment yield and percentage in catch-
ment area forested (figure 4). Their data suggested
sediment yield increases with decreasing forest cover,
with up to a four-fold increase in sediment following
clear-felling.

5. Hydrological response to natural
wetlands

5.1. Classification of natural wetlands
The searches returned 144 case studies reporting
changes to water metrics associated with the pres-
ence of natural wetlands within catchments ranging
in size from >300 000 km2 to <1 km2. Although a
range of wetland types was represented (character-
ised by different vegetation and soils), the vast major-
ity were referred to by the authors as one of two
types: (a) headwater wetlands including dambos and
headwater peat swamps and (b) floodplains includ-
ing lowland papyrus wetlands, inland deltas and low-
land valley swamps. Catchment location is a long-
standing simple method of classifying wetlands for
functional assessment (Novitski 1978). Three case
studies involved a statistical analysis ofmanywetlands
of various types, but the remaining 141 studies were
divided into the two broad categories: headwater wet-
lands and floodplains.

Most case studies recorded metrics immediately
downstream of the wetland, compared to immedi-
ately upstream or on a similar catchment without a
wetland. A few studies used chemical tracers to define
hydrological processes. All case studies reported at
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Figure 3. Relationship between change in forest cover (%) and change in flood magnitude (%). The horizontal axis shows
negative value for deforestation.

Figure 4. Relationship between change in forest cover (%) and sediment yield (%). The horizontal axis shows negative value for
deforestation and positive for afforestation Reproduced with permission from Olson et al (2001). CC BY-NC 3.0.

a single measuring point, none reported changes
in metrics at different distances downstream, so it
was not possible to determine how an effect might
propagate downstream. No case studies reported how
metrics varied over time or with different types of
wetland management, such as grazing or drainage.

5.2. Natural wetlands and water resource quantity
The 52 case studies reporting surface water resource
quantity metrics that could be classified as headwater
or floodplain are shown in figure 5. Most (32 of 52)
reported dry season flows, some (17 of 52) reported
annual total flows and a few (3 of 52) reported wet
season flows. Just over half of the studies (28 of 52)
reported thatwetlands (of both types)were associated
with reduced surface water resources downstream,

with less than a fifth (9 of 52) reporting an increase in
surface water resources. Of these, most (8 of 9) were
floodplains. For example, floodplains were associated
with increased dry season flows on the White Volta
River, Ghana (Nyarkoa et al 2013). In detailed stud-
ies of dambo headwater wetlands in Zimbabwe, it was
found that dry season depletion of water is dominated
by high evaporation from open water and emer-
gent vegetation, thus limiting contributions to down-
stream river flow (McCartney and Neal 1999). Simil-
arly, the water balances of large floodplains (Senegal,
Sudd, Niger and Okavango) were dominated by high
evaporation (Sutcliffe and Parks 1989). The one study
reporting an increase in downstream water resource
quantity from a headwater wetland in Zambia was for
the wet season (Balek and Perry 1973).
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Figure 5. Numbers of case studies reporting changes in surface water resource quantity associated with the presence of natural
headwater wetlands and floodplains for different flow metrics.

Figure 6. Numbers of case studies reporting changes in flood magnitude resulting from the presence of natural headwater
wetlands and floodplains. Case studies of small flood magnitude are shown as small white drips, whilst studies of large floods are
shown as large black drips.

5.3. Natural wetlands and floods
Of the 38 natural wetland case studies reporting
flood metrics, two multiple wetland studies reported
increases in small floods in the presence of wetlands.
The other 36, of which 15 were studies of headwa-
ter wetlands and 21 were studies of floodplains, are
shown in figure 6. Almost all (20 of 21) of the flood-
plain studies reported a decrease in flood magnitude;
the one that reported no effect was perhaps due to

the small size of wetland (Lacombe and McCartney
2016).

In contrast, almost three quarters (11 of 15) of
headwater wetlands studies showed increased floods
associated with their presence, whilst three report no
effect. The only case study reporting a decrease in
flood magnitude with a headwater wetland present
is of a dambo in Malawi (Smith-Carrington 1983);
even here there was an apparent duality as the dambo
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Figure 7. Changes in BOD and COD with wetland size (as a function of input flow rate).

increased flood runoff initially after rainfall before
buffering the peak flow. Detailed studies of dam-
bos undertaken in Zimbabwe (McCartney 2000) con-
cluded that these headwater wetlands had a small
capacity to absorb rainfall at the start of the wet
season, when water table levels were low, but soon
became saturated and contributed to flood runoff
thereafter.

5.4. Natural wetlands and groundwater
Twenty case studies investigated interactions between
natural wetlands and underlying aquifers. Of these,
13 assessed groundwater recharge, with nine find-
ing recharge occurred including floodplains of the
Senegal River (Hollis 1996) and Komoguge–Yobe
River, Nigeria (Goes 1999); four found recharge
did not occur. Seven case studies assessed whether
wetlands were groundwater discharge sites; five
reported discharge occurred, whilst two reported it
did not occur. Overall, the interaction between wet-
lands and underlying aquifers was site specific and
no generalisations can be made from the evidence
reported in our case studies.

5.5. Natural wetlands and water quality
Three case studies of natural wetlands reported
changes to sediment in downstream water courses.
All reported decreases; two reported −70.0% and
−79.1%, the third study did not provide data. Seven
case studies of natural wetlands reported changes to
total nitrogen in downstream water course; all were
decreases. Five of these reported numerical values,

which ranged from−33.0% to−53.0%. Six case stud-
ies of natural wetlands reported changes to total phos-
phorus in downstream water courses; three reported
decreases from −5.0% to −50.0%, one study of Nat-
ete wetland, Uganda (Kanyiginya et al 2010) reported
an increase due possibly to remobilisation of phos-
phorus from sediments. Eight case studies of nat-
ural wetlands reported changes in heavy metals (cad-
mium, copper, iron, lead, manganese, uranium and
zinc) in downstream water courses; all were decreases
ranging from−61% to full removal (−100%).

6. Hydrological response to constructed
wetland interventions

The searches produced 202 case studies reporting
changes to water metrics resulting from the construc-
tion of wetlands. Metrics included sediment, ammo-
nia, nutrients (nitrogen and phosphorus), BOD,
COD, heavy metals (e.g. cadmium, lead, zinc, copper,
iron, manganese, mercury), oil and grease, Escheri-
chia coli, parasite eggs, Salmonellae and faecal coli-
forms. All case studies reported reductions in these
metrics. Many case studies were concerned with the
relative removal rates of pollutants from different
designs of constructedwetlands or types of vegetation
employed.

Figures 7 and 8 show some relationship between
effectiveness of pollutant removal and wetland size.
As catchment area is not a relevant variable, to
compare case studies, the wetland size (m2) was
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Figure 8. Changes in heavy metals and suspended sediment with wetland size (as a function of input flow rate).

standardised by the input flow rate (m3 d−1). There
was a tendency towards improved pollutant removal
with larger wetlands.

7. Hydrological response to other
nature-based interventions

The searches returned 1218 publications referring
explicitly to nature-based solutions, that tended to
be constructed interventions rather than restoration
of naturally occurring systems. These included green
roofs, sustainable urban drainage and river channel
restoration. However, the vast majority focused on
direct and local water/climate impacts such as redu-
cing temperatures, draining flood water or collecting
water for public use or agriculture. Only nine pub-
lications provided quantitative results of impacts on
downstream floods, water resource quantity or water
pollution, yielding 13 case studies.

Three case studies of greenways linking cities
and forests reported reduced runoff coefficients,
reduced flood risk, and increased replenishment of
subterranean water sources (Sy et al 2014). Three
case studies of sustainable urban drainage, including
semi-vegetated channels, soakaways and miniature
bio-retention areas, showed reductions in nitrate,
phosphate and COP (Fitchett 2017).

8. Discussion

8.1. Utility of the database
Most analyses of nature-based solutions have been
based on case studies in north America or Europe
(e.g. Kabisch et al 2017) and previous reviews have
found only a few studies inAfrica (Hanson et al 2017).
However, the current review has revealed 492 case
studies undertaken in African countries. It signific-
antly extends existing databases, such as the global
review of nature-based solutions for climate change
adaptation (Chausson et al 2020), which contains 16
examples addressing water issues in Africa.

The conclusions drawn in this paper are based
upon the results of studies found in the searches.
We recognise the danger of over-generalisation and
implying cause-effect, so use terms such ‘generally
associated with’ to convey the balance of scientific
evidence found. Forest and wetland land classes cover
a vast range of ecosystem types, which do not neces-
sarily work hydrologically in the same way, so results
cannot always be transferred between types. Further-
more, Africa is very diverse in terms of climate, geo-
logy, topography, soils and other characteristics, such
that the hydrological response to land cover alter-
ations will vary in different settings, so local data
and scientific understanding are vital to underpin
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local decisions and actions (Bullock and Acreman
2003).

Although it cannot replace robust context-
specific analysis, the evidence for hydrological
response to afforestation, reforestation and defor-
estation provides general guidance for the effective-
ness of removing or planting trees or allowing forest
regrowth. The action of restoring forests is associ-
ated with reduced risks from floods and sediment
loads but often also reduced water resource quantit-
ies, potentially increasing risks of downstream water
scarcity. A notable limitation of the current review
was the lack of studies of tropical rain forests, partic-
ularly cloud forests, especially compared to the many
studies in Amazonia (Chishugi et al 2017). Many of
the forest studies were of deforestation and there were
few of native forest restoration (reforestation). This is
a significant research gap. However, if a nature-based
solution involves restoration of natural forests, res-
ults of studies of deforestation of native trees could be
used ‘in reverse’ to some extent, to assess the poten-
tial effects of reforestation, such as reduced sediment
delivery in forested areas. However, outcomes may
depend on the restoration process, as tree planting,
for example, may cause some soil erosion or compac-
tion in the short term, whereas natural regeneration
may avoid this issue.

The evidence that forests, particularly non-native
trees, can reduce water resource quantity supports
the action of removing alien trees as a nature-based
solution. This is consistent with the studies in South
Africa (Van Wilgen et al 2012, 2020, Le Maitre
et al 2016) that have demonstrated the detrimental
impacts of alien species, including reductions inwater
resources, which underpins non-native vegetation
removal as a nature-based solution within the Work-
ing for Wetlands programme supported by the South
African government. Careful practices can avoid side-
effects of vegetation removal, such as soil erosion or
soil compaction. It should further be noted that plant-
ing any trees, whether native or not, in areas not nat-
urally forested, e.g. in grasslands, or savannas, would
not meet the IUCN definition of a nature-based solu-
tion as it could have negative impacts on biodiversity.

Whilst the presence of headwater wetlands is asso-
ciated with larger downstream floods than when
they are absent, the implication for a nature-based
solution is not clear because headwater wetlands
cannot readily be created or removed and there is
little evidence on the effects of altered management
(see section 8.5). In contrast, many floodplains have
effectively been lost by building of embankments that
separate floodplains from their rivers or dredging the
river to increase its depth. The results of floodplain
case studies can be used to assess flood risk reduc-
tion from reconnecting floodplains with their rivers,
such as by removing embankments (e.g. Acreman et al
2003), though thismay also reduce downstreamwater
resource quantity.

We have classified the change in water metrics
simply as increase, decrease or unchanged (with
quantitative values given where available). The soci-
etal implications of metric change will depend on
many factors, such as the vulnerability of people
to increases in flood flows in a river and the type
of local water resource management infrastructure.
For example, water supplies reliant on direct river
abstraction will be vulnerable to during dry seasons,
whereas annual flow volumes will be more critical for
water supplied from reservoirs. Furthermore, flood-
ing in the wrong place, e.g. homes, factories, hospitals
and most agricultural land, is seen as negative, but in
the right place floods can be very beneficial to African
people, such as supporting floodplain fisheries and
flood-recession agriculture (Acreman 1996).

We focus this review on blue water issues and did
not cover green water, i.e. water in soils and vegeta-
tion, for which a wider set of nature-based solutions
exist such as conservation agriculture (e.g. Assefa et al
2019). We recognise the need to consider all types of
water on the planet—in the atmosphere, soil, surface
water, ground water and ice (Gleeson et al 2020)—in
relation to global limits to anthropogenic water cycle
modifications (Zipper et al 2020)

Finally, it should be noted that we did not attempt
to address nature-based solutions in coastal or mar-
ine environments, although we recognise that coastal
ecosystems, such as saltmarshes,mangroves and reefs,
can play a vital role in protecting from coastal flood-
ing, erosion and salt water intrusion.

8.2. Comparison of results with other reviews
The evidence found from the searches is consistent
with previous reviews. A systematic review of impacts
of forest restoration on water yield (Filoso et al 2017)
found that most studies reported a decrease in water
yield resulting from an increase in forest area, includ-
ing regrowth of native trees. In a general global assess-
ment (Farley et al 2005), annual runoff was found
to be reduced on average by 44% (±3%) and 31%
(±2%) when grasslands and shrublands were affor-
ested, respectively. To observe increases in low-flows
following tree planting, the increase in evaporation
must be smaller than the increase in infiltration—the
‘infiltration trade-off hypothesis’ (Bruijnzeel 2004);
evidence outside Africa shows that this may occur
only in limited cases for specific tree species, soil
types, soil conditions (degraded or compacted), ini-
tial vegetation types and climate conditions (e.g.
Bonell et al 2010, Roa-Garcia et al 2011, Zhang et al
2019). As noted above, we found in Africa that 8
out of 12 studies of deforestation of native or mixed
forests resulted in decreases in dry season flow. Plant-
ing of fast-growing non-native species, such as euca-
lyptus and pines, has been widely reported to reduce
water yield (Smith et al 2017, Chausson et al 2020).
We found strong evidence of this in Africa. Euca-
lyptus trees are known to be high water users as their

12



Environ. Res. Lett. 16 (2021) 063007 M Acreman et al

deep roots can continue to take up water as they
lower the water table (Calder et al 1993). The high
water use of trees has been incorporated within water
policy in South Africa, where afforestation is classi-
fied as a StreamflowReductionActivity (SFRA) under
the National Water Act of 1998 (Gush et al 2002),
such that no forestry can be practiced without an
SFRA licence (Edwards andRoberts 2006). The IPBES
report on land degradation and restoration (Scholes
et al 2018) reported that land degradation through
loss of biodiversity can increase flood risk and soil
erosion and also that planting trees in previously non-
forested areas, such as grasslands and savannahs can
result in loss of water yield.

Previous reviews have found that at small spatial
scales (<20 km2) forests can reduce flood flows, but
not for the most extreme floods, and measured data
for impacts in larger catchments (>100 km2) are lack-
ing (Dadson et al 2017). Stratford et al (2017) also
found that studies of forest cover changes on large
catchments were limited to modelling due to lack of
empirical data.

A review of evidence of the role of wetlands in
hydrological cycles (Bullock and Acreman 2003) and
follow-up research (Acreman and Holden 2013) con-
cluded that the relationship between wetlands and
floods depends largely on available water storage.
Catchments containing headwater wetlands, such as
dambos in Africa, have greater floods than catch-
ments without headwater wetlands. This is because
the combination of rainfall, topography and soils
leads to ground saturation at the start of the wet sea-
son simultaneously creating wetlands and generating
rapid runoff (McCartney 2000). In contrast, down-
stream floodplains reduce floods as they tend to be
dry before floods and have large storage volumes. The
evidence we found from Africa was consistent with
these findings.

A review of the potential for constructed wet-
lands for wastewater treatment and reuse in develop-
ing countries (Kivaisi 2001) found these to be effective
and efficient for wastewater treatment, and addition-
ally they are low cost, easily operated andmaintained,
and have a strong potential for application in develop-
ing countries, particularly by small rural communit-
ies. African case studies support this finding.

8.3. Forest types for which no studies were found in
Africa
Some forest types for which case studies were lack-
ing in Africa, including tropical rainforests and cloud
forests, have been investigated elsewhere, although
results may not be readily transferable because, for
example, the climate of African rainforests is, on aver-
age, much drier than rainforests on other continents
(Malhi et al 2013). For tropical forests, analysis by
Bruijnzeel (1989, 1990, 2004) concluded that defor-
estation and conversion to annual cropping or graz-
ing is generally followed by increased surface runoff

during the wet season, and often by increased base
flow water yield, though this is not always the case.
Sometimes dry season streamflows decrease in catch-
ments with extensive deforestation. Bruijnzeel (2004)
concluded that thismay be due to a higher proportion
of impermeable surfaces within the catchment due to
development (including urban areas), or to compac-
tion and degradation of soils during deforestation or
subsequent agricultural use, rather than loss of the
trees per se.

Some studies show that evapotranspiration in
cloud forests is low and large amounts of water are
captured by trees from fog, which can make a signi-
ficant contribution to water yield downstream (e.g.
Gomez-Peralta et al 2008). Other studies have recor-
ded a loss of water yield downstream following cloud
forest clearance (López-Ramírez et al 2020). How-
ever, it is difficult to draw generic conclusions due
to a complex dependency on local climate and other
factors. A Mexican cloud forest at the drier end of
the spectrum, with higher evapotranspiration and
lower cloud water capture, had lower annual water
yield than an adjacent catchment that was conver-
ted to pasture but higher dry season base flows, as
well as lower runoff during storm events (Bruijnzeel
et al 2011, Asbjornsen et al 2017); while conversion
of cloud forest to pasture in northern Costa Rica had
little effect on streamflow, although local storm flows
were doubled (Bruijnzeel et al 2010). Extrapolation
of results from elsewhere to Africa is thus extremely
difficult. Sáenz and Mulligan (2013) used computer
models to explore the role of cloud-affected forests
in African river basins containing dams but did not
explore the impact of forest loss in the delivery of
water.

8.4. Comparison with modelling studies
In the absence of direct measurements of the effects
of deforestation and afforestation, particularly at
large scale, researchers have turned to the use of
mathematical computer models. Modelling of catch-
ments in Indonesia, Sri Lanka, Brazil and Tanzania
(miombo woodland) found that the impacts of forest
removal are highly seasonal; whilst typically increas-
ing mean annual water yield, dry-season flows can
decrease depending on pre- and post-forest removal
surface conditions and groundwater response times
(Peña-Arancibia et al 2019). Modelling of reforest-
ation in Brazil generally decreased water quantity
throughout the whole basin, though increases were
noted in some parts of the basin (Ferreira et al 2019).
Computer simulated deforestation of the Amazon
region more generally could reduce discharge by
6%–36% (Stickler et al 2013). None of these model
predictions were tested with observed data.

8.5. Management interventions
Most case studies of wetlands and a few of forests
found for Africa concerned the presence or absence
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of features or interventions compared with a refer-
ence catchment, e.g. wetland v. no wetland, forest
v. grassland. Associated management of forests and
wetlands, such as pre-afforestation ploughing, thin-
ning of trees or removal of undergrowth and draining
or heavy grazing vegetation of natural wetlands, was
rarely mentioned, so their hydrological implications
could not be assessed. This is a significant research
gap.

Much of the current discussion of nature-based
solutions has focused on the benefits and disbene-
fits of active planting of trees or removal of non-
native species. The evidence suggests that protection
of existing native forests and other native vegetation
types (i.e. no active intervention) could be effective
in preventing the increased flood risk and sediment-
ation that would be associated with deforestation.
Also avoidance of afforestation of land that is natur-
ally grassland or savannah can prevent water resource
quantity losses.

The type of vegetation planted in construc-
ted wetlands can play an important role in their
performance. In Uganda wetlands planted with
Cyperus papyrus had higher COD removal rates
than those planted with Phragmities mauritianus
(Okurut et al 1999). Likewise, in Ethiopia, the nutri-
ent removal efficiency of Typha was higher than
Phragmites australis and Scirpus (Timotewos et al
2017).

Some wetlands are so effective at removing nutri-
ents that these can build-up in the wetland soil to
high levels and exceed the concentrations in the water
input, therefore turning the wetland from a sink to a
source. Because of this, water exiting the Natete wet-
land, Uganda, was found to have higher phosphorous
than water entering (Kanyiginya et al 2010). This can
be alleviated by periodicalmechanical removal of sed-
iment from the wetland.

8.6. Spatial and temporal aspects of nature-based
solutions
Most studies found in this review reported down-
stream hydrological changes for specific single peri-
ods, so it was generally not possible to assess the evol-
ution of effects over long periods. This is another
research gap. Only a few studies reported how flow
reductions resulting from afforestation varied with
the age of the trees, such as the continued reduction
in flows for 20 years after planting of pine trees in
South Africa (Scott et al 2000). Similarly, most stud-
ies using flood metrics reported a single time period
after deforestation. One exception was in Kapchorwa,
Kenya, where the conversion from forest to agricul-
tural land in the first five years caused about half of
the total observed increases in discharge in relation to
rainfall (Recha et al 2012).

In case studies of constructed wetlands, residence
time was reported as important. For example, the
effectiveness of COD reduction increased as retention

times increased from0.5 to 5 days inArusha, Tanzania
(Mtavangu et al 2017).

No studies reported hydrologicalmetrics formore
than one location, so it was not possible to assess the
changes upstreamor downstreamof this point. Forest
cover was usually reported as a percentage change
across the catchment so neither the specific location
of changes in forest cover (e.g. headwaters) nor an
index of fragmentation could be defined. The only
exceptions were case studies reporting clear-felling.

8.7. Inter-catchment and regional scale impacts of
nature-based solutions
Whilst this review focuses only on the direct down-
stream hydrological implications of water-related
nature-based solutions, hydro-meteorological mod-
els have been employed to study water circulation at
regional and global scales. For example, regional scale
evaporation from agricultural activities and irriga-
tion in the Sahel and Nile basin have been shown
to increase moisture supply to the Yangtze, Yensisei,
and Niger basins (Wang-Erlandsson et al 2018). Fur-
thermore, deforestation of tropical regions has been
reported to significantly affect precipitation at mid-
and high latitudes (Avissar and Worth 2005). Results
vary according to the scale of analysis; whilst defor-
estation within the Xingu River basin (a tributary of
the Amazon) increased discharge locally, deforesta-
tion across thewhole Amazon region reduced rainfall,
decreasing discharge within the basin (Strickler et al
2013). It has been suggested that evaporation from
the Sudd wetlands in South Sudan is important for
rainfall generation in the EthiopianHighlands (Hurst
1938). However, it has been argued more recently
that the impact of Sudd evaporation on the regional
hydrological budget of the Nile Basin is insignific-
ant compared to the inter-annual rainfall variability,
owing to the relatively small area covered by the wet-
land (Mohamed et al 2006).

9. Knowledge gaps

Previous authors have identified knowledge gaps on
the effectiveness of nature-based solutions, especially
on trade-offs and synergies concerning water man-
agement, biodiversity, human health, social and eco-
nomic issues (Kabisch et al 2017), and on case stud-
ies in the Global South, as well as comparisons with
non-nature-based alternatives (Chausson et al 2020).
Most studies of changes in forest cover in Africa
have been of commercial non-native species; more
work on reforestation using native species is required.
Published studies tend to describe binary situations,
i.e. with/without interventions, and there is little
information on the impacts of management, such as
changing water levels within wetlands. More work is
also needed on effects of the location and scale of
nature-based solutions within catchments and how
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any resultant hydrological alterations may vary in
space and time.

Many nature-based solutions are forms of natur-
alising engineering (rather than engineering nature),
including green roofs and sustainable urban drain-
age. Only a few examples were found for Africa that
assessed impacts of these types of intervention on
downstream water metrics. No studies assessed the
benefits of integrating nature-based solutions with
traditional engineering approaches, such as using
embankments, sluice gates and weirs to enhance
floodplain flood water retention.

Key topics for future research include:

• hydrological effects of native forest protection and
reforestation, including cloud forests and rain-
forests, and native savannah restoration

• effects of management such as grazing, drainage,
tree thinning, undergrowth removal

• effects of the location of nature-based solutions
within a catchment

• monitoring downstream at various locations to
assess propagation of effects

• long term monitoring to assess changes over time
following interventions, including seasonal and
inter-annual variability

• studies of channel restoration, including reintro-
duction of meanders and woody debris, reconnec-
tion of rivers and floodplains

• continental scale assessment of hydrological effects
beyond the catchment of interventions

• effects of combining nature-based solutions with
traditional engineering solutions, including sus-
tainable drainage systems, and other water man-
agement interventions.

10. Conclusions

This review considered evidence related to nature-
based solutions to water risks in terrestrial and fresh-
water environments across Africa. It found 10 633
publications related to this topic. Of these, 150 repor-
ted primary empirical information on the effective-
ness of water-related nature-based solutions, gener-
ating 492 case studies with a wide distribution across
Africa. In general, forests and floodplain wetlands
provide a potential nature-based solution for redu-
cing floods and sediment generation, whilst con-
structed wetlands readily reduce water pollution.
Generally, the presence of headwater wetlands and
non-native forests was associated with reduced water
resource quantity downstream, whilst the evidence is
inconsistent for native forests, and there is a lack of
evidence in Africa for cloud forests and tropical rain-
forests. Although there is a need for more studies,
including more information on temporal and spa-
tial scales of effects, the results from these public-
ations collectively provide a basis for assessing the
likely effectiveness of different nature-based solutions

to water risk issues that can support policy and plan-
ning decisions.

A strategic approach to landscape or catchment
management should consider all potential benefits
and disbenefits of nature-based solutions, including
water and non-water issues, such as carbon sequest-
ration, food and fuel supply, as well as intrinsic bene-
fits in terms of biodiversity and cultural value. How-
ever, local policy and management decisions should
ideally be based on finer-scale, context-specific ana-
lysis using local knowledge. Our review can provide
a guiding frame for such an analysis but should
not be a substitute for it. Decisions should also
be guided by socio-economic, cultural and political
considerations as much as by an understanding of
the biophysical dynamics of landscapes and catch-
ments. Stakeholder views will be especially import-
ant in influencing policy and management decisions.
Even so, an understanding of biophysical dynamics,
including this review, can help to draw up potential
portfolios of solutions and can provide foundational
inputs to the policy discourse.
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