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productivity as well as livelihoods of fisheries-dependent communities. Understanding the whole socio-ecological
system to enable communities to adapt and build resilience is therefore vital. Here, we present results from a review
of the responses of African lakes, fisheries productivity, and livelihoods to climate variability and change, and pro-
vide suggestions on required policy interventions to promote adaptation and build resilience. Changes in climate
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Keywords: variables, especially temperature, wind speed, and rainfall have contributed to changes in lake water levels, loading,
Adaptation and recycling of nutrients. In some lakes, such disruptions in physical and chemical conditions have triggered chang-
Aquatic productivity es in water quality, algae and invertebrate productivity, life history of fish, and contributed to shifts in fish commu-
Climate change nity composition, proliferation of invasive aquatic weeds, and changes in parasite-vector-host interactions. Fish
Fisheries yield has either increased or decreased depending on climatic events, with the latter negatively affecting livelihoods,

Livelihoods and forcing affected communities to adapt. Because adaptation strategies are location specific, and influenced by

local conditions, many adaptation strategies have been unguided and have negatively affected fisheries. The re-
sponses of fisheries to climate change vary among lakes of different morphometric characteristics. There is need
for consistent data to examine the direction and consequences of climate variability and change on fisheries and
livelihoods of specific aquatic systems, and promote location specific adaptation and mitigation measures.
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Introduction Optimally managed fisheries, with abundant stocks, are better able

Inland fisheries are important livelihood sources, especially for the
rural poor in most low-income countries who suffer disproportionately
from undernutrition, including micronutrient deficiencies (Traoré et al.,
2012). Inland fisheries contribute >6% of the world's annual animal pro-
tein supplies for human consumption, and about 94% of all freshwater
fisheries are in developing and underdeveloped countries (FAO, 2010).
In Africa, inland fisheries generate about US$4,676 million from local,
regional, and international trade, employ >600,000 fishers (de Graaf
and Garibaldi, 2014), and contribute at least 30% of total animal protein
intake in some landlocked countries (Table 1).

Despite the economic and nutritional benefits, especially for the
landlocked countries that derive most of their fish protein from lakes,
inland fisheries are under pressure from overexploitation, pollution, in-
vasive species, and habitat degradation, all of which have been acceler-
ated by the rapidly increasing human population. Some of the fastest
human population growth rates in the world, and highest population
densities in Africa, are found around the African Great Lakes (Kolding
et al.,, 2008). The Lake Victoria basin, for instance, has over 25 million
people, with a population density of about 500 persons/km?, which is
much greater than the average for the continent (Kolding et al., 2014),
and whose activities directly or indirectly affect the lake ecosystem.
About 30 million people depend on Lake Chad and the floodplains of
the Chari River for agriculture, livestock, and fisheries (FAO, 2012).
This high population is putting pressure on critical habitats, including
wetlands, by converting them to agriculture and livestock production,
which increases the degradation of the lake habitats. Most urban areas
are also located in the proximity of the lakes, where municipal and in-
dustrial effluents are released into lakes. Many areas along the northern
shores of Lake Victoria in Kenya and Uganda, for instance, will become
urbanized by 2030 (Seto et al., 2012), and this urban growth poses ad-
ditional threats to the lake.

Climate variability and change, which have intensified since the
1970s (IPCC, 2014), are adding to these challenges and will complicate
the sustainability of fisheries resources and the livelihoods of people de-
pending on the resources. Climate variability and change have contrib-
uted to a change in composition and sizes of marine fishes, sometimes
with a significant loss of revenue and household income (Tseng and
Chen, 2008), and the same might occur in inland fisheries. The poor
and marginalized members of riparian societies, who depend on fisher-
ies for their livelihood but have limited capacity to adapt, are most vul-
nerable to such changes (Cinner et al,, 2011). This is especially apparent
in Sub Saharan Africa, where about 240 million people are poor, with
60-70% of the population depending on natural resources, including
fisheries (FAO, 2010). This makes Africa one of the most vulnerable con-
tinents to climate change (Allison et al., 2009).

Table 1

Fish consumption, its contribution to animal protein, and population growth in some land-
locked African countries that derive their fish protein virtually from lakes. Data on fish
consumption from FAO (2009), and that of population growth from PRB (2014).

Consumption Animal Population growth
(kg per person) protein (%) (% per annum)
Burundi 32 29.6 32
Democratic Republic of Congo 5.3 431 3.0
Malawi 4.6 35.9 29
Uganda 11.5 359 34

to adapt to climate change compared to ones that are less efficiently
managed (Cheung et al., 2008; Sumaila et al., 2011), but, as in many
parts of the world, management of lakes in Africa has not yielded sus-
tainable fisheries that potentially yield high value fishes. Examples of
historical collapses of highly valued fisheries include Labeo spp.
(e.g., Labeo victorianus in Lake Victoria, L. altivelis in Lake Mweru, and
L. mesops in Lake Malawi); the endemic Oreochromis spp. in Lakes
Victoria, Kyoga, and Malawi; all species in Lake Malombe; and the sar-
dine fishery of Lake Kariba (Ogutu-Ohwayo, 1990; FAO, 2003). In
other lakes, stocks of high valued species have decreased and been re-
placed by low-valued fishes (e.g., in Lakes Albert, Victoria, and Kyoga,
MAAIF, 2012). Such changes have mostly been attributed to fishing
pressure; but there is evidence, also, that fresh water fisheries have ei-
ther declined and/or collapsed for environmental reasons, e.g., Lakes
Chad (FAO, 2012), Ngami and Liambezi (Moyle et al., 2009), Rukwa
(Mbungu, 2015), Chilwa (Njaya et al., 2011), and Wamala (Natugonza
et al., 2015) or shifted in composition to smaller opportunistic species
due to climate change (FAO, 2010). Understanding the influence of cli-
mate variability and change will therefore be important for managing
these lakes and their fisheries, and for development of appropriate ad-
aptation strategies.

Aquatic productivity is linked to climatic variables, such as wind
strength, temperature, and rainfall, which affect nutrient dynamics,
stratification and mixing regimes, primary productivity, fish yield, and,
ultimately, livelihoods (Talling and Lemoalle, 1998; Allison et al.,
2009; Maclntyre, 2012). How aquatic ecosystems respond to such
changes depends on morphometric characteristics of individual
systems (Kraemer et al., 2015a). Deep African lakes, >100 m, are
permanently stratified while shallow lakes and shallow bays of deep
lakes, such as Pilkington Bay and Winam Gulf of Lake Victoria,
mix daily (MacIntyre et al., 2014). Shallow lakes have a high area to vol-
ume ratio and are therefore more influenced by wind intensity that in-
duces diel mixing and increases sediment-water interactions that alter
turbidity, nutrient cycling, and dissolved oxygen concentrations
(Maclntyre, 2012). Climatic change is expected to affect these processes,
and there is a need to understand how this might affect fisheries
production and, ultimately, the livelihoods of fishery-dependent
communities.

The tropics absorb about twice the solar energy that the higher lati-
tudes absorb, creating a meridional gradient in temperature and poten-
tial energy which is converted into kinetic energy that is manifested as
wind (Reichler, 2009). Increasing global temperatures will change wind
speed as well as rainfall patterns in different parts of the world (IPCC,
2014). In large parts of Africa (including the Great Lakes region), wind
speed (at 10 m above ground level) is expected to increase by 10% rel-
ative to a 1981-2100 control period (McInnes et al., 2011), and rainfall
in the region is also projected to increase over the next few decades
(IPCC, 2014). These changes will affect river flows and nutrient loading
into lakes (Macintyre, 2012) and will be exacerbated by land use and
land cover change because of the rapid increases in human population
in many parts of Africa, estimated at 3-4% per annum (PRB, 2014). An
increase in temperature is also expected to change internal processes,
including water column stability, distribution of planktonic organisms,
and the species that feed on them (Cochrane et al., 2009). The responses
of fish to these changes, in turn, will affect fisheries and their sustain-
ability as climate change intensifies. This paper draws from examples
and experience on the African lakes to present the likely impacts of cli-
mate variability and change on some African inland fisheries (Fig. 1),
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Fig. 1. Location of lakes that were reviewed within Africa. Letters denote: A, Albert; Ch, Chad; Cw, Chilwa; E, Edward; Kb, Kariba; Ki, Kivu; Ky, Kyoga; L, Liambezi; M, Malawi, Ml, Malombe,

Mw, Mweru, N, Ngami; R, Rukwa, T, Tanganyika, Tk, Turkana; V, Victoria; and W, Wamala.

and the information that will be needed to improve management to
build resilience and allow adaptation.

Climate variability and change
Temperature

Global warming has been rising since the 1970s, and by 2013, global
temperatures had increased by 0.62 °C above the 20th century average
(NOAA, 2013). Although warming in Africa started at the beginning of
the 20th century, the increase in temperature after 1970 exceeded the
previous natural variability (IPCC, 2014). Africa became warmer on av-
erage by 0.5 °C during the last three decades of the 20th century, and
temperature over the continent is expected to increase by 1.4-5.8 °C
by 2050. The effect of this regional increase in temperature has been de-
tected in many African lakes, especially within the Great Lakes region.
The temperatures of Lakes Albert (Lehman, 1998), Edward (WWF,
2006), Kivu (Lorke et al., 2004; Katsev et al., 2014), Tanganyika (O’
Reilly et al., 2003; Verburg et al., 2003; Verburg and Hecky, 2009;
Kraemer et al., 2015b), Malawi (Vollmer et al., 2005), Victoria (Sitoki
et al., 2010; Marshall et al., 2013), Kariba (Mahere et al., 2014), and
Nkuruba (Saulnier-Talbot et al., 2014) have all increased by 0.2-1.5 °C
since 1900. The trend toward higher temperatures than the longterm
regional average for these lakes, however, became more prominent
after 1970s, coinciding with regional and global changes in climate
(IPCC, 2014). Data from a global database of lake surface temperatures
(Sharma et al., 2015) show that temperatures around these lakes have
been rising (Fig. 2), coinciding with regional climate warming (Hulme
et al., 2010; IPCC, 2014).

Water temperatures of other quite shallow lakes, such as Chad,
Chilwa, and Wamala, have not been monitored as frequently in the
past as those of deep lakes. However, analysis of air temperature around
these systems shows that Lake Chilwa has warmed by 0.021 °C yr~ ! be-
tween 1982 and 2009 (Foli and Makungwa, 2011), Lake Chad by
0.02 °C yr— ! between 1975 and 2009 (Funk et al., 2012), and Lake
Wamala by 0.018 °C yr~ ' between 1980 and 2012 (Natugonza et al.,

2016). These trends are consistent with the regional warming averages
reported for the last three decades of the 20th century (IPCC, 2014).

Wind speed

The strength, direction, and steadiness of the prevailing winds are
crucial aspects of climate. Winds resulting from atmospheric circulation
lead to transport of heat and moisture from remote areas and thereby
modifying the local characteristics of climate. This, in aquatic systems,
can affect water column stability, and have implications for mixing dy-
namics (Maclntyre, 2012; MacIntyre et al., 2014) and primary produc-
tivity (O'Reilly et al., 2003; Tierney et al., 2010).

Within the African Great Lakes region, lakes that have fairly consis-
tent meteorological records show that wind speed has decreased, espe-
cially after 1970, except for Lake Victoria. Wind speed around Lake
Victoria increased from about 2.5 m s~ ! during 1970s and 1980s to
about 4 m s~ ! by 2000, after which it decreased slightly (MaclIntyre,
2012). This trend is consistent with the one of Lake Wamala, which
lies within the same watershed (Natugonza et al., 2016). By contrast,
wind speed in the north of Lake Tanganyika decreased from about
8ms~'to4ms™ !, and in south from 2.5 ms™ ! to about 1 ms™ ' between
1970 and 1995 (O'Reilly et al., 2003), although other researchers found
no significant trends in wind speeds over Lake Tanganyika from 1998
through 2003 (Verburg and Hecky, 2009). Historical wind-speed mea-
surements collected near the southeastern shore of Lake Malawi be-
tween 1980 and 1993, although sparse, are also suggestive of a
decrease in wind speed (Patterson and Kachinjika, 1995).

Rainfall

Rainfall has been variable across many parts of the African continent
and has had profound effects on lake water levels. Rainfall data around
Lake Victoria since 1960 show a high level of inter-annual variability
characterized with episodic floods (1962, 1978, and 1998) and droughts
(1973, 1984, and 1997), but with an overall dkownward trend (Awange
et al., 2008; Nsubuga et al., 2014). Around lakes Tanganyika and Rukwa,
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Fig. 2. Mean annual air temperature (°C) (panel A) and summer lake water temperature (°C) (panel B), with respective regional averages, for some inland lakes in Africa between 1985 and
2009. Data were obtained from Sharma et al. (2015). Note that not all lakes in panel A have water temperature records.

there has been a superficially increasing trend of annual rainfall since
the beginning of the 20th century, with reduced incidences of drought
after 1970 (Nicholson, 1999). The inter-annual rainfall variability (coef-
ficient of variation = 41%) at Mangochi weather station on the shores of
Lake Malawi for the period 1960-2000 has been higher than any other
location across Malawi (Ngongondo et al., 2011; Kumbuyo et al., 2014).
This weather station is one of two stations across the whole country that
have had significant declining trends in annual rainfall over the same
period. The effect of this is evident in the water levels of Lake Malawi,
which have dropped since a high in 1980 (Kumambala and Ervine,
2010; Vollmer et al., 2005). Similar decreasing trends in rainfall have
been reported for Lakes Chad (Zilefac, 2010), Kariba (Ndebele-Murisa
et al.,, 2011), Chilwa (Njaya et al., 2011), Albert, Edward, and Kyoga
(Nsubuga et al., 2014; USAID, 2013). Unlike these lakes, rainfall around
Lake Wamala has been increasing since 1950 and has been above the
long-term average (1180 mm) since 1995, except in 2005 and 2008
(Natugonza et al., 2016).

Abiotic responses of lakes to climate variability and change.
Water balance, lake levels, and surface area

Most of the larger natural lakes in Africa gain most of their water
through direct rainfall on their surface, and lose similar quantities
through evaporation (Bootsma and Hecky, 2003). This means that tem-
perature and rainfall are important in regulating the water balance of
these water bodies, and fluctuations in either variable can significantly
change their water levels and surface area. For instance, the average
depth of Lake Chad decreased from about 7 m to 1.5 m, resulting in a
>90% decrease in the lake surface area since the 1960s, with climate var-
iability and change accounting for 83% of the decrease (Zilefac, 2010).
The mean depth of Lake Chilwa has fluctuated between 0 and 12 m be-
tween 1960 and 2000, depending on temperature and rainfall, and the

lake has periodically dried up every 10-20 years (Njaya et al., 2011),
while that of Lake Naivasha has decreased by about 4 m between
1965 and 2001, although part of the decline is attributed to withdrawal
of water for human activities (Mekonnen et al., 2012).

The impact of climate variability and change on water levels of Lakes
Chad, Chilwa, and Naivasha is exacerbated by withdrawal of water for
irrigation, forest degradation, conversion of wetlands for rice cultiva-
tion, and cultivation up to the edge of the lake that increase siltation
(Njaya et al., 2011; Zilefac, 2010; Mekonnen et al., 2012). Unlike Lakes
Chilwa, Chad, and Naivasha, there is no withdrawal of water for either
irrigation or urban use from Lake Wamala, but the mean depth of the
lake has continued to decrease since 2000 even when rainfall, which ac-
counts for ~80% of the total water input, has been above the long-term
average (Natugonza et al., 2016). This is suggestive of a change in the
lake's hydrological cycle, where rainfall is no longer sufficient to main-
tain normal lake levels because evaporative losses resulting from an in-
creased temperature (Fig. 2) now exceed inflow. This may also apply in
large and deep lakes where lake water levels have continued to de-
crease despite an upward trend in rainfall (Table 2).

Fluctuations in water levels with rainfall have also been observed in
large lakes although they are less pronounced compared to small shal-
low lakes and especially endorheic lakes like Chad and Chilwa. The
level of Lake Victoria, for instance, rose by about 2 m in 1961-1962
but has since been decreasing with at least 50% of the decline attribut-
able to climate variability and change, and the remainder to excessive
discharges for hydroelectric power generation (Awange et al., 2008;
Swenson and Wahr, 2009). Similarly, the water level of Lake Kariba de-
creased by a large magnitude between 1984 and 1996, concurring with
an upward shift in temperature and evaporation and a drop in annual
rainfall (Ndebele-Murisa et al., 2011). Other researchers, however,
claim that the lake-level fluctuation in Lake Kariba is largely influenced
by activities at the dam (Marshall, 2012). Unlike Lakes Victoria and
Kariba, Lakes Tanganyika, Malawi, and Rukwa are not regulated for
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Table 2
Summary of reported trends in climate variables, and lake water levels of African major lake ecosystems.
Lakes Climate variables and lake water level
Air temperature Water temperature Wind speed Rainfall Lake water level
Albert Increasing Increasing Decreasing Declining
Edward Increasing Increasing Decreasing Declining
Kyoga Increasing Decreasing Declining
Kivu Increasing Increasing
Tanganyika Increasing Increasing Decreasing Increasing Declining
Malawi Increasing Increasing Decreasing Variable but declining Declining
Victoria Increasing Increasing Decreased after 2000 Variable but declining Declining
Kariba Increasing Increasing Variable but declining Fluctuates with rainfall
Chilwa Increasing Increasing Variable but declining Fluctuates with rainfall
Wamala Increasing Increasing Increasing Declining
Chad Increasing Increasing Variable but declining Declining
Rukwa Increasing Increasing Mild decreasing trend Sensitive to rainfall
Naivasha Decreasing Declining

hydropower production but have also experienced similar decline in
lake water levels, associated with climate variability (Nicholson, 1999;
Kumambala and Ervine, 2010). Although water regulatory activities at
the dams may significantly affect water levels, climate variability and
change have played a major role, especially during the last three de-
cades of the 20th century.

Nutrient loading and recycling

Nutrients are one of the major factors that drive ecosystem changes in
inland waters through their influence on primary and secondary produc-
tivity. The combined effect of increasing temperature and decreasing
wind speed is to increase density stratification and enhance the stability
of the water column (Verburg and Hecky, 2009). Consequently, vertical
mixing is greatly diminished and thereby limiting nutrient fluxes to the
phototrophic zone resulting in declining productivity (O'Reilly et al.,
2003; Verburg et al., 2003; Verburg and Hecky, 2009).

However, the implication of increasing temperature for density
stratification and stability of the water column is not readily apparent
for Lakes Victoria and Kariba. Lakes Victoria and Kariba are shallow
lakes compared to Tanganyika and Malawi, and therefore the effects
of density stratification are expected to be less pronounced compared
to the deep lakes. Also, because Lake Victoria is close to the equator,
the temperature gradient between surface and bottom waters is small,
resulting into cooling-induced mixing, as a result of high evaporation
rates, to extend to deep depths (MacIntyre et al,, 2014). After the break-
down of seasonal stratification, which is enhanced by the offshore flow
of cooler water produced in the shallow regions (Talling, 1966), nutri-
ents are quickly replenished in the water column. Such events could ex-
plain the rapid nutrient enrichment of Lake Victoria, where a reduction
in the volume of the mixed layer and increased anoxia in the hypolim-
nion that occurred during 1970s concurrent with climate warming
and low wind speed, allowed mobilization of previously deposited sed-
imentary phosphorus and increased rates of primary production(Hecky
et al., 2010).

Some researchers, however, have suggested that eutrophication in
Lake Victoria was triggered by introduction of Nile perch, Lates nilotucus
(Linnaeus, 1758), increased surface runoff, and atmospheric input of
phosphorus (Scheren et al., 2000; Tamatamah et al., 2005; Kolding
et al.,, 2008). Whereas these causes are fairly substantiated, they are
weakened by the timing of events, where Nile perch became well
established in the lake in 1980s, while land degradation started back
in mid-20th century (Hecky, 1993; Verschuren et al., 2002). The signs
of eutrophication became manifest at the beginning of 1970s before
the upsurge of the Nile perch, and was concurrent with the period of
warming and low wind stress (Hecky et al., 2010). This is also consistent
with the diatom paleolimnologic evidence (Stager et al., 2009).

Comparative information from small and shallow lakes, such as
Chilwa, Chad, and Rukwa, are sparse. However, available data show
that between 1998 and 2013, Lake Wamala shifted in status from a me-
sotrophic state to hypertrophic state (NaFIRRI, 2014), concurrent with
0.65 °C increase in temperature, increased surface run off because of
higher rainfall than the long-term average, and an upward trend in
wind speed (Natugonza et al., 2016). The mean conductivity of the
lake increased from 160 to 380 uS cm™ !, total phosphorus (TP) from
137 to 303 pg L™, nitrate nitrogen (NO5-N) from 11 to 32 pg L= !, and
soluble reactive silicon (SRSi) from 1960 to 6450 pg L™ !, while water
transparency remained low (Secchi depth < 0.7 m) because water tur-
bidity (~20 NTU), which is also linked to wind stress, was high (NaFIRRI,
unpublished data). Increased rainfall, coupled with cultivation of the
near shore wetland and use of organic fertilizers by riparian communi-
ties to diversify the single declining fishery livelihood (Musinguzi et al.,
2015), could have accelerated allochthonous fluvial nutrient input from
the surrounding agricultural catchment. The increase in concentration
of some nutrients, especially phosphorus, however, can also be attribut-
ed to the declining lake water level that exposes the sediment-bound
phosphorus from which, under low dissolved oxygen concentrations
during certain seasons of year, phosphorus is released into soluble
forms (Seitzinger, 1988).

Water quality

The changes in temperature and wind speed, and their associated
impacts on circulation, internal wave motions, and evaporation rates,
are also reflected in water quality status. The high density differentials
in the water column increase the intensity and duration of deoxygen-
ation (Maclntyre, 2012). This, however, has only become more apparent
in the deep rift valley lakes, e.g. Tanganyika (O'Reilly et al., 2003;
Verburg et al., 2003; Verburg & Heckey, 2003), Malawi (Vollmer et al.,
2005), Albert (Lehman, 1998), and Kivu (Lorke et al., 2004), compared
to relatively shallow lakes such as Victoria and Kariba. In Lake Tanganyi-
ka, for example, the stability of the lake, measured as work required to
mix the water column to uniform density, increased by 97% between
1913 and 2003, while the depth of the oxygenated zone, an indicator
for reduced mixing, showed a significant shallowing trend since 1939
(O'Reilly et al., 2003). This, however, has not happened in Lakes Victoria
and Kariba, which further attests that the effects of climate change are
not symmetrical across the lakes (Butcher et al., 2015; Kraemer et al.,
2015a).

Changes in stratification and mixing dynamics of lakes induced by
climate change, and their effect on water quality, in tropical Africa are
influenced by the lake's geological setting particularly as it influences
their depth, temperature gradient between surface and bottom waters,
evaporation rates, and overall cooling (Kraemer et al., 2015a). Around
the African Great Lakes, decadal scale climate variability is induced by
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the EI Nino Southern Oscillation (ENSO) (depending on the latitudinal
position of the Inter Tropical Convergence Zone, ITCZ), and the rates of
warming over the Indian Ocean (Maclntyre, 2012; Loiselle et al.,
2014). Thus, high solar insolation, air temperatures, net long wave radi-
ation, wind speeds, and lower relative humidity tend to be greatest dur-
ing La Nina years. These changes, especially for lakes near the equator,
such as Lake Victoria, can occasionally result in greater cooling-
induced mixing, thereby alleviating the incidences of prolonged anoxia.

The water temperature of Lake Victoria increased by about 0.7 °C be-
tween 2000 and 2008 (Sitoki et al., 2010). Theoretically, this increase in
temperature was expected, as was the case for neighboring Great Lakes,
such as Tanganyika and Malawi, to stabilize the water column, restrict
nutrient fluxes, and enhance anoxia (Verburg et al., 2003; Vollmer
et al,, 2005). On the contrary, the warming of surface waters coincided
with reduction in thermal discontinuities, and a general improvement
in water quality (improved dissolved oxygen concentrations and im-
proved water transparency) (Sitoki et al., 2010; Marshall et al., 2013).
These data give an implication that water quality of some African
lakes would improve with climate warming and, therefore, lessen the
threat of climate change to fisheries production. This, however, only
has to be taken cautiously as more data become available because
such changes do not preclude the fact that low wind stress, especially
when the Indian Ocean Dipole is positive, and a rise in temperature
over the Indian Ocean can deepen stratification and anoxia
(Maclntyre, 2012).

During 1970s and 1980s, a shift toward higher temperature in Lake
Victoria was accompanied by doubling of phosphorous concentration,
a fivefold increase in chlorophyll a concentration, and a reduction in
water transparency (Hecky et al., 2010). Currently, a positive decadal
(2002-2011) correlation between water temperature and chlorophyll
a concentration has been observed in the central and southern portions
of Lake Victoria (Loiselle et al., 2014). This suggests that some sections of
the lake might be moving toward to a higher trophic status with climate
warming. The reduction in density stratification and a general improve-
ment of water quality (Sitoki et al., 2010; Marshall et al., 2013) could
only have been a result of increase in wind speed after 1990s, low rela-
tive humidity, more La Nina years (characterized by low rainfall and
continuous decline of lake water level), cooling-induced mixing that ex-
tends to high depths, and thermocline tilting, all of which have potential
for alleviation of anoxia (MacIntyre, 2012). This, also, applies to Lake
Kariba, and the current instability of the seasonal thermocline
(Mahere et al., 2014) cannot disqualify the fact that Lake Kariba is highly
vulnerable to stratification and deoxygenation (Ndebele-Murisa et al.,
2012), considering the current trend of water temperature (Fig. 2).

Biotic responses to changes in climate and lake
physicochemical attributes

Algal biomass and primary productivity

In the deep meromictic lake, the stability of the water column that is
associated with climate variability and change is expected to result into

less nutrient transport from the permanently anoxic hypolminion into
the upper seasonally mixed phototrophic zone. In consequence, prima-
ry production would be greatly altered, with the composition of phyto-
plankton shifting to species that can readily persist or adapt to reduced
nutrient conditions. This has become evident in all deep lakes in Africa
but also a few shallow lakes (Table 3). In Lake Tanganyika, this led to a
decline in algal abundance (Verburg et al., 2003) and fish production
(O'Reilly et al., 2003). A similar declining trend in phytoplankton pro-
ductivity in relation to increasing temperature has been reported for
Lakes Malawi (Guildford et al., 2007), Nkuluba (Saulnier-Talbot et al.,
2014), and Kariba (Ndebele-Murisa et al,, 2012). In Lake Kariba, howev-
er, the decline in phytoplankton and primary productivity by 95% and
50%, respectively, (Ndebele-Murisa et al., 2012), concurrent with a
1.9 °Crise in temperature and a 50% reduction in the depth of the eu-
photic zone, is still debatable as new evidence suggests that the depth
of upper mixed layer has increased despite climate warming (Mahere
et al, 2014).

In contrast to the deep lakes discussed above and a few other lakes
that have likely suffered declines in nutrients and primary productivity,
primary productivity in Lake Victoria has increased and is now light lim-
ited rather than nutrient limited because of self-shading by high phyto-
plankton biomasses (Silsbe et al., 2006). Unlike other deep African Great
Lakes whose primary productivity decreased with climate warming,
Lake Victoria registered a twofold increase in primary production be-
tween 1960s and 1990s, concurrent with a twofold increase in TP
(Hecky, 1993; Mugidde, 1993). Consequently, phytoplankton biomass
increased, but the composition shifted from dominance of diatoms to
blue green algae (cyanobacteria), which caused massive algal blooms
in some lake embayments, because blue green algae could fix atmo-
spheric nitrogen and were not nitrogen-limited (Mugidde, 1993). The
composition of the remaining diatoms shifted from the large Aulocoseira
spp. to small thinly silicified forms, such as Nitzschia spp., which can
grow at lower concentrations of silicon (Stager et al., 2009; Hecky
et al,, 2010).

The increase in wind strength in Lake Victoria, coupled with reduced
thermal discontinuities (Sitoki et al., 2010; Marshall et al., 2013), might
have changed the diurnal dynamics, e.g., reduced shallower diurnal strat-
ification, and increased mixing intensity, and such changes can favor
more buoyant phytoplankton taxa (Reynolds, 2005). Cyanobacteria, in
this case, are favored because of their buoyancy and capacity to migrate
vertically to seek light or nutrients, and their ability to fix atmospheric ni-
trogen (Mugidde, 1993; Gikuma-Njuru and Hecky, 2005). Climate
warming, as manifested by the continuous rise in water temperature
(Fig. 2b) would exacerbate the proliferation of cyanobacteria and en-
hance algal blooms (Paerl and Huisman, 2009), and this is consistent
with the changes in Lake Victoria (Mugidde, 2001).

The increase in cyanobacteria, also, has major implications for the
quality of water and aquatic organisms as some cyanobacteria produce
toxins, which can cause serious animal and human health problems
such as liver, digestive, and skin diseases, neurological impairment,
and death (Van Dolah, 2000; Landsberg, 2002). The levels of these
toxins have been observed to exceed those recommended by the

-;.er)r:frzry of reported trends in water quality parameters for major African lake ecosystems. PB is phytoplankton biomass and PP is primary productivity.
Lakes Physicochemical parameters, algae, and inverterbrate productivity
Nutrients Water quality and stability PB and PP Invertebrate productivity
Albert Enhanced stratification and anoxia
Kivu Enhanced stratification and anoxia Declined

Tanganyika Restricted nutrient fluxes Enhanced stratification and anoxia PP decreased

Malawi Restricted nutrient fluxes Enhanced stratification and anoxia PP decreased

Victoria Increased Reduced stratification and anoxia Composition changed Declined

Kariba Increased conductivity Upward shift in thermocline and reduction of Declined Decline in zooplankton diversity
euphotic depth, but this is still questioned and abundance

Chilwa Declined

Wamala Increased Increased PB Decreased
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World Health Organization in some lakes associated with warming cli-
mate (Poste et al., 2011). Therefore, environmental effects of global
warming should be incorporated in water quality management mea-
sures to advise consumers of water and fish as algal communities shift
to types that produce toxins following nutrient enrichment and climate
change.

Comparative information from small and shallow lakes shows a sit-
uation that is consistent with the observations from Lake Victoria. Be-
tween 1998 and 2013, a total of 40 phytoplankton genera were
recorded in Lake Wamala but, out of these, only 21 genera were record-
ed during 1999-2000 period, while 35 genera were recorded during
2011-2013 period (NaFIRRI unpublished data). Four of the new genera
that emerged belonged to cyanobacteria. The overall algal biovolume
increased by >70%, but unlike Lake Victoria, the phytoplankton compo-
sition slightly changed from the dominance of cyanobacteria during the
1999-2000 period to diatoms during 2011-2013 period. Among the di-
atoms, the genus Aulocoseira was never observed in Lake Wamala dur-
ing 1999-2000 period but emerged during 2011-2013. This can be
attributed to the threefold increase in SRSi (NaFIRRI unpublished
data), as a result of increased rainfall and surface runoff from the
agriculture-dominated catchment. In addition, the dominance of dia-
toms over cyanobacteria can be accounted for by the intolerance of
the latter to poor light conditions arising from complete mixing, and
resulting high turbidity due to increased wind strength (Natugonza
et al,, 2016). Because Lake Wamala is a small shallow lake (mean
depth = 4.5 m), frequent mixing could also account for the low primary
production (806 + 258 mg O,m~2 h~!) countering nutrient enrich-
ment (NaFIRRI, 2014) because of light limitation due to high mineral
turbidity.

Inverterbrate productivity

The changes in physical and chemical conditions associated with cli-
mate variability and change can impose stressful conditions that only
certain invertebrate types are able to tolerate. The warming of Lake
Kariba, for instance, was accompanied by a decline in zooplankton pro-
ductivity, especially for the large calanoid copepods and cladocerans
(Magadza, 2011). This, however, observation was challenged on
grounds that the decline of the two zooplankton groups was a result
of size-selective predation by the introduced Lake Tanganyika
planktivorous sardine, Limnothrissa miodon (Boulenger, 1906), called
Kapenta locally, because the zooplankton declined around 1970 when
Kapenta, became well established (Marshall, 2013). Analogously, this
would imply that the increase in abundance of the silver cyprinid,
Rastrineobola argentae (Pellegrin, 1904) (locally dagaa), another size-
selective planktivorous fish, in Lake Victoria caused a decline in large
calanoid copepods and cladocerans, and allowed small cyclopoid cope-
pods to flourish. However, this notion was earlier dismissed on grounds
that increased eutrophication and the decrease in silica concentration,
which were preceded by climate warming, resulted in a shift in pre-
dominance from diatoms, the preferred diet for herbivorous cladoc-
erans and calanoids, to the less desired cyanophytes (Wanink et al.,
2002). The impact of kapenta on zooplankton in Lake Kariba
(Marshall, 2013), therefore, could have been overstated, especially
when the zooplankton types decreased with undoubted warming of
the lake, given a similar change as in Lake Victoria.

In Lake Chilwa, the number of invertebrate species decreased from
45 species, when the lake volume was high, to only one species during
the drying up phase (Njaya et al., 2011). When conditions improved
and water levels increased, smaller zooplankton with shorter hatching
and generation turnover time, e.g., rotifers recovered first followed by
crustaceans with Mesocyclop spp. appearing first and feeding on the
growing rotifer populations. A similar situation was observed in Lake
Wamala. Although rotifers declined from about 1100 to 60 individ-
uals/m? between years 1999 and 2013, they remained two times and
six times higher than the cladocerans and copepods, respectively

(NaFIRRI, 2014). The decrease can be attributed to the shrinking of the
lake, with an exacerbation of eutrophication, which are all known to
lengthen the spawning time of most zooplankton, and affect their re-
productive success (Yildiz et al., 2007). The observation in both shallow
lakes supports the prediction that climate warming can shift organisms
to smaller opportunist species with short reproductive turnover rates
(FAO, 2010).

The change in zooplankton communities have also been accompa-
nied by that in benthic macroinvertebrates. In Lake Victoria, both eutro-
phication and climate warming during the 1980s enhanced anoxia and
was accompanied by changes in the composition of benthic inverte-
brates to the dominance of the midge larvae, such as Chironomus spp.
and Chaoborus spp., although at reduced densities (Sekiranda et al.,
2004), and this is consistent with changes in benthic community in
other shallow lakes within the same basin such as Lake Wamala
(NaFIRRI, 2014). Before the intensification of climate warming in
1970s, the lake fly larvae in Lake Victoria were estimated at 3000-
4000 individuals/m? (75% of them were Chaoborus spp.) (MacDonald,
1953), but most recent data give densities at 89-286 individuals/m?
in Hannington Bay, 136-2262 individuals/m? in Fielding Bay, and
72-1629 individuals/m? in Murchison Bay (Sekiranda et al., 2004). Al-
though the densities of these organisms have decreased, Chaoborus
spp. are still one of the dominant benthic invertebrates in both Lakes
Victoria and Wamala because they can tolerate low oxygen conditions
that characterize the hypolimnion during episodic stratified conditions
(Lehman et al.,, 1994; Verschuren et al., 2002).

Life history of fish, composition, and catches

The influence of climate warming on water levels, stratification,
loading and recycling of nutrients, and dissolved oxygen in lakes direct-
ly affects the physiology, growth, and reproduction of fish, whereby fish
in warmer waters are likely to become smaller and reach maturity at a
smaller size than those in cool waters. These attributes are well docu-
mented in marine ecosystems (Portner et al., 2001; Dembski et al.,
2006; Daufresne et al., 2009; Donelson et al., 2010; Jeppesen et al.,
2010), but tropical lakes could also be vulnerable. Decreasing water
levels, either in shallow lakes or shallow areas of deep lakes, have
been linked to disappearance of vegetation and interference with fish
reproduction through loss of breeding areas (Hickley et al., 2004;
Njaya et al., 2011; Luxereau et al., 2012). In Lake Wamala, decrease in
total length and size at first maturity of Nile tilapia, Oreochromis niloticus
(Linnaeus, 1758), has been recorded during prolonged drought, with in-
crease in the growth parameters during the wet periods (Natugonza
etal,, 2015). Because these responses are often confounded by other fac-
tors, notably fishing, the exact impacts of climate change on life history
and composition of fish are still less appreciated and understood.

In Lake Tanganyika, it was suggested that a 20% decrease in algal
productivity due to climate warming contributed to a 30% reduction in
fish production (O'Reilly et al., 2003). Similarly, the decline in catch
per unit effort of both kapenta and inshore fishes in Lake Kariba
between 1986 and 1997 was attributed to increase in temperature, a
reduction in rainfall, declining lake water levels, and a reduction in the
depth of the euphotic zone with increased incidences of prolonged
deoxygenation (Ndebele-Murisa et al., 2011). These explanations, how-
ever, have faced criticism because the effects of fishery practices, includ-
ing the eminent threat from overexploitation, were not accounted for
(Sarvala et al., 2006; Marshall, 2012). Such disputes arise because isolat-
ing the possible role of complex interaction between climate change
and fishing requires a continuous record, at least with annual resolution,
of physical mixing dynamics and primary productivity, which can be
compared with the changes in fish community. Unfortunately, such
data do not exist for most of the lakes that have warmed due to climate
warming. High-resolution palaeolimnological studies, therefore, are re-
quired to reconstruct a temporal record of primary productivity and
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Table 4

Reported changes in fishes and livelihoods that may be climate related in major African lake ecosystems.
Lakes Impact on fishes and livelihoods

Life history of fish Composition Catches Parasites and weeds Livelihoods

Albert Shifted to small pelagic species  Increased
Tanganyika Decreased Affected
Malawi Decreased Affected
Victoria Affected Shifted to small pelagic species  Decreased  Establishment of water hyacinth  Affected forcing fishers to use undersized gear
Kariba Kapenta affected Decreased
Chilwa Loss of breeding areas Changed Variable Loss of income
Wamala Affected changed Decreased  Shift in parasite host Reduced income
Chad Loss of breeding areas Changed Decreased Affected
Naivasha Reduced size at maturity ~ Changed Decreased

water chemistry, which can be related to the changes in fish productiv-
ity, whose data are readily available for most lakes.

Although most studies have not shown a conclusive cause-effect
relationship between climate change and fishery productivity, past
events in some lakes do show a link between climate extremes
(droughts and floods) and fish yield (Table 4). The shrinking of
Lake Chad by about 90% of its size, following frequent droughts be-
tween 1970 and 1990, was accompanied by a decrease in the number
of fish species from 41 to 16 species (Lévéque, 1995), and catches
from 220,000 t to 100,000 t (FAO, 2012). In Lakes Wamala and
Chilwa, fish production has fluctuated between 300 and 7100 t and
0-24,000 t per year, respectively, depending on rainfall and water
level (Njaya et al., 2011; Natugonza et al., 2015). The fisheries of
both lakes, however, are able to recover from remnant populations
that survive in rivers and pools in wetlands during prolonged
drought. Normally, Clarias spp. are the first to recover, followed by
Barbus spp. and then Oreochromis spp. (Njaya et al., 2011).

These changes highlight the need to understand differences in the
ability of fish species to survive under changing climatic conditions
and the importance of refugia in conserving fish diversity during pe-
riods of desiccation. More tolerant fishes, such as Clarias spp. and
Protopterus spp., which can tolerate low lake levels and anoxic condi-
tions, and can survive in wetlands (Greenwood, 1986; Van der Waal,
1998), are expected to persist while the less tolerant ones may disap-
pear. An example is silversides, Alestes baremose (Joannis, 1835),
which was an important component of the fisheries of the Lake Chad
basin in 1970s but disappeared with the shrinking of the lake and was
replaced by the Clarias spp. (FAO, 2012), which are well adapted to
the new swampland conditions. The Clarias spp. can breathe atmo-
spheric air, through auxiliary gills, under hypoxic conditions, and
when the lake starts drying, Clarias spp. and other fishes that are able
to persist or adjust their life history to extreme anoxia and reduced
lake levels, have a better chance of surviving. A single management
strategy, therefore, may not be ideal for fishes that have different capa-
bilities for adapting to changing climatic conditions. Researchers will
need to identify different management mechanisms that suit fishes
with different adaptation capabilities in order to enhance the resilience
of all fisheries under changing climatic conditions.

Climate warming is expected to shift fisheries to small opportunistic
species that can rapidly exploit the changed conditions (FAO, 2010).
This shift in composition of fish communities to those that are tolerant
to the changed conditions would result in gains and losses of some
fish species, and changes in fish community structure. This has begun
to manifest in some African lakes. The total fish production in Lake
Malawi, for instance, has increased since 2003 due to increasing contri-
bution of small zooplanktivorous fish such as Lake Malawi sardine,
Engraulicypris sardella (Glinther, 1868), and pelagic haplochromines
(Jamu et al., 2011). Also, the stocks of dagaa in Lakes Victoria and
Kyoga, and ecologically similar Neobola bredoi (Poll, 1945) and Brycinus
nurse (Riippell, 1832) in Lake Albert, have increased to contribute 40-
80% in the total catches (Fig. 3). Although these changes have occurred
in concurrence with climate warming, which is now apparent in all

African lakes, there is still need for meta-analyses to separate the effects
of other factors such as changes in fishing gear, market demands, and
overfishing of target species.
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Fig. 3. Contribution of fish species to total landed catches on Lakes Victoria, Kyoga, and Al-
bert (Uganda) during the different climatic periods (i.e., 1970s, 1980s, and 2000s). Data
from MAAIF (2012). The shift to small pelagic species occurred from 1980s onward.
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Parasite-vector-host interactions

Parasite transmission depends on host condition, the presence of
intermediate hosts necessary for the parasite life cycle, water quality,
and temperature (Marcogliese, 2001; Cochrane et al., 2009). Because
changing water quality, and the resultant osmotic stress can weaken
the immune system of fish, there is high risk that increasing water tem-
perature can increase the susceptibility of fish to diseases, particularly
vector-born fish diseases (Marcogliese, 2008). This has been proven in
temperate waters, where warming waters in the Upper Colorado
River, Colorado, were accompanied by increase in gill ectoparasites in
juvenile rainbow trout and brown trout (Schisler et al., 1999). In a sim-
ilar, but laboratory based experiment, plerocercoid infestation rate in
sticklebacks increased by 67% when water temperature was raised by
5 °C (Macnab and Barber, 2012). Similar incidences of increased parasite
prevalence with increased temperature could also happen in tropical
systems.

Although there are limited documented examples of climate
change-induced parasite and diseases in African lakes, available
data from Lake Wamala show that the prevalence of helminth
parasites, especially Contracaecum spp., decreased from 15% to 0%
in Nile tilapia, but increased from 10% to 82% in the North African
catfish, Clarias gariepinus (Burchell, 1822), between 1999-2000 and
2011-2013 periods (NaFIRRI, 2014). Interestingly, during the period
2011-2013, 11 new helminth parasites of genera Eustrongylide,
Ampliceacum, Procamallanus, Paracamallanus, Capillarias,
Monobothrioides, Polyoncobothrium, Proteocephalus, Clinostomum,
Posthodiplostomum, and Zoognoides, were recorded on the African cat-
fish. The change in the host coincided with both increase in temperature
and decrease in lake water levels (Natugonza et al., 2016), and a shift in
fish abundance from Nile tilapia to the more environmentally resilient
North African catfish that can survive in the adjacent wetlands
(Natugonza et al.,, 2015). Most of these helminth parasites are zoonotic
and pose a health threat to the riparian fish consumers, which is yet
to be documented and necessary measures taken. Notwithstanding
the lack of sufficient data to allow accurate and site-specific predictions
of the impacts of global climate change on parasite and disease out-
breaks, the observed thermal effects on parasites, fishes, and water
quality suggest that continued climate warming will increase the viru-
lence and the transmission of some parasites and decrease it for others
(Pojmanska et al., 1980; Ficke et al., 2007; Karvonen et al., 2010). The
implications of this are global in nature and will involve both wild and
cultured fish species.

Invasive aquatic weeds

In Africa, the aquatic weed that has had most devastating ecological
and economic impact is the water hyacinth (Eichhornia crassipes). The
water hyacinth was first seen in Lake Victoria in the late 1980s, and by
mid-1990s, the plant had covered about c. 18,000 ha (Albright et al.,
2004). However, the water hyacinth that was introduced into the Lake
Victoria catchment as an ornamental pond plant in the 20th century
only exploded after 1980s, a period where both climate warming and
eutrophication became manifest (Williams et al., 2005; Hecky et al.,
2010). The weed mats later collapsed in the late 1990s after the intro-
duction of a weevil, and the plant is now no more than a localized nui-
sance, although it is feared that continued nutrient loading (especially
phosphorus), as well as increased land use and land cover change
could lead to resurgence of this weed (Williams et al., 2005) especially
in river mouths.

However, there is still disagreement on the main cause of the col-
lapse of the weed. All researchers agree that climate perturbation and
biological control led to collapse of the weed but disagree on what
played a dominant role. Some suggest that the collapse of water hya-
cinth was mainly due to the 1997/1998 El Nifio, when increased cloud
cover reduced light intensity and the growth rate of photosynthesizing

plant, and that heavy storms physically destroyed the plants by
dislodging their mats and enhanced their natural mortality (Williams
et al., 2005, 2007). These views were opposed on grounds that the
dislodging of weed mats by the EI Nifio in 1997/1998 helped distribute
the weed over the entire lake, increasing the chances of contact with
herbivorous weevil (Neochetina sp.) (Wilson et al., 2007). Considering
the timing of water hyacinth explosion and sudden collapse of the
weed, climate perturbation seems to have played a critical role, both
in the proliferation and collapse, although the weevils weakened and
enhanced collapse of the weed. Resurgence of the weed under a
warming climate, therefore, cannot be ruled out, especially if the alloch-
thonous input of nutrients from the heavily degraded catchment is not
checked.

Human responses to changing lake ecosystems
Livelihoods

The impacts of climate variability and change on fisheries have af-
fected the livelihoods of fishers and riparian communities. Extreme cli-
matic events, besides endangering human life and destroying assets,
such as fishing boats, fishing gear, and landing sites, have reduced in-
come from fishing. Examples of such events are available from some
African systems where extreme events have occurred. On Lake Chad,
droughts have led to reduction in potable water and fish catches, in-
creased cases of diarrhea, cholera, typhoid, and malnutrition in the
Chad basin (Fortnam and Oguntola, 2004). Drying up of Lake Chilwa
in 1996 led to loss of income of fishing communities worth at least
US$1,000,000 per year (Lunduka, 2013). Fishers from Lake Wamala re-
ported low income from fishing during the floods, linked to the corre-
sponding increase in fish catches, high fish supply, and reduced
demand (Musinguzi et al., 2015). Conversely, low fish supply resulting
from reduced catches during prolonged droughts on Lake Wamala
lead to high demand for fish, increase in prices, which enables fishers
to obtain high income. Such short-term benefits, however, can be coun-
terproductive as the high profits are likely to promote excessive fishing
effort in order to catch more fish than the lake can sustain. The exact
economic implications of such climate events, however, remain
unquantified.

Adaptation and mitigation strategies

Climate variability and change have forced fishers to adapt in order
to sustain their livelihoods. In some cases, fishers have changed fishing
gears and methods, migrated to less heavily exploited fisheries, or di-
versified out of fisheries to crops, livestock, and other income generat-
ing activities (Allison and Ellis, 2001; Badjeck et al., 2010; Musinguzi
et al., 2015). Diversified fisher livelihoods better adapt to change, and
therefore, fishers with diversified farming livelihood have better
wellbeing than those without (Allison et al., 2007). For instance, the
wealthiest fishers on Lake Chilwa were those who earned additional in-
come by diversifying to farming (Phipps, 1973). On Lake Chad, fishers
grow crops like sweet pepper on rich soils exposed by reduced water
levels, and return to fishing when the lake-level rise (Sarch and
Birkett, 2000; Luxereau et al., 2012). On Lake Chilwa, fishermen shift
to swamps, streams, and lagoons, while others migrate to other lakes,
such as Malombe, Malawi, and Chiuta, in response to reduced fish
catches (Lunduka, 2013). These fishers develop other survival strategies
such as gathering wild fruits and plants, hunting wild animals and birds,
and cultivating rice, cotton, cassava, and vegetables in the riparian
zones. On Lake Wamala, the annual income of fishers with diversified
livelihoods (including crops and livestock) is about US$3400 compared
to US$1400 for fishers who do fishing alone (Musinguzi et al., 2015).

Unguided diversification, both in and out of fisheries, has however
been observed to lead to unsustainable practices that may adversely af-
fect lake ecosystems. This has been observed on Lakes Wamala, Chad,
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and Chilwa (Luxereau et al., 2012; Lunduka, 2013; Musinguzi et al.,
2015). On these lakes, when fish yields decline during prolonged
drought, some fishers adapt by increasing the time they spend on fish-
ing, while others change fishing grounds, target species, landing sites,
and types and number of fishing gear. Such practices can be counterpro-
ductive because they lead to overfishing and limit the long-term bene-
fits from adaptation (Smit and Wandel, 2006; Cinner et al., 2011), and
require regulation. Agriculture related strategies, such as grazing along
the lake shores and cultivating on the edge of lake, contribute to degra-
dation of water quality (from fertilizers and agrochemicals), critical
habitats for aquatic invertebrates, and fish and, ultimately, a reduction
in fish production (Junk et al., 2000; McGrath et al., 2007; Allison
et al., 2007).

Although mitigation of effects of climate change by fishers may be
inconsequential on the global scale, a shift from smoking fish using
wood to other low cost and environmentally innocuous preservation
methods, such as sun drying and salting, as well as planting trees and
preserving the riparian wetlands can help in modulation of local climate
change. These, also, can reduce the cumulative impacts from other
stressors such as sedimentation. Limited effort, however, has been reg-
istered by African fishers or managers to mitigate the effects from cli-
mate change, at least on a local basis. The application of land-based
mitigation measures, including mulching and planting trees, on shores
of Lake Wamala is still trivial and would need to be scaled up to have
a local impact (Musinguzi et al., 2015).

Adaptation and mitigation efforts are frequently constrained by the
rapid population growth, which is highest in riparian areas of the
African Great Lakes (Bootsma and Hecky, 2003), fewer opportunities
for other work, lack of access to new and improved crop varieties,
poor social services, and potentially more extreme weather conditions.
Such is the case at Lakes Chilwa and Wamala, where adaptation is

limited by a lack of credit facilities, awareness, land availability, appro-
priate planting materials, inadequate law enforcement, lack of afford-
able irrigation facilities, and a high dependence on fishing (Njaya
et al., 2011; Musinguzi et al., 2015).

Policy interventions

All over the world, optimally managed fisheries with abundant
stocks are better able to adapt to climate variability and change com-
pared to ones that are less efficiently managed (Cheung et al., 2008;
Sumaila et al,, 2011). Fisheries management institutions in Africa need
to control and regulate human driven stressors, such as illegal gears
and fishing effort, nutrient loading, land use change, pollution, and spe-
cies introductions, which exacerbate the impacts of climate variability
and change on fisheries. Auspiciously, there are existing international,
regional, and national policies specific to climate variability and change,
as well as other issues or sectors, such as fisheries, agriculture, and bio-
diversity that can be applied to enhance the resilience of fisheries re-
sources. Some of these policies include those that aim at promoting
efficient use of water, afforestation and reforestation, sustainable land
use and agricultural practices, and protecting wetlands, river banks,
and lake shores. Where these policies are not available, they should be
developed and the development of new polices should incorporate cli-
mate information and management plans for climate resilient fishes
and other aquatic organisms that persist, or adjust their life history
characteristics in response to climatic conditions. As provided for the
Lake Chad basin (FAO, 2012), for instance, the policies developed or im-
plemented should focus on strengthening the resilience of fisheries re-
sources to climate variability and change; increasing capacity of
fishing communities to adapt through schemes that provide credit,
technologies, and awareness to climate change; promoting positive
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adaptation strategies and discourage the negative ones; address con-
straints to adaptation and challenges that accompany adaptation ef-
forts; and create linkages and improve capacity of institutions to
address climate variability and change challenges.

Conclusions

Climate variability and change pose a threat to fisheries despite lim-
ited appreciation and knowledge on how this is influencing fishery pro-
ductivity processes, fish yield, and livelihoods of fishery-dependent
communities in inland aquatic systems in Africa. At present, knowledge
on how climate is changing and how it is expected to change in future,
and how this might impact tropical inland aquatic productivity,
fisheries, and livelihood is still fragmented. This information is needed
to guide policy for adaptation and mitigation to build resilience espe-
cially of poor fishery-dependent communities who have limited capac-
ity to adapt. Nevertheless, this analysis has shown that climate warming
is warming all major inland lakes in Africa, and environmental changes
induced by warming have the potential to threaten fisheries, and liveli-
hoods of fishery-dependent communities.

The responses to climate change vary among aquatic systems de-
pending on location, morphometric characteristics (especially surface
area and depth), and magnitude of changes in climate variables. For
the African Great Lakes, the responses also depend on the rate of
warming in the Indian Ocean, while those in the Lake Chad region on
sea surface temperature anomalies over the Atlantic Ocean. The future
variability in these oceans, associated with anthropogenic climate
change, will affect the future climate system of African inland lakes.
Lake depth, surface area, and magnitude of change in climate variables,
especially temperature and wind speed, affect the sensitivity of lakes to
climate variability and change because they determine the extent of sta-
bility and mixing in lakes, and thus can promote or limit changes in lake
mixing and exchange of nutrients. Continued warming will therefore
force lakes to shift between states, e.g., from less extensive anoxic con-
ditions to more extensive anoxic conditions or from less eutrophic to
more eutrophic conditions, with consequences on productivity process-
es and fish yield. Such changes have implications for fishery-dependent
livelihoods through shifts in distribution and loss of important food fish
species, decline in production of preferred target species, and reduced
diversity of rural livelihoods and displacement of fishing communities.

Given that the majority of the African lakes are warming with no
possibility of reversing the trends in the next few decades, fishers
should be prepared to adapt to the influence of climate variability and
change. Fisheries research and management institutions will therefore
need to generate the knowledge required and to take actions to guide
adaptation (Fig. 4). At community level, the capacity to address climate
variability and change will depend on socioeconomic conditions, insti-
tutional, and policy frameworks. A wide number of livelihood diversifi-
cation mechanisms are possible, including diversification inside and
outside of fisheries, depending on the costs and returns. However,
some adaptation strategies, such as cultivation and grazing in the ripar-
ian wetlands during drought periods are unsustainable and may nega-
tively impact the lake ecosystem. This review has provided insight on
how the increasing variability and change in climate is affecting fisher-
ies productivity processes of different inland aquatic systems in Africa.
More information is required to advance this knowledge and identify
climate-smart fisheries and adaptation strategies to guide the develop-
ment of policies that integrate climate information in management of
fisheries to building resilience in affected communities.
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