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Artificial light at night (ALAN) has increasingly been recognised as one of the world’s most pernicious 
global change drivers that can negatively impact both human and environmental health. However, when 
compared to work elsewhere, the dearth of research into the mapping, expansion trajectories and 
consequences of ALAN in Africa is a surprising oversight by its research community. Here, we outline 
the scope of ALAN research and elucidate key areas in which the African research community could 
usefully accelerate work in this field. These areas particularly relate to how African conditions present 
underappreciated caveats to the quantification of ALAN, that the continent experiences unique challenges 
associated with ALAN, and that these also pose scientific opportunities to understanding its health and 
environmental impacts. As Africa is still relatively free from the high levels of ALAN found elsewhere, 
exciting possibilities exist to shape the continent’s developmental trajectories to mitigate ALAN impacts 
and help ensure the prosperity of its people and environment.

Significance:
We show that the African research community can usefully accelerate work into understudied aspects of 
ALAN, which demonstrably impacts human and environmental health. Africa presents a unique, and in places 
challenging, research environment to advance understanding of this global change driver.

Introduction
Since the industrial revolution (post-1750s), global artificial light at night (ALAN) has expanded dramatically.1,2 
ALAN is produced from infrastructure like streetlights, houses, factories, ports, airports, sports stadiums, car 
parks, billboards and car headlights. This transformation has come with pronounced benefits and costs for society. 
ALAN has increased work, education and leisure hours.3 However, there is increasing concern that excessive use 
of ALAN constitutes a key driver of global environmental change.4 Alarmingly, a new picture of the breadth of 
ALAN’s potential negative impacts has grown substantially in recent years, and in particular the work has focused 
on impacts both on human well-being (for an overview see5-7) and the wider environment (for an overview see8-13). 
Although its expansion is variable in space and time14,15, Earth’s artificially lit outdoor area is estimated to have 
grown by 2.2% per year from 2012 to 2016.14 The power of global satellite observable light emissions increased by 
at least 49% from 1992 to 20172 and 80% of the world’s population is now living under skies affected by ALAN14.

To date, most published studies of the impacts of ALAN have overwhelmingly been biased to Europe and North 
America.8 Consequently, there is limited understanding of how ALAN may impact human and environmental health 
in developing nations and how the expansion of ALAN in these regions may occur. This is particularly true across 
the African continent. 

Here, we report the findings of a literature review of the status of ALAN research across Africa, and discuss the 
prospects for a research agenda. We did so using expert solicitation of the field (from the authors and our broader 
network), together with Boolean terms in Google Scholar and SCOPUS (“light pollution AND Africa” and “artificial* 
+ light* AND Africa”), and discarding those not directly discussing or testing for ALAN impacts in Africa – the 
vast majority. In addition, we conducted direct enquiries to key experts, and ad hoc searching, to identify a broad 
overview of relevant academic papers, which we summarise below, although we acknowledge that this may not 
be an exhaustive list.

Using this overview, we elucidate the key topics on which the African research community could usefully focus and 
accelerate work in this field. We summarise such key themes, across disciplines, to help guide advancement in this 
field (Table 1). In addition, while the challenges of studying ALAN are cosmopolitan13, Africa may present unique 
conditions and opportunities to advance global understanding of this issue. These relate to the quantification of 
ALAN itself, how development may alter its spread, impacts of ALAN on vector disease transmission, introduction 
of ALAN in light naïve contexts, and broader influences of ALAN on the environment and on tourism. We also posit 
that there exists a lack of a culture and capacity in ALAN research in Africa that is hampering progress. 

Artificial light at night and the African context
In contrast to much of the rest of the world, much of Africa does not as yet experience significant levels of ALAN, 
with exceptions being major city centres, most of South Africa, coastal West Africa, and northern Africa (Figure 1). 
This situation is expected to change rapidly with increasing infrastructure development and urbanisation in Africa 
as, together with Asia, it is experiencing the fastest rates of urbanisation globally.32 Even within rural settings, there 
is increasing interest in the installation of off-grid technology33, which may potentially increase electrification of 
sub-Saharan Africa where current rates are the lowest in the world (62.7% in urban areas and 18.9% in rural areas 
in sub-Saharan Africa, compared to 94.6% and 71.0%, respectively, at a global scale34). 

Quantification
Quantification of the extent and dynamics of ALAN in Africa is still in its infancy. Indeed, no study has been conducted 
on how ALAN has changed over Africa’s developmental history, perhaps because the relative extent of pristine skies 
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remaining means this issue has been overlooked by researchers.14 This 
lack of information is especially worrying because the major contribution 
globally to the future growth of ALAN will come from middle-income 
countries, particularly China, India, and those in South America and Africa.

Three factors complicate the quantification of ALAN in Africa. The first is 
the quantification of ALAN from satellite data, the second is the lack of 
local-scale measurements, and the third is failure to measure spectra. 
We expand on each in turn. 

First, while satellite data can provide a continental-scale picture of ALAN, 
as they do elsewhere, African conditions are often not specifically 
considered when developing such data sets for analysis. (1) Atmospheric 
conditions in Africa can differ vastly from those of northern latitudes which 
have strongly influenced how most of the remote-sensing products are 
calibrated, processed and applied. In particular, the high frequency of 
atmospheric dust across most of the continent may complicate accurate 
assessment of the intensity of lights emitted at night. This may be 
especially pronounced for regions in northern Africa which is estimated to 
contribute as much as 65% of annual global aeolian dust emissions35, and 
is where much of the current ALAN in Africa originates14. (2) Processing 
of ALAN data from satellites commonly screens out the effects of fires 
by focusing on persistent lighting and excluding pixels with anomalously 
high radiance that occurs infrequently36, although the impact of frequent 
and undocumented fires and the atmospheric effect of smoke on the 
calibration of satellite data is not well understood. (3) Many sub-Saharan 
countries are also beleaguered by frequent and intermittent disruptions 
to the national electrical grid supply.37 Generators are often used either 
as a primary source of electricity, or when conventional electrical grids 
are interrupted. This may in turn lead to underestimation of artificial light 
emissions, if generators are not in use later at night when the remote-

sensing measurements are actually made during pass-overs of satellites. 
One of the most prominent remote-sensed products in use today, from the 
Visible Infrared Imaging Radiometer Suite (VIIRS), is derived from satellite 
passes across Africa in the early morning, around 01:00 local time, 
which means light sources that are powered from electrical generators 
that are switched off when citizens are less active are missed completely. 
(4) The sparse artificial lighting associated with much of rural Africa may 
not be well detected by remote-sensing sensors, yet it can have localised 
effects that can be cumulative over larger landscapes. In sum, these four 
different effects may mean that documented levels of ALAN emissions 
across the continent may be marked underestimates.

Second, there is a dearth of local-scale measurements of either artificial 
light emissions or skyglow (the increased sky brightness that results from 
ALAN that is emitted or reflected upwards being scattered by water, dust 
and gas molecules in the atmosphere) across the African continent. Few 
measurements have been made using on-the-ground sensors, such as 
the Sky Quality Meter15. Indeed, although global networks of such devices 
have grown rapidly, the contribution of Africa is extremely limited. Mapping 
of variation in ALAN emissions across towns and cities, whether using on-
the-ground18,19,38, aerial39 or space-borne approaches40, has also not been 
conducted in Africa (excepting those satellite sources with essentially 
global coverage), although this can be invaluable in identifying key sources 
and how levels and patterns of emissions are changing. 

A third challenge to quantifying ALAN across Africa, as it is elsewhere, 
is the lack of ability to measure its spectral signature.41 At the time of 
writing, no publicly readily available satellite colour images for Africa at 
night presently exist, but techniques to acquire them are available.40 For 
Africa, such data have not been obtained, even locally by other means 
(e.g. night-time aerial flights). 

Table 1: Exemplar research themes with key references to advance artificial light at night (ALAN) research in Africa

Theme Research area Key references

1 Quantify the variation in the geography of and timing in ALAN Measurement 16

2 Addressing atmospheric challenges to quantifying ALAN Measurement 17

3 ALAN use transitions and trajectories Measurement 2,17

4 Compare and contrast the remote sensed products that best capture ALAN variation across Africa Measurement *research frontier

5 Advancing local scale measurement and quantification of ALAN Measurement 18,19

6 ALAN mitigation adoption rates in rural areas in Africa Measurement *research frontier

7 Relationship between socio-economic context, local economic growth, and ALAN use Measurement 20

8 Quantifying the change in ALAN across Africa’s developmental trajectory Measurement *research frontier

9 Accelerating the quantification of spectra in the night environment at ecologically relevant scales Measurement 19

10 Quantify LED adoption rates across Africa Measurement *research frontier

11
Expanding research into the synergetic and/or antagonistic interactions of ALAN and other global 
change drivers

Measurement /  
Biological impacts

4

12
Diversify the range of taxa and documented impacts of ALAN on biodiversity, and advance nocturnal 
ecology

Biological impacts
21 

*research frontier

13 Document the link between car headlights and roadkills Biological impacts 22

14 Interactions of especially African apex predator biology with ALAN Biological impacts
21,23 

*research frontier

15 Advance work in environmental crime and ALAN links Biological impacts
24 

*research frontier

16 Assess how protected areas buffer against ALAN via skyglow Biological impacts 25

17 Advancing larger scale and longer duration biological experiments Biological impacts 26

18 Assess the impact of ALAN on species/populations of African taxa, especially those that are light naïve Biological impacts
*research frontier, examples 

collated in main text

19 Expanding work on the impacts of ALAN on African marine animals Biological impacts 27

20 Assess the link between ALAN expansion and astronomy/astrotourism degradation Astronomy 28

21 Document and alter the lack of culture and capacity impeding ALAN research in Africa Socio-economic context *research frontier

22 Assess changes in and application of national/municipal legislation Socio-economic context 29

23 Assessing the interactions of ALAN with medically important insects, such as disease vectors Medical impacts 30

24 Impact of ALAN on human physiology and well-being Medical impacts 7

25 Quantify the relationship between ALAN, human health, and environmental health Medical impacts 31

*Note that while there is overlap with such work elsewhere in the world, we highlight what we consider to be research frontiers, particularly in Africa, which often reflects a dearth 
of literature.
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This is important because many of the human and environmental impacts 
of ALAN are spectrally sensitive, with effects often being exacerbated 
by emissions at blue wavelengths. Moreover, the spectrum has recently 
increasingly shifted across much of the world from predominantly narrow 
wavelength (e.g. from low pressure sodium lamps) to broad wavelength 
‘white’ emissions (e.g. from LED lamps), both as a consequence of 
retrofitting of older lighting systems and the use of newer technologies 
in recent developments. Although similar kinds of retrofitting have to 
some extent occurred in Africa, growth in broad wavelength emissions 
is likely to occur across much of the continent through the use of such 
technologies when lighting is first installed in areas.

Source: Data obtained from Falchi et al.14 

Figure 1. Patterns of skyglow across Africa. The black colour denotes 
natural night-time illumination levels. The purple colour 
describes areas in Africa where artificial light at night (ALAN) 
has polluted the night sky up to the horizon of the landscape but 
not to the zenith. Areas where skyglow pollution extends to the 
zenith of the sky are denoted in pink. Lastly, the lightest colour 
is associated with areas that are polluted to such an extent 
that no parts of the night sky are visible to human night vision 
anymore. It is worth drawing attention to the fact that ALAN in 
Africa is spatially scattered (and thus more widespread than a 
whole continent map conveys), with large areas of natural night 
time remaining, and that the highest intensities of skyglow are 
concentrated around the coastal areas. Given the expansion of 
ALAN, the figure is an underestimate, but there has been no 
subsequent calibrated work in Africa since Falchi et al.14, which 
may be a fruitful avenue for continued research (see Table 1). 

African development and human well-being
The human health consequences of ALAN will be similar to those 
documented elsewhere5-7. However, combined with high poverty rates 
and lower access to primary health care, the negative impacts of ALAN 
may exacerbate human health issues across the continent. There is limited 
understanding of how African countries with different developmental 
trajectories are adopting new energy portfolios, or how energy expansion 
will be realised. Such information is critical to further understanding of 
how ALAN may increase in severity and extent, and is used elsewhere 
to plan better for, anticipate and mitigate its impact. Estimates made by 
the International Energy Agency have found that the percentage of the 
population in sub-Saharan Africa with access to household electrification 
grew from 20% in 2000 to 43% in 2018 and is projected to reach 66% 
in 2040 if current stated development policies remain in place.42 This 
growth in electrification also considers the projected growth of the human 
population in sub-Saharan Africa, and means that Africa can expect a 
substantial increase in ALAN over the next two decades.

The use of newer technologies like LED lights and solar power may 
reduce adverse human health impacts of lighting with kerosene. However, 
as is the case in other low-income nations, the increasing adoption of 
LED lights across Africa is also of concern because the commonly 
wider spectrum used has been implicated in altering a host of human 
and ecological processes. While the development of renewable energy 
is central to the economic development of Africa, careful consideration 
is needed on how best to mitigate the negative trade-offs that this may 
bring. The issue is globally pertinent – questionnaires of practitioners in 
the lighting fraternity have shown that there is little consensus on what 
the future of ‘sustainable LED lighting’ should look like, and much work 
is still required to align such a vision among stakeholders.43

Much of the electrification, and by extension the spread, of ALAN that is 
projected to occur in Africa is expected to take place in rural areas. In 
such areas the lowest cost option for electrification is quite often ‘mini-
grid’ systems.44,45 These systems allow for electrification in extremely 
remote regions completely independently of national grid systems, thereby 
accelerating the electrification and development of rural communities far 
beyond the pace that traditional national grid expansion can maintain.32 
This will allow for the penetration of ALAN into virtually completely artificial 
light naïve landscapes, at a pace that may exceed the global estimates of 
ALAN growth, and so worsen ALAN impacts in such areas. These mini-
grid systems and associated lighting regimes will bring various social and 
economic benefits to those communities, but possibly also some negative 
environmental impacts as described above. Lessons from other parts of 
the world, with a longer history of ALAN, may be useful to inform how to 
best integrate electricity and lighting into these areas in order to mitigate 
some of the negative environmental effects that this may bring.

Vector disease transmission
Of particular concern for human health in Africa may be the interactions 
of disease vectors with ALAN. For example, Africa still has the world’s 
highest rates of malaria, with 213 million cases in 2018, 93% of the 
global total.46 Alarmingly, the work to date suggests that ALAN may alter 
vector borne disease risk (for a review see47). Light may modify disease 
transmission by attracting or repelling vectors, and modulating their 
biting rates, the long-term survival of vectors, and potentially the success 
of parasite establishment.47,48 Some diurnal vector species increase their 
biting rates when exposed to artificial light (e.g. Aedes aegypti49), while 
in other nocturnal species, biting rates are suppressed under artificial 
light (e.g. Anopheles gambiae50). This range of responses of mosquitoes 
to ALAN means the potential interactions between artificial light and 
disease transmission could usefully be further investigated.30

Environmental impacts
Only a handful of studies that we are aware of have directly tested for 
biological impacts of ALAN in Africa:

1. Lights from sport stadiums were found to benefit urban exploiter 
bats and allow them to increase their temporal foraging niche.51

2. Moth consumption by Cape serotine bats (Neoromicia capensis) 
was found to increase sixfold in experimentally lit conditions, 
suggesting that specialist moth-eating bats and moths may face 
increased resource competition and predation risk, respectively.52 

3. Syntonic bats have also been found to increase their foraging 
frequency under experimentally lit conditions.53 

4. Flashing LED light was found to reduce nocturnal livestock 
predation in Kenya.54

5. Manipulating artificial lighting (on and off) in aquatic systems 
showed that ALAN influenced the behaviour and composition of fish 
communities in estuarine waters.55 Artificial light favoured piscivores, 
presumably through the concentration of prey and improved foraging 
conditions for predatory fish that use visual cues to hunt.55

6. The attraction of fish to light is likely widely true in both the salt- 
and freshwater bodies of Africa, as illustrated by local fishers on 
Lake Tanganyika, Tanzania, who use lanterns to improve catch 
rates by attracting fish to the surface and their nets.56 
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7. Both African sharptooth catfish (Clarias gariepinus) and Mozambique 
tilapia (Oreochromis mossambicus) show increased growth rates 
under artificial light treatments, as the light attracts insects.57

8. By applying an innovative transplanting methodology, Foster et al.58 
demonstrated that natural celestial cues are obscured by artificial 
lighting, with dramatic changes in dung beetle (Scarabaeus 
satyrus) orientation behaviour. For this species, artificial light thus 
increases individual competition and reduces dispersal efficiency. 

Although useful contributions to the global body of evidence, these 
studies provide limited insight into the diversity and magnitude of 
biological impacts of ALAN across the African continent.

The potential for negative impacts of ALAN on African species and 
ecological systems is substantial. Large areas of Africa still possess 
darker night skies than the global average.14 Therefore biodiversity in those 
areas may be more ‘light naïve’, in that it has not encountered ALAN to the 
extent and at the intensities to which nature in the Global North has been 
subjected. Whether ‘light naïve’ species do indeed suffer greater impact 
with the addition of ALAN, and what the adaptive capacity is of species 
to ALAN, remain globally pertinent research questions, and Africa may 
provide a fruitful testing ground for disentangling such impacts. Because 
some areas of the continent are intensely artificially lit, opportunities also 
exist for ‘transplant’ experiments (see for instance58), where taxa may be 
moved from areas that experience high ALAN to dark skies, and vice versa, 
to test the influence of altered light regimes or light naïveté on biological 
responses while accounting for other environmental gradients. In addition, 
there are opportunities to assess responses to gradients of skyglow, 
because in many regions dark areas abut intensely lit regions.

We highlight a diverse set of environmental research areas for which 
Africa might be an ideal living laboratory to advance understanding of 
impacts of ALAN:

1. Africa arguably hosts the last intact guild of apex predators, most 
of which are nocturnal21,23, providing important opportunities 
to understand the impacts of ALAN upon them. Lions (Panthera 
leo) have been shown to have a higher hunting success during 
moonless nights, particularly so when attacking humans59, and 
given increases in habitat destruction compounded by increased 
human population increases and expansion, human–lion encounter 
rates may increase. ALAN, especially through sky glow, may 
interfere with the moonlight cycles to which African ecosystems 
have evolved. It is unclear whether light may reduce foraging 
success, or act as an attractant for activity. LED lights have been 
used in pilot trials to reduce lion attacks on livestock.54,60 Other 
large carnivores like cheetah (Acinonyx jubatus) and wild dog 
(Lycaon pictus) are often described as being diurnal to avoid direct 
competition with more dominant lion. However, evidence suggests 
that subdominant animals are in fact more nocturnally active than 
previously thought, particularly so on more moonlit nights.23 

2. Road networks are expanding on the African continent, and 
there is a growing realisation that ALAN from cars may act as an 
overlooked pollutant.22 Two studies in Tanzania reported that 79% 
and 63% of all recorded roadkills (excluding birds) were of nocturnal 
animals61,62, whilst a study in South Africa reported that 100% and 
61% of amphibian and mammal roadkills, respectively, were from 
nocturnal species63. This may be indicative that vehicular movement 
and ‘blinding’ by headlights may pose a particular risk for Africa’s 
nocturnal species. This furthermore raises the question of how 
vehicle headlights (or spotlights on game viewing night drives, a 
common ‘eco-friendly’ practice in African protected areas) may 
impact on the ‘fight and flight’ responses of nocturnal species, 
which typically have eyes designed to work optimally under poorly lit 
conditions and whose vision may be compromised for an unknown 
period by a sudden exposure to unnatural levels of light. 

3. Impacts of ALAN on other major groups of organisms in Africa 
such as birds, insects and plants are virtually unknown, but may be 
expected as is the case elsewhere11,64, and crucially also may alter 
the ecosystem services they underpin, like pollination65. 

4. The extent to which ALAN also enables environmental crime is 
unknown and may be significant in Africa. For instance, intertidal 
poaching for abalone is prevalent across much of the western 
coast of southern Africa, and skyglow from cities, as well as 
light emissions from coastal towns, may help orientate poaching 
activity at night and enable navigation. Similarly, skyglow and point 
source lights from outside of major protected areas may enable the 
orientation and navigation for poachers pursuing large game, such 
as rhinos. In the Kruger National Park, the moon phase plays a role 
in rhino poaching incidents, with poachers preferring nights with 
better light conditions.24

5. It may be particularly desirable to expand experiments at low 
latitudes to test the biological impacts of ALAN. This is because 
of the geographical research bias towards northern latitudes, in 
regions also already experiencing significant ALAN, and so how 
such impacts scale to other regions in the globe remains an 
open question. 

6. As is the case elsewhere, protected areas in Africa show increases 
in ALAN25, and globally in some protected areas, many species, 
including mammals, now experience persistent ALAN from skyglow 
comparable to the light of a full moon.18 How ALAN, especially 
where it originates at high levels from urban centres that abut onto 
protected areas, affects species and ecosystems in regions that are 
thought to have dark skies, remains a pressing question.

Tourism industry
Tourism makes fundamental contributions to the economies of many 
African nations. Because ALAN erodes the ability to see celestial 
objects, its negative impact on imaging astronomy is well appreciated, 
but less so is its impacts on the bourgeoning astrotourism industry. 
Astrotourism seeks regions with pristine dark skies in remote locations 
so that amateur astronomers can view celestial phenomena, especially 
‘deep sky objects’ like nebulae and galaxies, which cannot be detected 
in more artificially lit areas. It is a rapidly growing tourism sector, and 
given global declines in the quality of night skies for viewing celestial 
objects66, regions which retain dark skies may form focal areas for such 
activity in future.

A proposed astrotourism route in the southern Northern Cape near 
Sutherland, South Africa, may increase revenue streams from tourism 
into a region with few other options for economic development.67 Indeed, 
large tracts of Africa are in ideal locations (remote and with dark skies) 
to promote and develop astrotourism as part of its touristic ‘portfolio’. 
The burgeoning lodge industry, often in wilderness locales, must also 
focus on maintaining dark skies during its expansion. However, Africa 
currently only possesses two recognised ‘International Dark Sky 
Reserves’ – regions possessing an exceptional or distinguished quality 
of starry nights and nocturnal environment that is specifically protected 
for its scientific, natural, educational, cultural, heritage and/or public 
enjoyment of its unpolluted night skies. Following an intensive review 
process, to ensure that the dark sky values remain preserved, these 
areas are designated by the ‘International Dark Sky Association’ (a global 
non-governmental organisation mandated to help stop ALAN and protect 
the night skies). 

Culture and capacity
Research into the impacts of ALAN in Africa could usefully be advanced 
by greater cross-disciplinary work and fostering of appropriate research 
capacity. The impacts and consequences of ALAN do not yet enter the 
political and societal discourse in Africa to the extent of other change 
drivers, such as climate change or the illegal wildlife trade. This is not 
unique to Africa of course, but certainly the volume of research work 
across disciplines emerging especially from Asia, North America and 
Europe, is indicative of a shift in thinking towards the problem. Major 
funding mechanisms have supported large, long-term projects in the 
Global North – such as the ‘ECOLIGHT’ experiment68, the ‘Verlust der 
Nacht’ experiment69, the ‘LightOnNature’ experiment70. Some government 
initiatives are opting to change lighting regimes to healthier alternatives and 
major non-governmental organisations are encouraging the protection of 
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dark places (e.g. International Dark Sky Association).  Industry partners are 
also striving towards more environmentally friendly lighting alternatives. 
African research and policy must follow suit in such initiatives and indeed 
has an opportunity to pre-empt the issues bound to emerge, by being 
proactive in their planning and implementation, which could reduce both 
human and environmental impacts (for guidance see29).

It is imperative that national lighting regulations are kept well updated 
and informed by contemporary research. Across the continent, it is 
unclear to what extent such policies exist, let alone whether they are 
implemented and frequently revisited. For example, the national lighting 
regulations in South Africa, set out by the South African Bureau of 
Standards, were last amended in 2007, which leave them sorely lacking 
behind the development of new lighting technology and the optimal 
implementation thereof.

These shortcomings mean that robust human capacity to investigate 
ALAN must still be developed across the continent, and a greater 
appreciation is required amongst sectors about ALAN’s potentially 
negative effects, techniques to measure it at various spatial scales, and 
strategies for mitigation tailored to Africa. Skills across academia, the 
public sector and industry need to be developed continent-wide and 
used to inform policymakers and other stakeholders of the importance 
of mitigating the harmful impacts of ALAN while sustainably optimising 
its economic development. 

Conclusion
Given the realised and potential severity of its human health and 
environmental impacts, the dearth of studies of ALAN in Africa is a 
surprising oversight by its research community. If we are to understand 
the magnitude and the extent of the impacts of ALAN in Africa, we must 
enhance both the fundamental knowledge of its effects, and develop the 
technical capacity to do so. Africa has the opportunity to learn lessons 
from other parts of the world and benefit from technological advances in 
terms of implementation of ALAN mitigation measures. These mitigation 
strategies are well known, practical and relatively straightforward to 
implement. However, how to operationalise such mitigation measures 
in an African policy context requires greater awareness across societal 
sectors and the willingness to do so. With currently relatively low levels 
of ALAN compared to the global situation, many African nations can 
strategically plan and pro-actively implement mitigation measures 
without increased risk or increased cost to development. There is real, 
but diminishing, opportunity to ensure that the expansion of ALAN in 
Africa does not compromise its human and environmental health.

Acknowledgement
We acknowledge funding from the Jennifer Ward Oppenheimer Research 
Grant to B.W.T.C.

Competing interests
We have no competing interests to declare.

Authors’ contributions
B.W.T.C.: Conceptualisation, methodology, data collection, validation, 
writing – the initial draft, writing – revisions, project leadership, 
project management, funding acquisition. I.P.J.S.: Conceptualisation, 
methodology, writing – revisions, funding acquisition. S.A.: Methodology, 
data collection, data analysis, validation, writing – revisions. K.J.G.: 
Conceptualisation, methodology, writing – revisions, student supervision, 
funding acquisition. 

References
1. Gaston KJ, Duffy JP, Gaston S, Bennie J, Davies TW. Human alteration of 

natural light cycles: Causes and ecological consequences. Oecologia. 
2014;176(4):917–931. https://doi.org/10.1007/s00442-014-3088-2 

2. Sánchez de Miguel A, Bennie J, Rosenfeld E, Dzurjak S, Gaston KJ. First 
estimation of global trends in nocturnal power emissions reveals acceleration 
of light pollution. Remote Sens. 2021;13(16), Art. #3311. https://doi.
org/10.3390/rs13163311 

3. Gaston KJ, Gaston S, Bennie J, Hopkins J. Benefits and costs of artificial 
nighttime lighting of the environment. Environ Rev. 2015;23(1):14–23. 
https://doi.org/10.1139/er-2014-0041 

4. Davies TW, Smyth T. Why artificial light at night should be a focus for global 
change research in the 21st century. Glob Change Biol. 2018;24(3):872–882. 
https://doi.org/10.1111/gcb.13927 

5. Falchi F, Cinzano P, Elvidge CD, Keith DM, Haim A. Limiting the impact of light 
pollution on human health, environment and stellar visibility. J Environ Manage. 
2011;92(10):2714–2722. https://doi.org/10.1016/j.jenvman.2011.06.029 

6. Walker WH II, Bumgarner JR, Walton JC, Liu JA, Meléndez-Fernández OH, 
Nelson RJ, et al. Light pollution and cancer. Int J Mol Sci. 2020;21(24), 
Art. #9360. https://doi.org/10.3390/ijms21249360 

7. Cho YM, Ryu SH, Lee BR, Kim KH, Lee E, Choi J. Effects of artificial light at 
night on human health: A literature review of observational and experimental 
studies applied to exposure assessment. Chronobiol Int. 2015;32(9):1294–
1310. https://doi.org/10.3109/07420528.2015.1073158 

8. Sanders D, Frago E, Kehoe R, Patterson C, Gaston KJ. A meta-analysis of 
biological impacts of artificial light at night. Nat Ecol Evol. 2021;5:74–81. 
https://doi.org/10.1146/annurev-ecolsys-110316-022745 

9. Davies TW, Duffy JP, Bennie J, Gaston KJ. The nature, extent, and ecological 
implications of marine light pollution. Front Ecol Environ. 2014;12(6):347–355. 
https://doi.org/10.1890/130281 

10. Gaston KJ, Bennie J, Davies TW, Hopkins J. The ecological impacts of nighttime 
light pollution: A mechanistic appraisal. Biol Rev. 2013;88(4):912–927. 
https://doi.org/10.1111/brv.12036 

11. Bennie J, Davies TW, Cruse D, Gaston KJ. Ecological effects of artificial 
light at night on wild plants. J Ecol. 2016;104(3):611–620. https://doi.
org/10.1111/1365-2745.12551 

12. Duffy JP, Bennie J, Durán AP, Gaston KJ. Mammalian ranges are experiencing 
erosion of natural darkness. Sci Rep. 2015;5, Art. #12042. https://doi.
org/10.1038/srep12042 

13. Hölker F, Bolliger J, Davies TW, Giavi S, Jechow A, Kalinkat G, et al. 11 Pressing 
research questions on how light pollution affects biodiversity. Front Ecol Evol. 
2021;9, Art. #767177. https://doi.org/10.3389/fevo.2021.767177 

14. Falchi F, Cinzano P, Duriscoe D, Kyba CCM, Elvidge CD, Baugh K, et al. 
The new world atlas of artificial night sky brightness. Sci Adv. 2016;2(6), 
e1600377. https://doi.org/10.1126/sciadv.1600377 

15. Kyba CCM, Tong KP, Bennie J, Birriel I, Birriel JJ, Cool A, et al. Worldwide 
variations in artificial skyglow. Sci Rep. 2015;5, Art. #8409. https://doi.
org/10.1038/srep08409 

16. Cox DTC, Sánchez de Miguel A, Dzurjak SA, Bennie J, Gaston KJ. National 
scale spatial variation in artificial light at night. Remote Sens. 2020;12(10), 
Art. #1591. https://doi.org/10.3390/rs12101591 

17. Cavazzani S, Ortolani S, Bertolo A, Binotto R, Fiorentin P, Carraro G, et al. Satellite 
measurements of artificial light at night: Aerosol effects. Mon Not R Astron Soc. 
2020;499(4):5075–5089. https://doi.org/10.1093/mnras/staa3157 

18. Bennie J, Davies TW, Inger R, Gaston KJ. Mapping artificial lightscapes for 
ecological studies. Methods Ecol Evol. 2014;5(6):534–540. https://doi.
org/10.1111/2041-210X.12182 

19. Nilsson DE, Smolka J. Quantifying biologically essential aspects of 
environmental light. J R Soc Interface. 2021;18(177), Art. #20210184. 
https://doi.org/10.1098/rsif.2021.0184 

20. Kumar P, Rehman S, Sajjad H, Tripathy BR, Rani M, Singh S. Analyzing trend 
in artificial light pollution pattern in India using NTL sensor’s data. Urban Clim. 
2019;27:272–283. https://doi.org/10.1016/j.uclim.2018.12.005 

21. Gaston KJ. Nighttime ecology: The “Nocturnal Problem” revisited. Am Nat. 
2019;193(4):481–502. https://doi.org/10.1086/702250 

22. Gaston KJ, Holt LA. Nature, extent and ecological implications of night-time 
light from road vehicles. J Appl Ecol. 2018;55(5):2296–2307. 

23. Cozzi G, Broekhuis F, McNutt JW, Turnbull LA, Macdonald DW, Schmid B. Fear 
of the dark or dinner by moonlight? Reduced temporal partitioning among 
Africa’s large carnivores. Ecology. 2012;93(12):2590–2599. https://doi.
org/10.2307/41739617 

 Artificial light at night in Africa
 Page 5 of 7

https://doi.org/10.17159/sajs.2023/13988
https://doi.org/10.1007/s00442-014-3088-2
https://doi.org/10.3390/rs13163311
https://doi.org/10.3390/rs13163311
https://doi.org/10.1139/er-2014-0041
https://doi.org/10.1111/gcb.13927
https://doi.org/10.1016/j.jenvman.2011.06.029
https://doi.org/10.3390/ijms21249360
https://doi.org/10.1146/annurev-ecolsys-110316-022745
https://doi.org/10.1890/130281
https://doi.org/10.1111/brv.12036
https://doi.org/10.1111/1365-2745.12551
https://doi.org/10.1111/1365-2745.12551
https://doi.org/10.1038/srep12042
https://doi.org/10.1038/srep12042
https://doi.org/10.3389/fevo.2021.767177
https://doi.org/10.1126/sciadv.1600377
https://doi.org/10.1038/srep08409
https://doi.org/10.1038/srep08409
https://doi.org/10.3390/rs12101591
https://doi.org/10.1093/mnras/staa3157
https://doi.org/10.1111/2041-210X.12182
https://doi.org/10.1111/2041-210X.12182
https://doi.org/10.1098/rsif.2021.0184
https://doi.org/10.1016/j.uclim.2018.12.005
https://doi.org/10.1086/702250
https://doi.org/10.2307/41739617
https://doi.org/10.2307/41739617


18 Volume 119| Number 3/4
March/April 2023

Review Article
https://doi.org/10.17159/sajs.2023/13988

24. Koen H, De Villiers JP, Roodt H, De Waal A. An expert-driven causal model 
of the rhino poaching problem. Ecol Model. 2017;347:29–39. https://doi.
org/10.1016/j.ecolmodel.2016.12.007 

25. Gaston KJ, Duffy JP, Bennie J. Quantifying the erosion of natural darkness 
in the global protected area system. Conserv Biol. 2015;29(4):1132–1141. 
https://doi.org/10.1111/cobi.12462 

26. Sanders D, Kehoe R, Cruse D, Van Veen FJF, Gaston KJ. Low levels of artificial 
light at night strengthen top-down control in insect food webs. Curr Biol. 
2018;28(15):2474–2478.e3. https://doi.org/10.1016/j.cub.2018.05.078 

27. Tidau S, Smyth T, McKee D, et al. Marine artificial light at night: An empirical 
and technical guide. Methods Ecol Evol. 2021;12(9):1588–1601. https://doi.
org/10.1111/2041-210X.13653 

28. Green RF, Luginbuhl CB, Wainscoat RJ, Duriscoe D. The growing threat of light 
pollution to ground-based observatories. Astron Astrophys Rev. 2022;30(1), 
Art. #1. https://doi.org/10.1007/s00159-021-00138-3 

29. Bará S, Falchi F, Lima RC, Pawley M. Keeping light pollution at bay: A red-lines, 
target values, top-down approach. Environ Chall. 2021;5, Art. #100212. 
https://doi.org/10.1016/j.envc.2021.100212 

30. Coetzee BWT, Gaston KJ, Koekemoer LL, Kruger T, Riddin MA, Smit IPJ. 
Artificial light as a modulator of mosquito-borne disease risk. Front Ecol Evol. 
2022;9, Art. #768090. https://doi.org/10.3389/fevo.2021.768090 

31. Dominoni DM, Borniger JC, Nelson RJ. Light at night, clocks and health: From 
humans to wild organisms. Biol Lett. 2016;12(2), Art. #20160015. https://
doi.org/10.1098/rsbl.2016.0015 

32. Sulemana I, Nketiah-Amponsah E, Codjoe EA, Andoh JAN. Urbanization and 
income inequality in sub-Saharan Africa. Sustain Cities Soc. 2019;48(April), 
Art. #101544. https://doi.org/10.1016/j.scs.2019.101544 

33. Ulsrud K, Winther T, Palit D, Rohracher H. Accelerating access to electricity 
services through a socio-technical design in Kenya. Energy Res Soc Sci. 
2015;5:34–44. https://doi.org/10.1016/j.erss.2014.12.009 

34. Pillot B, Muselli M, Poggi P, Dias JB. On the impact of the global energy 
policy framework on the development and sustainability of renewable 
power systems in sub-Saharan Africa: The case of solar PV [preprint]. 
arXiv: 1704.01480 [physics.soc-ph]. 2019. https://doi.org/10.48550/
arXiv.1704.01480

35. Ginoux P, Prospero JM, Gill TE, Hsu NC, Zhao M. Global-scale attribution 
of anthropogenic and natural dust sources and their emission rates based 
on MODIS Deep Blue aerosol products. Rev Geophys. 2012;50(3), RG3005. 
https://doi.org/10.1029/2012RG000388 

36. Elvidge CD, Baugh K, Zhizhin M, Hsu FC, Ghosh T. VIIRS night-time lights. Int 
J Remote Sens. 2017;38(21):5860–5879. https://doi.org/10.1080/014311
61.2017.1342050 

37. Blimpo MP, Cosgrove-Davies M. Electricity access in sub-Saharan Africa: 
Uptake, reliability, and complementary factors for economic impact 
[document on the Internet]. c2019 [2023 Feb 14]. Available from: https://
www.perlego.com/book/1483669/electricity-access-in-subsaharan-africa-
uptake-reliability-and-complementary-factors-for-economic-impact-pdf 

38. Jechow A, Ribas SJ, Domingo RC, Hölker F, Kolláth Z, Kyba CCM. Tracking the 
dynamics of skyglow with differential photometry using a digital camera with 
fisheye lens. J Quant Spectrosc Radiat Transf. 2018;209:212–223. https://
doi.org/10.1016/j.jqsrt.2018.01.032 

39. Hale JD, Davies G, Fairbrass AJ, Matthews TJ, Rogers CDF, Sadler JP. 
Mapping lightscapes: Spatial patterning of artificial lighting in an urban 
landscape. PLoS ONE. 2013;8(5), e61460. https://doi.org/10.1371/journal.
pone.0061460 

40. Sánchez de Miguel A, Kyba CCM, Aubé M, et al. Colour remote sensing 
of the impact of artificial light at night (I): The potential of the International 
Space Station and other DSLR-based platforms. Remote Sens Environ. 
2019;224:92–103. https://doi.org/10.1016/j.rse.2019.01.035 

41. Levin N, Kyba CCM, Zhang Q, Zamorano J, Cardiel N, Tapia C, et al. Remote 
sensing of night lights: A review and an outlook for the future. Remote Sens 
Environ. 2020;237, Art. #111443. https://doi.org/10.1016/j.rse.2019.111443 

42. International Energy Agency. World energy outlook 2022. Paris: IEA; 2022. 
Available from: https://www.iea.org/reports/world-energy-outlook-2022 

43. Schulte-Römer N, Meier J, Söding M, Dannemann E. The LED paradox: 
How light pollution challenges experts to reconsider sustainable lighting. 
Sustainability. 2019;11(21), Art. #6160. https://doi.org/10.3390/su11216160 

44. Mentis D, Howells M, Rogner H, et al. Lighting the world: The first application 
of an open source, spatial electrification tool (OnSSET) on sub-Saharan Africa. 
Environ Res Lett. 2017;12(8), Art. #085003. https://doi.org/10.1088/1748-
9326/aa7b29 

45. Azimoh CL, Klintenberg P, Wallin F, Karlsson B, Mbohwa C. Mini-grid 
solution for rural electrification in South Africa. Energy Convers Manag. 
2016;110:268–277. https://doi.org/10.1016/j.enconman.2015.12.015

46. World Health Organization (WHO). World malaria report 2021. Geneva: 
WHO; 2021. Available from: https://www.who.int/teams/global-malaria-
programme/reports/world-malaria-report-2021

47. Wilson R, Wakefield A, Roberts N, Jones G. Artificial light and biting flies: The 
parallel development of attractive light traps and unattractive domestic lights. 
Parasit Vectors. 2021;14(1), Art. #28. https://doi.org/10.1186/s13071-020-
04530-3 

48. Rund SSC, O’Donnell AJ, Gentile JE, Reece SE. Daily rhythms in mosquitoes 
and their consequences for malaria transmission. Insects. 2016;7(2), 
Art. #14. https://doi.org/10.3390/insects7020014 

49. Rund SSC, Labb LF, Benefiel OM, Duffield GE. Artificial light at night increases 
Aedes aegypti mosquito biting behavior with implications for arboviral disease 
transmission. Am J Trop Med Hyg. 2020;103(6):2450–2452. https://doi.
org/10.4269/ajtmh.20-0885 

50. Sheppard AD, Rund SSC, George GF, Clark E, Acri DJ, Duffield GE. Light 
manipulation of mosquito behaviour: Acute and sustained photic suppression 
of biting activity in the Anopheles gambiae malaria mosquito. Parasit Vectors. 
2017;10(1), Art. #255. https://doi.org/10.1186/s13071-017-2196-3 

51. Schoeman MC. Light pollution at stadiums favors urban exploiter bats. Anim 
Conserv. 2016;19(2):120–130. https://doi.org/10.1111/acv.12220 

52. Minnaar C, Boyles JG, Minnaar IA, Sole CL, McKechnie AE. Stacking the odds: 
Light pollution may shift the balance in an ancient predator-prey arms race. J 
Appl Ecol. 2015;52(2):522–531. https://doi.org/10.1111/1365-2664.12381 

53. Bailey LA, Brigham RM, Bohn SJ, Boyles JG, Smit B, Bailey LA. An 
experimental test of the allotonic frequency hypothesis to isolate the effects 
of light pollution on bat prey selection. Oecologia. 2019;190(2):367–374. 
https://doi.org/10.1007/s00442-019-04417-w 

54. Lesilau F, Fonck M, Gatta M, Musyoki C, Van ‘t Zelfde M, Persoon GA, et al. 
Effectiveness of a LED flashlight technique in reducing livestock depredation 
by lions (Panthera leo) around Nairobi National Park, Kenya. PLoS ONE. 
2018;13(1), e0190898. https://doi.org/10.1371/journal.pone.0190898 

55. Becker A, Whitfield AK, Cowley PD, Järnegren J, Næsje TF. Potential 
effects of artificial light associated with anthropogenic infrastructure on the 
abundance and foraging behaviour of estuary-associated fishes. J Appl Ecol. 
2013;50(1):43–50. https://doi.org/10.1111/1365-2664.12024 

56. Mgana H, Kraemer BM, O’Reilly CM, et al. Adoption and consequences of new 
light-fishing technology (LEDs) on Lake Tanganyika, East Africa [preprint]. 
bioRxiv: 619007. 2019. https://doi.org/10.1101/619007 

57. Rapatsa MM, Moyo NAG. The potential role of night-time lighting in attracting 
terrestrial insects as food for Oreochromis mossambicus and Clarias 
gariepinus. Trop Zool. 2017;30(4):156–169. https://doi.org/10.1080/0394
6975.2017.1362841 

58. Foster JJ, Tocco C, Smolka J, Khaldy L, Baird E, Byrne MJ, et al. Light 
pollution forces a change in dung beetle orientation behavior. Curr Biol. 
2021;31:3935–3942. https://doi.org/10.1016/j.cub.2021.06.038 

59. Packer C, Swanson A, Ikanda D, Kushnir H. Fear of darkness, the full moon 
and the nocturnal ecology of African lions. PLoS ONE. 2011;6(7), e22285. 
https://doi.org/10.1371/journal.pone.0022285 

60. Okemwa B, Gichuki N, Virani M, Kanya J, Kinyamario J, Santangeli A. 
Effectiveness of LED lights on bomas in protecting livestock from predation 
in southern Kenya. Conserv Evid. 2018;15:39–42. 

61. Njovu HK, Kisingo AW, Hesselberg T, Eustace A. The spatial and temporal 
distribution of mammal roadkills in the Kwakuchinja Wildlife Corridor in 
Tanzania. Afr J Ecol. 2019;57(3):423–428. https://doi.org/10.1111/aje.12608 

 Artificial light at night in Africa
 Page 6 of 7

https://doi.org/10.17159/sajs.2023/13988
https://doi.org/10.1016/j.ecolmodel.2016.12.007
https://doi.org/10.1016/j.ecolmodel.2016.12.007
https://doi.org/10.1111/cobi.12462
https://doi.org/10.1016/j.cub.2018.05.078
https://doi.org/10.1111/2041-210X.13653
https://doi.org/10.1111/2041-210X.13653
https://doi.org/10.1007/s00159-021-00138-3
https://doi.org/10.1016/j.envc.2021.100212
https://doi.org/10.3389/fevo.2021.768090
https://doi.org/10.1098/rsbl.2016.0015
https://doi.org/10.1098/rsbl.2016.0015
https://doi.org/10.1016/j.scs.2019.101544
https://doi.org/10.1016/j.erss.2014.12.009
https://doi.org/10.48550/arXiv.1704.01480
https://doi.org/10.48550/arXiv.1704.01480
https://doi.org/10.1029/2012RG000388
https://doi.org/10.1080/01431161.2017.1342050
https://doi.org/10.1080/01431161.2017.1342050
https://www.perlego.com/book/1483669/electricity-access-in-subsaharan-africa-uptake-reliability-and-complementary-factors-for-economic-impact-pdf
https://www.perlego.com/book/1483669/electricity-access-in-subsaharan-africa-uptake-reliability-and-complementary-factors-for-economic-impact-pdf
https://www.perlego.com/book/1483669/electricity-access-in-subsaharan-africa-uptake-reliability-and-complementary-factors-for-economic-impact-pdf
https://doi.org/10.1016/j.jqsrt.2018.01.032
https://doi.org/10.1016/j.jqsrt.2018.01.032
https://doi.org/10.1371/journal.pone.0061460
https://doi.org/10.1371/journal.pone.0061460
https://doi.org/10.1016/j.rse.2019.01.035
https://doi.org/10.1016/j.rse.2019.111443
https://www.iea.org/reports/world-energy-outlook-2022
https://doi.org/10.3390/su11216160
https://doi.org/10.1088/1748-9326/aa7b29
https://doi.org/10.1088/1748-9326/aa7b29
https://doi.org/10.1016/j.enconman.2015.12.015
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2021
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2021
https://doi.org/10.1186/s13071-020-04530-3
https://doi.org/10.1186/s13071-020-04530-3
https://doi.org/10.3390/insects7020014
https://doi.org/10.4269/ajtmh.20-0885
https://doi.org/10.4269/ajtmh.20-0885
https://doi.org/10.1186/s13071-017-2196-3
https://doi.org/10.1111/acv.12220
https://doi.org/10.1111/1365-2664.12381
https://doi.org/10.1007/s00442-019-04417-w
https://doi.org/10.1371/journal.pone.0190898
https://doi.org/10.1111/1365-2664.12024
https://doi.org/10.1101/619007
https://doi.org/10.1080/03946975.2017.1362841
https://doi.org/10.1080/03946975.2017.1362841
https://doi.org/10.1016/j.cub.2021.06.038
https://doi.org/10.1371/journal.pone.0022285
https://doi.org/10.1111/aje.12608


19 Volume 119| Number 3/4
March/April 2023

Review Article
https://doi.org/10.17159/sajs.2023/13988

62. Kioko J, Kiffner C, Jenkins N, Collinson WJ. Wildlife roadkill patterns on a 
major highway in Northern Tanzania. Afr Zool. 2015;50(1):17–22. https://doi.
org/10.1080/15627020.2015.1021161 

63. Collinson WJ, Parker DM, Bernard RTF, Reilly BK, Davies-Mostert HT. An 
inventory of vertebrate roadkill in the Greater Mapungubwe Transfrontier 
Conservation Area, South Africa. Afr J Wildl Res. 2015;45(3):301–311. 
https://doi.org/10.3957/056.045.0301 

64. Owens ACS, Cochard P, Durrant J, Farnworth B, Perkin EK, Seymoure B. Light 
pollution is a driver of insect declines. Biol Conserv. 2020;241, Art. #108259. 
https://doi.org/10.1016/j.biocon.2019.108259 

65. Knop E, Zoller L, Ryser R, Gerpe C, Hörler M, Fontaine C. Artificial light at night 
as a new threat to pollination. Nature. 2017;548(7666):206–209. https://doi.
org/10.1038/nature23288 

66. Pásková M, Budinská N, Zelenka J. Astrotourism-exceeding limits of the earth 
and tourism definitions? Sustainability. 2021;13(1), Art. #373. https://doi.
org/10.3390/su13010373 

67. Jacobs L, Du Preez EA, Fairer-Wessels F. To wish upon a star: Exploring 
astrotourism as vehicle for sustainable rural development. Dev South Afr. 
2020;37(1):87–104. https://doi.org/10.1080/0376835X.2019.1609908 

68. Bennie J, Davies TW, Cruse D, Inger R, Gaston KJ. Cascading effects of 
artificial light at night: Resource-mediated control of herbivores in a grassland 
ecosystem. Philos Trans R Soc B Biol Sci. 2015;370(1667), Art. #20140131. 
https://doi.org/10.1098/rstb.2014.0131 

69. Hölker F, Wurzbacher C, Weißenborn C, Monaghan MT, Holzhauer SIJ, 
Premke K. Microbial diversity and community respiration in freshwater 
sediments influenced by artificial light at night. Philos Trans R Soc B Biol Sci. 
2015;370(1667), Art. #20140130. https://doi.org/10.1098/rstb.2014.0130 

70. Spoelstra K, Van Grunsven RHA, Donners M, et al. Experimental illumination 
of natural habitat—an experimental set-up to assess the direct and indirect 
ecological consequences of artificial light of different spectral composition. 
Philos Trans R Soc B Biol Sci. 2015;370(1667), Art. #20140129. https://doi.
org/10.1098/rstb.2014.0129 

 Artificial light at night in Africa
 Page 7 of 7

https://doi.org/10.17159/sajs.2023/13988
https://doi.org/10.1080/15627020.2015.1021161
https://doi.org/10.1080/15627020.2015.1021161
https://doi.org/10.3957/056.045.0301
https://doi.org/10.1016/j.biocon.2019.108259
https://doi.org/10.1038/nature23288
https://doi.org/10.1038/nature23288
https://doi.org/10.3390/su13010373
https://doi.org/10.3390/su13010373
https://doi.org/10.1080/0376835X.2019.1609908
https://doi.org/10.1098/rstb.2014.0131
https://doi.org/10.1098/rstb.2014.0130
https://doi.org/10.1098/rstb.2014.0129
https://doi.org/10.1098/rstb.2014.0129

	_Hlk24362385
	_Hlk11152902
	_Hlk112155616
	_Hlk112149089

