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Abstract Eutrophication is a major ecological crisis in water
bodies. This is mainly driven by anthropogenic activities in
the catchment that incorporate various nutrients. Input of nu-
trients can also be driven by atmospheric deposition, which
has a large footprint that goes beyond local point source(s). In
particular, black carbon (BC) can be a carrier of various nu-
trients and increase primary productivity in lakes. We need to
monitor the input of BC in large water bodies to fully under-
stand its role in driving primary productivity and change in
trophic status.

Commentary

Black carbon (BC) is a product or residue resulting from in-
complete combustion of carbonaceous material such as bio-
mass and fossil fuels [1]. Biomass burning is the largest con-
tributor of small carbonaceous materials (fine ash and volatile
elements) to the troposphere, and it has a major effect on
climate, primary productivity, and human health [2]. The pro-
duction of BC from biomass burning contributes to the trans-
fer of carbon (C) from active to passive pools in the global C
cycle [3]. Both coal and biomass burning account for 60–80%
of BC emissions in Africa and Asia, whereas vehicles with
diesel engines contribute 70 % of the emissions in Europe and
North and Latin America [4]. Even though it has been sug-
gested that BC is recalcitrant Middleburg et al. [5] provides
evidence of decomposition of BC indicating its chemical and

biological reactivity. Structure, surface chemistry, and the size
of BC determine its overall reactivity. The affinity of other
elements to attach to BC is due to its large surface area, and
presence of carboxylic and hydroxyl groups [6]. In particular,
soil dynamics controlling the availability of C affects the per-
sistence and distribution of BC in the environment.

Black carbon can remain buried for thousands of years, but
could be eventually transported to other areas depending on
sorption, erosion, and transport in the catchment. Hence, BC
is an important paleo-environmental proxy that can be used to
understand the different environmental parameters and their
relationships. For example, charcoal from biomass combus-
tion has not only been used as an indicator of anthropogenic
activities in the catchment but is also used for reconstructing
climate [7]. Over the years, a number of studies have been
published on BC flux and its concentrations in different envi-
ronmental matrices across Europe, North America, and Asia
that has helped in providing chronological information about
BC deposition and its global inventory [8].

During combustion of biomass, simple molecules such as
CO2, H2O, NO, N2O, N2, polycyclic aromatic hydrocarbons
(PAH), BC, and other intermediate products are discharged to
the atmosphere. Atmospheric deposition (AD) is a complex
process driving the deposition of nitrogen (N), phosphorous
(P), and BC that can either act solely or collectively to pro-
mote primary production and algal blooms in aquatic bodies.
Additionally, AD is also responsible for transporting other
important micronutrients that are responsible for eutrophica-
tion. For example, in the coast of northern California [9] and
Mediterranean Sea [10], where iron (Fe) may be limiting, dry
AD is responsible for driving harmful algal blooms.

The environmental impact of a rise in various combustion
by-products in water bodies is profound. In particular, the
exponential rise in atmospheric BC and its solar radiative ef-
fects can have unexpected impacts on aquatic life by
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stimulating primary productivity and CO2 production [11].
Black carbon also leads to the production of NOx [12], which
is readily absorbed by phytoplankton and promotes primary
production in aquatic systems [13]. Particles adsorbed to BC
could be transported and released into the water column,
where they are available for cyanobacteria and aquatic biota
that trigger eutrophication [11]. In particular, when BC is dis-
persed into the aquatic environment, it contains more free
energy sites that have a high affinity for various particles in-
cluding nutrients [14]. Consistent with this, a worldwide study
on different lake systems confirms atmospheric P input alter-
ing the stoichiometry in alpine lakes globally [15]. Likewise,
input of P via dry deposition has been suggested in Lakes
Victoria, Tanganyika, Tahoe, Erie, and Baikal and the East
China Sea [16–18]. Studies by Jaworski et al. [19] and
Zhang et al. [20] in Lake Tahoe firmly establish the causality
and provide better understanding about the relationship be-
tween BC and eutrophication. The authors reported that algal
blooms increased in the lake immediately after large forest
fires. This was attributed to increased AD of P containing
BC (ash) produced from biomass burning. Similarly, in Lake
Simcoe, total organic carbon, which is a combination of or-
ganic carbon (OC) and BC, was found to be a non-specific
indicator of primary productivity [21].

While the exact amount of nutrients transported from bio-
mass burning is unknown, recent studies indicate that atmo-
spheric P input into Lake Malawi in East Africa is as much as
the flux derived from fluvial sources draining into the African
rift lakes [22]. Similarly, AD of nutrients in South East China
Sea and Lake Baikal are strongly influenced by biomass burn-
ing that occurs in the surroundings [16, 17]. The study by
Gikuma-Njuru et al. [23] on Lake Victoria indicates an inter-
esting fact. The authors reported that the main lake was a net
exporter of dissolved inorganic P into Nyanza Gulf, which is
in contrast to the paradigm that the Gulf is a major contributor
of nutrients from the catchment into Lake Victoria. This can
be only possible if P in the open lake is derived from other
sources such as wet and dry AD. It is possible the source of
these nutrients could be traced by studying the distribution of
PAHs. For example, presence of PAHs and soot (pyrogenic C)
has been used to trace petrogenic versus combustion-derived
inputs into lake bodies [24, 25]. Likewise, concentration of
phenanthrene, which is a pyrogenic PAH and a product of
biomass burning have increased in the Lake Victoria basin
since the 1970s [26]. These studies indicate that AD of nutri-
ents and BC could influence primary productivity and water
quality in large water bodies.

Increase of population and subsequent energy demand
has led to deforestation and urban development that ulti-
mately result in increased BC production from biomass
burning and fossil fuel consumption. In the Lake
Victoria basin, the highest concentrations of BC have
been found in close proximity to urban and agricultural

areas [27]. Moreover, based on 210Pb age dating,
Odhiambo [27] found exponential increase of BC between
the late nineteenth and early twentieth century in the ba-
sin. It seems there is direct correlation between BC accu-
mulation and past historical events (i.e., arrival of the East
African Railways and reclamation of wetlands) and occur-
rence of cyanobacteria blooms in Lake Victoria, which
indicate a possible causality between eutrophication and
BC inputs.

It has been reported that UV light helps in promoting chem-
ical changes in BC, thereby increasing the surface area for
degradation by microorganisms including cyanobacteria
[11]. Since most tropical lakes receive maximum light all year
round, the levels of BC degradation and cyanobacterial pro-
duction will thereby increase resulting in enhanced eutrophi-
cation. Cyanobacteria known to fix dissolved and atmospheric
N were found to be more competitive and dominant in large
lake bodies that commonly have low N:P ratios [26]. In the
Baltic Sea, the proliferation of cyanobacteria was found to be
consistent with high AD-N (Atmospherically Deposited
Nitrogen) and other products of biomass combustion [28].
Evidently, the presence of AD-N, AD-P and BC in lakes pro-
motes primary production and cyanobacterial growth. The
cyanobacteria accumulate and literally Bchoke^ the life in
these water bodies causing various social, economic, and en-
vironmental problems. The integrated role of BC in the envi-
ronment thus plays an important function in understanding the
paradigms of eutrophication, climate science, agriculture, and
tracing anthropogenic activities in the region.
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