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Annual mass drownings of the Serengeti wildebeest
migration influence nutrient cycling and storage
in the Mara River
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The annual migration of ∼1.2 million wildebeest (Connochaetes taurinus) through the Serengeti Mara Ecosystem is the largest remaining
overland migration in the world. One of the most iconic portions of
their migration is crossing of the Mara River, during which thousands
drown annually. These mass drownings have been noted, but their
frequency, size, and impact on aquatic ecosystems have not been
quantified. Here, we estimate the frequency and size of mass drownings in the Mara River and model the fate of carcass nutrients through
the river ecosystem. Mass drownings (>100 individuals) occurred in at
least 13 of the past 15 y; on average, 6,250 carcasses and 1,100 tons of
biomass enter the river each year. Half of a wildebeest carcass dry
mass is bone, which takes 7 y to decompose, thus acting as a longterm source of nutrients to the Mara River. Carcass soft tissue decomposes in 2–10 wk, and these nutrients are mineralized by consumers,
assimilated by biofilms, transported downstream, or moved back into
the terrestrial ecosystem by scavengers. These inputs comprise 34–
50% of the assimilated diet of fish when carcasses are present and
7–24% via biofilm on bones after soft tissue decomposition. Our results show a terrestrial animal migration can have large impacts on a
river ecosystem, which may influence nutrient cycling and river food
webs at decadal time scales. Similar mass drownings may have played
an important role in rivers throughout the world when large migratory herds were more common features of the landscape.
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arge animal migrations can have important impacts on ecosystem structure and function (1), but, globally, most large
animal migrations have declined or been lost all together (2).
The Serengeti wildebeest (Connochaetes taurinus) migration is
the largest remaining terrestrial migration (3), and a great deal
of research has been done on the migration’s role in facilitating
terrestrial nutrient cycling and promoting vegetation, prey, and
predator biomass in the savanna grasslands of the Serengeti
Mara Ecosystem (4–6). This migration also may impact the
ecology of aquatic ecosystems in the region, particularly through
annual mass drownings that occur during river crossings when
the migration is in the northern portion of its route (7) (Fig. 1A).
Although wildebeest mass drownings during the migration have
been documented in the region (8–10), previous studies have not
investigated the size and frequency of these mass drownings or
the fate of the carcasses and associated nutrients.
Catastrophic mortality by drowning has been documented as
animal herds cross large bodies of water in a range of ecosystems (9,
11), and has been implicated in the occurrence of large dinosaur
bone beds (12). Mass drownings move large amounts of resources
from terrestrial to aquatic systems in the form of carcasses, which
are complex, high-quality resources that can alter nutrient cycling,
productivity, species diversity, and succession patterns on time
scales of years to decades (13–15). Mass drownings likely played a
large role historically when large migrations and unregulated rivers
were more common features of the landscape. For example, there
are numerous accounts of hundreds to thousands of bison drowning
www.pnas.org/cgi/doi/10.1073/pnas.1614778114

in rivers of the western United States in the late 18th and early 19th
centuries when large bison herds were still intact (16, 17). River
basins that no longer contain terrestrial migrations may have lost
the annual input of resources from mass drownings, which may
fundamentally alter how those river ecosystems function now
compared with the past. The more well-studied annual migrations
of anadromous fishes and subsequent carcass inputs have been
shown to be important in rivers (18, 19), but equivalent examination of the influence of terrestrial migrations is lacking.
Here, we present an estimation of annual mass drownings of
one of the world’s largest remaining intact mammal migrations
and investigate the input rate and fates of these carcasses in a river
ecosystem. We used historical reports from 2001 to 2010 and field
surveys from 2011 to 2015 to quantify the frequency and size of
wildebeest mass drownings in the Kenyan portion of the Mara
River. We used field measurements, modeling approaches, and
stable isotope analysis to estimate the total loading of carbon (C)
and nutrients from carcasses and to provide an approximation of
the fate of carcass material in the ecosystem.
Results and Discussion
Historical reports from a tourist lodge and the Mara Conservancy and field surveys demonstrate that mass drownings occurred in the Kenyan portion of the Mara River in at least 13 of
15 y from 2001 to 2015. During those years, the wildebeest migration arrived in the Mara River Region (Fig. 1A) between early
June and late July and stayed until November or December, for
172 ± 45 (mean ± 1 SD) d. River crossings occurred on 52 ± 16 d
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Fig. 1. Map showing the Mara River Basin, Kenya, and its relationship to the Maasai Mara National Reserve (MMNR) and Serengeti National Park (SNP) (A), the
distribution of wildebeest crossing sites along the Mara River coded by the number of mass drownings confirmed to have occurred at each site (for 21 of the
23 drownings) (B), and the distribution of 3,380 wildebeest carcasses over 5 km of river after a mass drowning in July 2011 at the crossing site coded red in B (C).

per year. From 2001 to 2010, mass drownings were noted in eight
of 10 years, although reports did not contain sufficient detail to
quantify the size of mass drownings. For the 5-y period from
2011 to 2015, when we conducted detailed surveys of mass
drownings, we observed 23 mass drownings, with 4.6 ± 1.8 mass
drownings and 6,250 ± 3,000 wildebeest carcasses per year. The
frequency and size of mass drownings have likely increased as the
herd size has grown from ∼200,000 in the 1950s to the fairly
stable size of 1.2 million in the 1970s to the present (3, 20).
Although an estimated 175,000 zebra also migrate with the wildebeest (3), and often fall prey to crocodile attacks during
crossings of the Mara River, we have counted fewer than five
zebra carcasses throughout all of our surveys.
There are 12 major river-crossing sites in the Kenyan portion of
the Mara River, and all of the mass drownings we documented
occurred at four of those sites (Fig. 1B). These data suggest
crossing site geomorphology may be a factor in determining
drowning occurrence. Discharge also plays a role in the occurrence of mass drownings, because mass drownings do not typically
occur at very low discharge. At higher discharge, mass drownings
appear to result from a complex interaction between river bank
geomorphology, discharge, herd size, and tourist behavior, and we
are conducting ongoing research to quantify these relationships.
Using the mean number of individuals drowning in each year
from 2011 to 2015 and the mean body mass of an individual
wildebeest (175 kg) (21) (SI Materials and Methods), we estimate
mass drownings contribute 1,096 ± 526 tons of biomass to the
Mara River each year (301 ± 145 tons of dry mass). The Mara
River is incised several meters beneath the upper river bank;
therefore, carcasses from mass drownings are contained within
the wetted width of the river channel. We measured the elemental composition of wildebeest carcasses [36% C, 8% nitrogen
(N), and 4% phosphorus (P)] (Fig. 2A) and estimate that these
mass drownings contribute 107 ± 51 tons of C, 25 ± 12 tons of
N, and 13 ± 6 tons of P to the Mara River each year (Table S1).
These nutrients are distributed along several kilometers of the
Mara River in small carcass aggregations at bends and rock
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outcroppings that form potential hot spots of biogeochemical
cycling (22–24) (Fig. 1C). Carcasses from each mass drowning
persist in the Mara River for ∼28 d before carcasses are no
longer visible and background nutrient levels return to normal.
During this 28-d period, inputs from carcasses contributed 18–
191% of the dissolved organic carbon (DOC), 6–78% of the total
nitrogen (TN), and 31–451% of the total phosphorus (TP) being
transported from upstream reaches of the Mara River (n =
3 drowning events). These carcass inputs are remarkably high,
even compared with other ecosystems in which animal carcass
inputs have been documented (18, 19). Total carcass inputs into
this medium-sized river system (mean discharge = 12.5 m3·s−1)
are equivalent to the input of 10 blue whale carcasses per year
(assuming a mean mass of 105 tons) (25), and mean carcass
biomass (56 kg·m−1) is nearly fourfold higher than the mean
spawning biomass of Pacific Salmon runs in British Columbia (in
which 10 kg·m−1 was identified as a conservation goal) (26).
Carcasses are complex and heterogeneous resources, and different portions of the carcass have different fates in the ecosystem.
Carcasses are composed of 44 ± 4% bone and 56 ± 4% soft tissue
(muscle, organs, and skin). Bone contributes, on average, 132 ±
63 tons of dry mass annually to the Mara River. Bones are very
high in P (24% C, 5% N, and 9% P) and take a mean of 7.4 y to
95% decay (Fig. 2B and Table S2). Relative to other ecological
and biogeochemical rates in the Mara River, bones act as longterm storage of 32 ± 15 tons of C (29% of total inputs), 6 ± 3 tons
of N (25%), and 12 ± 6 tons of P (95%) each year. The slow
leaching of nutrients from bones likely provides a constant source
of nutrients, particularly P, to the river ecosystem until bones are
buried, washed downstream, or completely decomposed. The soft
tissue contributes, on average, 169 ± 81 tons of dry mass to the
Mara River that is composed of mostly C and N (45% C, 11% N,
and 0.4% P). Soft tissue contributes 75 ± 36 tons of C, 18 ± 9 tons
of N, and 0.6 ± 0.3 tons of P annually that decays rapidly, with
95% of mass lost in 16–70 d (Fig. 2B and Table S2).
Using multiple approaches, we traced the fate of soft tissue
nutrients (because bone nutrients are largely unavailable over
Subalusky et al.
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Fig. 2. Input and fate of wildebeest carcasses from mass drownings in the Mara River. (A) Percentage of dry mass composition of an average wildebeest carcass,
with stoichiometric ratios by mass shown as C/N/P. (B) Microbial decomposition rates for wildebeest bone, skin, intestines, and muscle in the Mara River (mean ±
SEM). (C) Daily estimations of total nitrogen (TN) vs. total phosphorus (TP) flux downstream of three carcass aggregations ranging from 1,000–3,400 carcasses.
(D) Declines in NH4+-N concentration downstream of wildebeest carcasses and estimations of nutrient uptake length (Sw) on days 8, 16, and 26 after the drowning.
(E) Total dry mass of wildebeest carcasses consumed by avian scavengers on aggregations of 16 and 40 carcasses. (F) Assimilation of wildebeest tissue (in November
2013, 1 mo after carcasses were present) and bone biofilm (in February 2014, 4 mo after carcasses were present) by three common fish taxa (mean ± 95% credibility
intervals).

the short term) to estimate how the river ecosystem responds to
large pulses of carcasses. The decomposing carcasses in the river
represent a large nutrient source, and we used the declines in
ammonium (NH4+) and soluble reactive phosphorus (SRP) concentration downstream to estimate nutrient uptake length (the
mean distance a solute travels before being removed by biological
assimilation or uptake), uptake velocity (the speed at which a
nutrient molecule moves from the water column to an uptake
compartment), and total aerial uptake (total flux of nutrients from
the water column to the stream bottom) at three time points from
1 to 4 wk after the drowning occurred (27, 28). Total aerial uptake
over this time accounted for between 149 and 879 kg of N (based
on minimum and maximum estimations, as described in Materials
and Methods), or 1–6% of soft tissue N loading, and between
109 and 136 kg of P, or 24–30% of soft tissue P loading. Nutrient
uptake length increased from 34 to 70 km for NH4+ and from
36 to 103 km for SRP between 8 and 26 d after the mass drowning
(Fig. 2D and Table S3). Increasing uptake lengths after the
drowning suggest the river reached saturation with respect to these
nutrients (i.e., these nutrients were no longer limiting to production). We were only able to estimate nutrient uptake for one
drowning, because carcasses needed to be located sufficiently
upstream of the Kenya-Tanzania border to enable the necessary
measurements. However, these uptake lengths are on the order of
the uptake lengths documented for other rivers of similar size with
high background nutrient concentrations (27–29).
This saturation of uptake by the river ecosystem suggests that a
large proportion of dissolved nutrients from carcasses were transported downstream in the water column. We measured net nutrient
flux downstream of carcasses during three mass drownings (the only
ones for which the carcasses were present for at least 25 d). We
Subalusky et al.

collected water samples upstream and downstream of carcasses every 0.5–7 d for a period of 25–29 d after each drowning, and found
carcass aggregations acted as both a net sink and source of nutrients
throughout the 4 wk after the drowning (Fig. 2C). There was a large
amount of variability in fluxes across the drowning events, and further research is needed to understand the drivers of this variability.
Downstream transport accounted for −3 to 43% of the C and −6 to
47% of the N from soft tissue, mostly in the form of dissolved inorganic N (Table S4). We measured less TP downstream of carcasses than upstream (−134 to 17% of soft tissue loading), but a −2
to 80% increase in SRP, suggesting carcass aggregations may be a
source for soluble inorganic P but a sink for organic and sedimentbound P via the physical accumulation of suspended sediments
through deposition within carcass aggregations.
Carcass aggregations also provide important resource pulses
for scavengers, which can facilitate carcass decomposition and
transport (30, 31). Many of the scavengers in this ecosystem are
birds, which feed on partially submerged carcasses within the
river and can transport C and nutrients out of the river into the
nearby terrestrial ecosystem. We used two photographic time
series of scavengers on carcass aggregations and a metabolic
model to estimate the proportion of carcasses consumed by
scavengers (Table S5). Marabou storks (Leptoptilos crumenifer),
white-backed vultures (Gyps africanus), Rüppell’s vultures
(Gyps rueppellii), and hooded vultures (Necrosyrtes monachus)
were the most common avian species. We conservatively estimated that avian scavengers consumed 6–9% of C, N, and P
from soft tissue loading (Fig. 2E). Some proportion of nutrients
consumed is likely released back into or near the river; however,
digestion time can exceed 24 h and vultures may hold food
in their crop to transport back to fledglings, suggesting most
PNAS | July 18, 2017 | vol. 114 | no. 29 | 7649
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nutrients consumed are transported out of the river channel (32,
33). These estimations are based on avian scavenger use of two
carcass aggregations, so there remains much uncertainty around
this estimation. Further research is needed on this important
pathway.
Aquatic consumers also are likely important consumers of
wildebeest carcasses. We analyzed C and N stable isotope ratios
of three common fish taxa from the Mara River. All three species have omnivorous diets, although Bagrus docmak is largely
predacious, Labeobarbus altianalis is a generalist consumer, and
Labeo victorianus feeds primarily on algae, suggesting they may
assimilate carcass inputs via different pathways (34, 35) (more
details are provided in SI Materials and Methods). B. docmak and
L. altianalis may consume carcasses directly or indirectly via aquatic
and terrestrial insects feeding on the carcasses. L. victorianus is
more likely to consume biofilms growing on rocks and bones in
response to carcass inputs. When wildebeest carcasses were present,
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wildebeest tissue comprised 34(±10)–50(±8)% [mean (± SD)] of
the assimilated diet of fish, depending on taxa (Fig. 2F). Months
after carcasses decomposed, wildebeest bones remaining in the
river were covered in biofilm (a mixture of bacteria, fungi, and
algae) that continued to be an important resource (36). Biofilm
growing on bone had a distinct isotopic signature compared with
biofilm growing on rocks, and it comprised 7(±5)–24(±14)% of
the assimilated diet of the three common fish species 4 mo after
the last drowning (Fig. 2F). Our data suggest wildebeest carcasses have a substantial and persistent influence on the river
food web, although more data for additional individuals and
species are needed to quantify further the extent to which carcasses support the river food web.
Nile crocodiles (Crocodylus niloticus) are another potential
consumer of wildebeest, and high densities of adult crocodiles at
river-crossing sites are a major cause of individual mortality,
which augments carcass inputs to the river from drowning.
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Conclusion
We have presented a systematic quantification of resource
movement from a terrestrial to aquatic ecosystem through mass
drownings within a large, intact ungulate migration. These mass
drownings have little impact on the wildebeest herd, comprising
only 0.5% of the total herd size, but they provide huge shortterm and long-term sources of nutrients to the Mara River that
form hot spots of biogeochemical cycling, stimulate nutrient
uptake, and transport nutrients downstream and back to the
terrestrial ecosystem. Large migrations of terrestrial vertebrates
have declined or been lost from many natural ecosystems (2, 40),
with an associated loss in ecosystem functions they maintained
(1, 41). Many river ecosystems likely experienced mass drownings in the past, although their occurrence has likely declined in
concert with loss of migrations and increased human presence
along rivers. The widespread loss of mass drownings may have
fundamentally altered river ecosystem structure and function in
ways hitherto unrecognized. For example, decreasing P loading
Subalusky et al.
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through bone deposits may contribute to P limitation in many
freshwater ecosystems (42), although this effect may be offset in
some ecosystems by anthropogenic nutrient inputs (43). This
study provides an examination of the potential importance that
large migrations may have had on rivers throughout much of
the world.
Materials and Methods
We documented wildebeest crossings and mass drownings in the Kenyan
portion of the Mara River from 2001 to 2014 from two sets of historical reports
and from 2011 to 2015 from field surveys (Table S1). Carcass composition was
measured by collecting freshly drowned wildebeest carcasses from the river
(n = 3), dissecting them into their primary components, and measuring wet
and dry mass and C, N, and P composition for each component (Table S2). We
measured the decomposition of carcass components using fine-mesh litterbags
(Table S2), and calculated the decay rate (k) using a single exponential decay
function, with a fixed intercept of 100% at time step 0 (44, 45).
We measured river discharge from 2011 to 2014 at the lower reach of our
study region using a depth transducer at a rated cross-section of the river (46).
We measured nutrient uptake length (Sw), uptake velocity (vf), and aerial
uptake (U) for NH4+ and SRP after a mass drowning of 5,000 wildebeest in
2011, using the carcasses as a high-input nutrient source and declines in
concentration downstream as an indication of nutrient uptake in the river
(27, 28, 47, 48) (Table S3). We calculated minimum U (Umin; based on upstream nutrient concentrations) and maximum U (Umax; based on the highest
nutrient concentrations during the sampling period) for NH4+ and SRP on
days 8, 16, and 26 after the drowning. We calculated total aerial uptake over
this time period for the 6.5-km reach in which the majority of carcasses were
located and compared these amounts with the total loading of N and P by
the carcasses within this reach. We measured net flux of total and dissolved
inorganic nutrient levels and DOC from carcasses for three drownings for
which we could collect data for at least 25 d (Table S4). Upstream flux was
calculated over this time period to compare with carcass loading. Flux values
were compared with total loading of C, N, and P by the carcasses between
upstream and downstream sampling points (Table S2).
We used game cameras and metabolic models to estimate the use of
carcasses by avian scavengers for two different carcass aggregations. We
developed a metabolic model for vulture consumption of carcasses (Table S5)
based on estimations of daily energy expenditure [kilojoules per day (kJ·d−1)]
(49), average mass estimations (50), vulture mean energy assimilation efficiency, and carcass energy content (49) to estimate the total dry mass of carcass
consumed daily. We multiplied this mass by the mean percentage of C, N, and
P of wildebeest soft tissue (excluding bone) to estimate total C, N, and P
consumed. We multiplied individual consumption rates by the maximum
number of vultures documented daily at each carcass aggregation. We summed the daily consumption of C, N, and P by vultures and compared it with the
total amount of C, N, and P loaded by the number of carcasses present in
the photographs.
We used analysis of δ13C and δ15N stable isotopes to quantify assimilation
of wildebeest carcass by fish. We collected basal resources [biofilm from
rocks and bones, coarse particulate organic matter, and wildebeest tissue]
and fish samples in November 2013 (1 mo after a series of large wildebeest
mass drownings) and February 2014 (4 mo after the last drowning). In November 2013, when carcasses were present in the river, the isotopic signature of bone biofilm was very similar to wildebeest tissue, so we only
included wildebeest tissue as a potential source. In February 2014, wildebeest tissue had not been present in the river for 4 mo, so we replaced
wildebeest tissue with bone biofilm as a potential source. We analyzed
muscle tissue (which typically has a turnover rate of weeks to months) for
three common taxa of fish: B. docmak (n = 3 in November, n = 3 in February), L. altianalis (n = 10 in November, n = 5 in February), and L. victorianus
(n = 9 in November, n = 8 in February). We estimated the contribution of
basal resources to fish tissue assimilation using Bayesian mixing models in
MixSIAR (51, 52). For trophic enrichment factors, we used 0.4 ± 1.3 for δ13C
(53) and 4.3 ± 1.5 for δ15N (54), which incorporate variability in trophic
structure for these omnivorous fish. We estimated total consumption of
carcasses by Nile crocodiles (C. niloticus) throughout the entire 172-d period
when the migration is the Mara region using literature values on consumption to satiation (37) and field estimations of crocodile abundance in
the 3.5-km of river in which most mass drownings occurred.
All data used in these analyses are available on the Dryad Digital Repository. Further details regarding methods are available in SI Materials
and Methods.
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However, crocodiles have a relatively low metabolic rate, and
they become easily satiated, leading to intermittent feeding. We
used a literature estimation of crocodile consumption rate (37)
and limited survey data we collected to estimate that crocodiles
in the river reach where the majority of mass drownings occur
would consume 150 wildebeest throughout the entire period the
migration is in the Mara region, or 2% of total carcass input to
the river. This consumption includes both animals killed during
crossings and carcasses available after mass drownings. More
detailed crocodile surveys are needed to estimate the total
number of wildebeest that may be consumed by crocodiles in the
Mara River during the migration period. These data suggest that
consumption by fish and other aquatic animals may be an important pathway for wildebeest carcasses, although further
analysis of secondary production is needed to quantify this
pathway (38). Moreover, pulsed inputs of wildebeest carcasses
may influence the river food web at decadal time scales through
the contribution of bone to basal resources.
Using these approaches, we accounted for the fate of a mean
of 51% of C, 47% of N, and 94% of P from wildebeest carcasses
after mass drownings (Fig. 3). For C, a mean of 29% is held in
bones, 16% is transported downstream in the water column, and
5% is consumed by avian scavengers. A large portion of C that is
unaccounted for is likely either consumed by aquatic insects and
fish or lost to the atmosphere through respiration during microbial breakdown of the carcasses (Fig. 3F). The largest proportion of N for which we could account is stored in bones
(mean = 25%). A mean of 3% of total loading is taken up by the
river near the carcass aggregations, 13% is transported downstream in the water column, and 5% is consumed by avian
scavengers. Much of the N that is unaccounted for may be
consumed by aquatic animals or lost to the atmosphere via denitrification by microbial activity near the carcasses (24) (Fig.
3F). We have measured zones of hypoxia near carcass aggregations, which can increase rates of denitrification. In addition, a
large amount of N might be lost via volatilization of ammonia gas
from the decaying carcasses (39). Almost all of the P from carcasses (mean = 95%) is held in bones that slowly decompose in
the ecosystem over multiple years. Some inorganic P is quickly
mineralized and transported downstream, but carcass aggregations are a short-term sink for total P and likely a long-term
source of P due to the slow decomposition of bones. Indeed,
we have observed large numbers of bones in the river below the
main wildebeest crossing sites. Our estimations of carcass fate
are based on opportunistic sampling of stochastic events, resulting
in limited data for several pathways. These estimations present a
first step at quantifying the fate of carcass inputs, but the range of
variability inherent in these processes will necessitate more research on each pathway.
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