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Abstract

As part of a broader study on the riverine biogeochemistry in the Athi–Galana–Sabaki
(A–G–S) River catchment (Kenya), we present data constraining the sources, transit
and transformation of multiple nitrogen (N) species as they flow through the A–G–
S catchment (∼ 47000km2). The data-set was obtained in August–September 2011,5

November 2011, and April–May 2012, covering the dry season, short-rain season and
long-rain season respectively. Release of, largely untreated, waste water from the city
of Nairobi had a profound impact on the biogeochemistry of the upper Athi river, leading
to low dissolved oxygen (DO) saturation levels (67–36 %), high ammonium (NH+

4 ) con-
centrations (1193–123 µmolL−1), and high dissolved methane (CH4) concentrations10

(6729–3765 nmolL−1). Total dissolved inorganic nitrogen (DIN) concentrations enter-
ing the study area were highest during the dry season (1195 µmolL−1), while total DIN
concentration was an order of magnitude lower during the short and long rain seasons
(212 and 193 µmolL−1, respectively). During the rain seasons, low water residence time
led to relatively minimal instream N-cycling prior to discharge to the ocean. Conversely,15

increased residence time during the dry season creates two differences comparative
to wet season conditions, where (1) intense cycling and removal of DIN in the upper-
to mid-catchment leads to significantly less DIN export during the dry season, and (2)
as a result of the intense DIN cycling, dry season particulate N export is significantly
enriched in the N stable isotope ratio (δ15NPN), strongly reflecting the dominance of or-20

ganic matter as the prevailing source of riverine nitrogen. The rapid removal of NH+
4 in

the upper study area during the dry season was accompanied by a quantitatively sim-
ilar production of NO−

3 and nitrous oxide (N2O) downstream, pointing towards strong
nitrification over this reach during the dry season. Nitrous oxide produced was rapidly
degassed downstream, while the elevated NO−

3 concentrations steadily decreased to25

levels observed elsewhere in more pristine African river networks. Low pelagic primary
production rates over the same reach suggest that benthic denitrification was the dom-
inant process controlling the removal of NO−

3 , although large cyanobacterial blooms
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further downstream highlight the significant role of DIN assimilation by primary produc-
ers in the drainage network. The intense upper- to mid-catchment N-cycling leads to
a significantly enriched δ15NPN during the dry season (mean: +16.5±8.2‰ but reach-
ing as high as +31.5‰) compared to the short (+7.3±2.6‰) and long (+7.6±5.9‰)
rain seasons. A strong correlation found between seasonal δ15NPN and oxygen stable5

isotope ratios (δ18OH2O; as a proxy of freshwater discharge) presents the possibility

of employing a combination of proxies, such as δ15NPN of sediments, bivalves and
near-shore corals, to reconstruct how historical land-use changes have influenced ni-
trogen cycling within the catchment, whilst potentially providing foresight in the impacts
of future land management decisions.10

1 Introduction

Human activities over the last two centuries have drastically influenced regional and
global nitrogen (N) cycles (Galloway et al., 1995; Howarth et al., 1996; Galloway and
Cowling, 2002). Prior to the industrial revolution, the dominant processes fixing atmo-
spheric dinitrogen (N2) to reactive (biologically available) N included lightning, bacte-15

rial nitrogen fixation (BNF) and volcanic activity, while return of N2 gases to the at-
mosphere through denitrification and the annamox pathway closed the global N cycle
(Ayres et al., 1994; Canfield et al., 2010). Post-industrial revolution, and related to rising
global populations, the Haber–Bosch process (and associated fertiliser application and
industrial usage), fossil fuel combustion, and increased cultivation of BNF crops cur-20

rently account for about 45 % of total annual fixed N produced globally (Canfield et al.,
2010). Much of this reactive N enters streams and rivers (Green et al., 2004; Seitzinger
et al., 2006) through point sources (predominantly urban and industrial effluents) or dif-
fusive sources (such as leaching from agricultural land and atmospheric deposition)
(Bouwman et al., 2005) with severe environmental implications downstream, includ-25

ing eutrophication, acidification of water bodies, fish kills, loss of biodiversity (Vitousek
et al., 1997; Carpenter et al., 1998), and the emission to the atmosphere of nitrous
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oxide (N2O) (Seitzinger and Kroeze, 1998) a potent greenhouse gas (with a global
warming potential ∼ 300 times greater than carbon dioxide (CO2)) and the dominant
ozone-depleting substance in the 21st century (Ravishankara et al., 2009).

The dominant forms of reactive N (i.e. dissolved inorganic nitrogen, DIN) entering
freshwaters are ammonium (NH+

4 ) and nitrate (NO−
3 ), albeit in low concentrations un-5

less inputs are linked to N-saturated forests, grasslands, agroecosystems, or subur-
ban landscapes (Galloway et al., 2003). A multitude of interrelated microbial metabolic
pathways and abiotic reactions are involved in the transformation and removal of N
from aquatic systems, including N2 fixation, ammonification, anaerobic NH+

4 oxidation
(anammox), nitrification, denitrification, dissimilatory reduction of NO−

3 to NH+
4 (DNRA),10

assimilation of DIN into biomass, NH3 volatilization, and NH+
4 adsorption and desorp-

tion. These pathways may be (chemo)autotrophic or heterotrophic, with the prevailing
pathway dependant on the presence or absence of oxygen and organic carbon (OC)
within the local environment (Trimmer et al., 2012). Resource stoichiometry (OC : NO−

3 )
may also control NO−

3 accumulation and transformation within a system through the15

regulation of various microbial processes linking the N cycle with carbon cycling (Tay-
lor and Townsend, 2010). Other important controls on the quantity of DIN removed
at the reach scale are water residence time and the NO−

3 load per unit area of sedi-
ment (Galloway et al., 2003; Trimmer et al., 2012). Under high flow conditions (and/or
high N-loading) there may be comparatively minimal turnover of total NO−

3 load at the20

reach scale (Trimmer et al., 2012), whereas an extended water residence time provides
greater opportunity for contact between DIN in the water column and (oxic) surface and
(anoxic) hyporheic sediments. Also, under situations of high organic matter decompo-
sition or strongly enhanced primary production and respiration, inhibition of nitrification
may occur due to the development of hypoxic, or anoxic, conditions in the water column,25

and consequently inhibits denitrification due to the decreased production of NH+
4 .

Despite the low residence time of fluvial transported materials within the aquatic
system relative to their terrestrial residence times, rivers can efficiently remove DIN,
often denitrifying as much as 30 % to 70 % of external N-inputs (Galloway et al., 2003).
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Lakes and reservoirs are two features which extend water residence time within a river
network, thereby enhancing particle settling and nutrient processing through which N
removal may proceed by sedimentation and/or denitrification processes (Wetzel, 2001).
Recent modeling of lentic systems has conservatively estimated their ability to remove
19.7 TgNyr−1 from watersheds globally (Harrison et al., 2009), with small lakes (<5

50km2) accounting for almost half the global total removal and reservoirs approximately
33 %. Clearly, this ability of upstream lakes and reservoirs to significantly remove N
from river systems can effectively alleviate downstream eutrophication and hypoxia, for
example.

Within the oxygenated zone of the water column, chemo-autotrophic bacteria (e.g.10

Nitrosomonas sp., Nitrosococcus sp.) and archaea (Nitrosopumilus, Nitrosotalea, Ni-
trosocaldus, Cao et al., 2013) oxidise NH+

4 to nitrite (NO−
2 ), with the NO−

2 subsequently
oxidised to NO−

3 by an alternate group of bacteria (Nitrobacter sp.), completing the
nitrification pathway. The relative importance of archaea and bacteria in NH+

4 oxida-
tion, and the related environmental drivers are still poorly constrained, in particular in15

freshwater environments (French et al., 2012; Mylène et al., 2013). Removal from the
system through production and efflux of N2 gas to the atmosphere may occur through
denitrification, but of greater concern is the production and efflux of N2O, an effective
greenhouse gas (with a global warming potential ∼ 300 times greater than CO2) that
also breaks down stratospheric ozone. The production of N2O is bypassed through20

the anammox pathway, a two-step process by which NH+
4 is initially converted to the

intermediate N2H4 and finally N2 gas (Canfield et al., 2010). Denitrification, another
anaerobic pathway operating in anoxic zones, reduces the NO−

3 produced during nitri-
fication to either N2O or N2 gases. N2O can also be produced as a by-product during
nitrification, although, denitrification is assumed to be the dominant process produc-25

ing N2O in temperate freshwaters (Beaulieu et al., 2011). Ammonia oxidizers can also
produce N2O through nitrifier denitrification (Wrage et al., 2001). With the growing ap-
preciation of the effects of elevated N2O in the atmosphere comes the necessity to
better constrain the impacts of increased N-loading of aquatic systems.
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The application of N stable isotope ratios (δ15N) is a valuable tool to delineate
sources of N in aquatic systems (Risk et al., 2009). This approach is based on the
preferential involvement of the isotopically lighter 14N, relative to the heavier 15N, in var-
ious biogeochemical reactions, resulting in isotopic fractionation of the residual N pool
and subsequent changes to the 15N : 14N ratio (Owens, 1987). Dominant N sources5

to aquatic systems often have distinguishable δ15N signatures. The biological fixation
of atmospheric N (δ15N = 0‰) generally results in minimal fractionation of 15N (0 ‰
to +2‰), while the production of artificial fertilizer produces δ15N from −2‰ to +4‰
(Vitoria et al., 2004). N in organic waste inputs is characterised by enriched δ15N val-
ues, with NO−

3 from wastewater, sewage and manure displaying δ15N values of +8‰10

to +22‰ (Aravena et al., 1993; Widory et al., 2005). Recent studies have employed
this technique to trace the movement of sewage-derived N within aquatic ecosystems
(e.g. Costanzo et al., 2001; De Brabandere et al., 2002; Lapointe et al., 2005; Risk
et al., 2009; Moynihan et al., 2012). Elliot and Brush (2006) correlated a +2‰ to +7‰
change in δ15N of a wetland sedimented organic matter core spanning 350 yr to a shift15

in land use from forested conditions to increased nutrient inputs from human waste,
highlighting the potential of this technique to expand our temporal frame for assessing
land use change on catchment N cycling.

To date, the largest effects of increased reactive N inputs have occurred in devel-
oped countries of the Temperate Zone, largely driven by synthetic fertiliser application20

(Holland et al., 1999; Howarth, 2008). Yet, rapidly increasing populations in develop-
ing countries of the tropics are leading to increased ecosystem N-loading within these
regions. The consequences of increased N-loading to global river catchments, and
specifically the tropics, are already being observed and forecasted (Caraco and Cole,
1999; Downing et al., 1999; Bouwman et al., 2005; Seitzinger et al., 2010). Recent25

modelling of DIN export to coastal waters of 524 African river catchments has esti-
mated a 35 % increase in yield from 1970 to 2000, with two thirds of total yield entering
the oceans in the 0–35◦ S latitude band (Yasin et al., 2010). A further 4–47 % increase
in total river export of DIN is modelled for the period 2000–2050, with the quantity of
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anthropogenically-influenced N fixation greater than natural (pre-industrial) N2 fixation
rates.

Through draining Nairobi, Kenya, the Athi–Galana–Sabaki (A–G–S) catchment pro-
vides an example of human-induced N-loading within inland water systems of tropical
Africa. Following British settlement and the establishment of Nairobi in 1899, the ur-5

ban population expanded from 11 500 in 1906 (Olima, 2001) to over 3.1 million by
2009 (K.N.B.S., 2009), with approximately half the current population living in slums
lacking adequate sewage and sanitation services (Dafe, 2009). Many of the informal
settlements of Nairobi are positioned within the riparian fringe of the A–G–S headwa-
ters (Kithiia, 2012), with raw sewage directly discharged to the streams. Poor waste10

disposal and management strategies have led to increasing water quality degradation
(Kitthia and Wambua, 2010), where, for example, the total quantity of water passing
through the A–G–S headwater streams (36.7×106 m3 yr−1) and into the main channel
equates to less than the combined domestic and industrial waste discharge for the
region (Kitthia, 2012).15

Previous research has revealed substantial changes in the A–G–S catchment over
the past decennia. Based on geochemical data recorded in corals near the Sabaki
River mouth, Fleitmann et al. (2007) suggested a stable riverine sediment flux at the
outlet between 1700 and 1900, but a 5- to 10-fold increase in sediment delivery up to
the period 1974–1980. This increasing sediment flux has been attributed to expansion20

of intensive agricultural practises in the headwaters of the catchment, unregulated land
use, deforestation, and severe droughts in the 1970’s. Yet, little is known of the temporal
and spatial processes controlling the transport and cycling of N through the A–G–S
network.

As part of a broader study on the riverine biogeochemistry in the A–G–S catchment,25

we present data collected during three climatic seasons and a one year bi-weekly
sampling regime to constrain the sources, transformations and transit of multiple N
species as they flow through the A–G–S catchment, stretching from downstream of
urban Nairobi to the outlet at the Indian Ocean.
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2 Materials and methods

2.1 Study area

Athi–Galana–Sabaki (A–G–S) is the second largest river catchment in Kenya draining
a total catchment area of 46 600 km2. A–G–S River catchment has its headwaters sit-
uated in central and south-east Kenya (Fig. 1). Upstream of Nairobi, the headwaters5

forming the Nairobi River initially drain agricultural (predominantly tea and coffee plan-
tations) systems which provide the livelihood of 70 % of the regional population (Kitthia,
1997). Since 1920 the total land area of Kenya dedicated to tea and coffee cultivation
increased by 98 % and 67 %, respectively (Kitheka et al., 2004). Most of this area, in-
cluding the upper A–G–S catchment, is located in the high rainfall highlands of central10

Kenya and was previously forested (Kitheka et al., 2004). The sub-catchment around
Nairobi city is dominated by industrial activities and informal settlements, with sub-
sequent livestock and small-scale irrigation activities downstream prior to the Nairobi
River joining the main Athi River at 1440 m a.s.l. and 590 km upstream of the outlet.
The combination of these land-uses and climatic variability within the region have re-15

sulted in severe soil erosion and increased sediment transport from the headwaters
(Kitthia, 1997; Kitheka et al., 2004; Fleitmann et al., 2007). Downstream of the con-
fluence with the Nairobi River, the Athi follows a confined channel along the southern
edge of the Yatta Plateau between Thika and the confluence of the Tsavo River (at
240 m a.s.l.), the only major perennial tributary, which drains the northern slopes of20

Mount Kilimanjaro. Ephemeral tributaries emanate from Amboseli, Chyulu Hills and
Taita Hills in the mid-catchment. Severe soil erosion in the mid-catchment, particularly
within the agricultural Machakos district, dates back to the 1930s (Tiffen et al., 1994),
being previously linked to destruction of vegetation for charcoal burning, poor cultiva-
tion methods and over-grazing (Ongwenyi et al., 1993). Following the confluence of25

the Athi with the Tsavo, the river becomes known as the Galana, opening out into
a broader floodplain with a meandering habit (Oosterom, 1988). The Galana follows
this habit for 220 km through semi-arid savannah plains before emptying into the West
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Indian Ocean near the Malindi–Watamu reef complex as the Sabaki River. Seawater
incursion is impeded in the lower reaches of the Sabaki as a result of a relatively steep
gradient (3×10−4 mm−1).

Annual precipitation ranges between 800–1200 mmyr−1 in the highly populated cen-
tral highlands, to 400–800 mmyr−1 in the less populated semi-arid south-east. Two dry5

seasons are interspersed annually by a short (October–December, OND) and long
(March–May, MAM) rain season. Accordingly, the annual hydrograph experiences bi-
modal discharge, with seasonal variation between 0.5 m3 s−1 and 758 m3 s−1 (1957–
1979 mean: 48.8 m3 s−1) (Fleitmann et al., 2007). More recent discharge data from
2001–2004 places the mean discharge of the A–G–S outlet at 73.0 m3 s−1 (Kitheka10

et al., 2004). Mean annual flow of the perennial Tsavo River has increased from
4 m3 s−1 to 10 m3 s−1 between the 1950s and present conditions, attributed to the in-
creased melting of glaciers on Mount Kilimanjaro (Kitheka et al., 2004). Oscillations
between El Niño and La Niña conditions within Kenya have a strong influence on
the decadal patterns of river discharge, where extended severe drought can be bro-15

ken by intense and destructive flooding (Mogaka et al., 2006). No reservoirs have
yet been developed within the catchment for the harnessing of hydropower (Kitheka
et al., 2004), although a number of small abandoned dams, originally for industrial wa-
ter abstraction purposes, are present on the Nairobi headwaters (e.g. Nairobi dam).
The combination of changing land-use practises, highly variable climatic conditions20

and highly erosive native soils has led to modern sediment flux estimates between 7.5
and 14.3 milliontyr−1 (Van Katwijk et al., 1993), equating to a soil erosion rate of 110–
210 tkm−2 yr−1. Dunne (1979) estimated that 80 % of the annual mean sediment yield
can be carried by the upper 10 % of daily flows.

2.2 Sampling and analytical techniques25

Sampling was conducted at 20–25 sites throughout the A–G–S catchment at the end
of the long dry season (August–September 2011), and during the short rain (November
2011; OND rains) and long rain seasons (April 2012; MAM rains). Headwater regions
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above and within Nairobi were ignored due to the overriding influence of pollutants
on stream quality. Fourteen Falls, 23 km downstream of the Athi–Nairobi confluence,
was selected as the most upstream sampling site, with 14 sites following at approxi-
mately 40 km intervals leading to the outlet. The most downstream site, positioned 5 km
upstream of the river mouth, was also equipped to sample fortnightly, commencing Au-5

gust 2011. The sole contributing sub-catchment sampled during the dry season was
the Tsavo, whereas during both the OND and MAM rains it was possible to sample
within the Keite and Muoni watersheds also.

In-situ physico-chemical parameters, including water temperature, dissolved oxygen
(DO) content, pH and (in-situ and specific) conductivity, were measured using a com-10

bination of a YSI Professional Plus (Pro Plus, Quattro cable bulkhead) and YSI Pro-
fessional Optical Dissolved Oxygen (Pro ODO) instrument. Calibrations for pH were
performed daily using National Bureau of Standards (NBS) buffers of pH 4 and 7.

Water samples for nutrient analysis (NH+
4 and NO−

3 ) were obtained in 20 mL scintil-
lation vials by pre-filtering surface water through pre-combusted GF/F filters (0.7 µm),15

with further filtration through 0.2 µm syringe filters and preserved with 20 µL of satu-
rated HgCl2. Samples for analysis of δ15NPN were obtained by filtering a known volume
of surface water on pre-combusted (overnight at 450 ◦C) 47 mm GF/F filters (0.7 µm).
Filters were dried and a section from each filter packed into Ag cups for δ15NPN anal-
ysis. Samples for particulate organic carbon (POC), particulate N (PN), and δ13CPOC20

were obtained in the same manner as δ15NPN samples, though filtered through a pre-
combusted (500 ◦C for 4 h) 25 mm GF/F filter (nominal porosity = 0.7µm) which was
air-dried on-site. These filters were later exposed to HCl fumes for 4 h to remove inor-
ganic C, re-dried and packed in Ag cups.

A Niskin bottle was used to collect surface water for dissolved methane (CH4) and25

N2O samples. Samples were stored in 60 mL glass serum vials, poisoned with 20 µL
HgCl2, closed air-tight with butyl stopper, and sealed with an aluminium cap. Re-
maining water from the Niskin bottle was used for measuring community respiration
rates. Between 5–7 60 mL borosilicate biological oxygen demand bottles with stoppers
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(Wheaton) were over-filled, sealed and stored in an isothermal insulated box. After ap-
proximately 24 h, DO (mgL−1) was measured and used to calculate an average com-
munity respiration rate (R):

R =
DOr −DOi

te − ti
(1)

where DOr is the in-situ DO (mgL−1) of the river water, DOi the DO (mgL−1) following5

incubation, and ti and te the initial and end time of the incubation. During the dry season
campaign, DOr was assumed from the in-stream measurements of the YSI Pro-ODO
instrument, whereas during the OND and MAM rain campaigns three extra incubation
bottles were filled and the DO (mgL−1) immediately measured using the YSI Pro-ODO
instrument, with the average of the three bottles used as DOr.10

Water samples for Total Alkalinity (TA) were obtained by prefiltering surface water
through pre-combusted GF/F filters (0.7 µm), with further filtration through 0.2 µm sy-
ringe filters in high-density polyethylene bottles. TA was analyzed by automated electro-
titration on 50 mL samples with 0.1 molL−1 HCl as titrant (reproducibility estimated as
better than ±3µmolkg−1 based on replicate analyses).15

In-situ pelagic primary production measurements were performed by filling two
500 mL polycarbonate bottles with surface water and adding 500 µL of a 13C-spike so-
lution (> 99.8% δ13C NaH13CO3, ±40mg dissolved in 12 mL of 0.2 µm filtered surface
water). Bottles were incubated in-stream under ambient light and temperature condi-
tions for approximately 2 h, after which a subsample from each bottle was filtered onto20

separate pre-combusted (500 ◦C for 4 h) 25 mm GF/F filter (nominal porosity = 0.7µm)
and air-dried on-site. These filters were later exposed to HCl fumes for 4 h to remove
inorganic C, re-dried and packed in Ag cups. A separate 12 mL glass headspace vial,
for measurement of the 13C-DIC enrichment (δ13CDIC−PP), was also filled from each
bottle with the addition of 10 µL HgCl2 to inhibit further biological activity.25

Analysis of primary production filters and the δ13CDIC−PP followed the procedures
outlined below for POC and δ13CDIC, respectively. Primary production rates (PP) were
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calculated based on Hama et al. (1983):

PP =
POCf(%

13POCf −%13POCi)

t(%13DIC−%13POCi)
(2)

where t is the incubation time, %13DIC the percentage 13C of the DIC after the bottles
had been spiked, POCf the particulate organic carbon after incubation, and %13POCi

and %13POCf the initial and final (i.e. after incubation) percentage 13C of the POC,5

respectively. Where the difference between %13POCi and %13POCf was < 1‰, PP
was considered below detection limits (< d.l.) at these sites.

Laboratory analysis of NH+
4 (based on the modified Berthelot reaction) and NO−

3
(based on the hydrazanium sulfate reduction method) was conducted on a 5 mL sub-
sample of the field sample, and measured on a Skalar Continuous Flow Analyser10

(model 5100) with FlowAccess V3 software.
POC, PN, δ13CPOC and δ15NPN were determined on a Thermo elemental analyzer-

isotope ratio mass spectrometer (EA-IRMS) system (FlashHT with DeltaV Advantage),
using the thermal conductivity detector (TCD) signal of the EA to quantify PN, and by
monitoring either the m/z 28 and 29, or m/z 44, 45, and 46 signal on the IRMS. Cal-15

ibration of δ15NPN was performed with IAEA-N1, while IAEA-C6 and acetanilide were
used for δ13CPOC, with all standards internally calibrated against international stan-
dards. Reproducibility of δ15NPN and δ13CPOC measurements was typically better than
±0.2‰, while relative standard deviations for calibration standards for POC and PN
measurements were typically < 2% and always < 5%. POC : PN ratios are presented20

on a weight : weight basis.
Concentrations of CH4 and N2O were determined by a head-space equilibration

technique (20 mL N2 headspace in 60 mL serum bottles) and measured by gas chro-
matography (GC; Weiss, 1981) with flame ionization detection (FID) and electron cap-
ture detection (ECD). The SRI 8610C GC-FID-ECD was calibrated with CH4 : CO2 :25

N2O : N2 mixtures (Air Liquide Belgium) of 1, 10 and 30 ppm CH4 and of 0.2, 2.0 and
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6.0 ppm N2O, and using the solubility coefficients of Yamamoto et al. (1976) for CH4
and Weiss and Price (1980) for N2O.
δ18OH2O analyses were conducted as described by Gillikin and Bouillon (2007).

0.5 mL of sampled water (from the bulk 20 mL nutrient sample) was added to a 12 mL
glass headspace vial and subsequently flushed with He, followed by the addition of5

0.25 mL of pure CO2 gas using a gas-tight syringe. Following overnight equilibration,
approximately 1 mL of the headspace was injected into the abovementioned EA-IRMS
configuration. Three internal working standards covering a range of δ18O values be-
tween −22.3 and +6.9‰, calibrated versus SMOW (Vienna Standard Mean Ocean
Water; 0 ‰), GISP (Greenland Ice Sheet Precipitation; −24.76‰) and SLAP (Stan-10

dard Light Antarctic Precipitation; −55.50‰) were used to calibrate sample δ18OH2O
data.

3 Results

Water temperature along the main channel increased downstream during all cam-
paigns (Fig. 2a). In-situ pH was significantly higher during the dry season compared to15

both the OND (paired t test (PTT), p =< 0.001, n = 20) and MAM rainy seasons (PTT,
p =< 0.001, n = 19), especially in the lower reaches of the main channel, whilst also
significantly lower (PTT, p = 0.01, n = 23) during the MAM rains comparative to OND
rains (Fig. 2b). DO saturation levels ranged between 36.1–154.2 %, 56.0–108.1 % and
66.8–111.0 % during the dry season, OND and MAM rains respectively, with surface20

waters nearing hypoxic conditions (DO saturation level < 30%) at S1 (36.1 % DO) and
S2 (37.2 %) during the dry season (Fig. 2c). DO was significantly higher (PTT, p = 0.07,
n = 20) during the dry season than during the OND rains, which were also significantly
lower (PTT, p = 0.05, n = 23) than the MAM rains.

Total DIN concentrations at S1 were highest during the dry season (1195 µmolL−1),25

almost completely in the form of NH+
4 (99.8 %). Total DIN was considerably lower at

S1 during the OND (430 µmolL−1) and MAM (222 µmolL−1) rains, with NH+
4 still the
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dominant DIN form entering the study area (72.0 % and 55.4 %, respectively). Total DIN
in the Tsavo River at S12 (9 km upstream from the Tsavo–Athi confluence, the single
perennial tributary measured within the study area) displayed less variability (dry sea-
son: 56.5 µmolL−1; OND: 56.4 µmolL−1; MAM: 88.3 µmolL−1), and was dominated by
NO−

3 across all seasons (dry season: 66.8 % of total DIN; OND: 97.0 %; MAM: 62.6 %).5

NH+
4 decreased one to two orders of magnitudes from S1 to the outlet over all

seasons (Fig. 3a). Concentrations ranged from 13.8–1192.9 µmolL−1 (mean: 84.3±
263.5µmolL−1), 0.4–309.7 µmolL−1 (18.5±61.2µmolL−1), and 8.4–123.0 µmolL−1

(24.2±25.7µmolL−1) during the dry, OND and MAM rain season, respectively. NH+
4

concentrations during the OND rains were significantly higher than during the dry sea-10

son (Wilcoxon signed rank test (WSRT), p =< 0.001, n = 20) and MAM rains (WRST,
p = 0.004, n = 22). NO−

3 concentrations ranged between 0.2–857.6 µmolL−1 (dry sea-

son mean: 195.7±309.4µmolL−1), 40.3–537.6 µmolL−1 (OND rain mean: 188.5±
145.4µmolL−1), and 24.0–398.8 µmolL−1 (MAM rain mean: 127.7±95.5µmolL−1)
(Fig. 3b). When sites are split above and below 450 m a.s.l., NO−

3 concentrations15

< 450m a.s.l. in the dry season are significantly lower than during both the OND (PTT,
p =< 0.001, n = 8) and MAM rains (PTT, p = 0.002, n = 6). The rapid decrease of NH+

4
between S1 and S2 is accompanied by an increase of NO−

3 over the same stretch
during all seasons, though being most pronounced in the dry season. Like NO−

3 , dis-

solved N2O peaked at S2 (196 nmolL−1) during the dry season, decreasing rapidly by20

S3 (18 nmolL−1) (Fig. 4a). Dissolved N2O generally decreased downstream over all
seasons, with significantly higher concentrations (WSRT, p = 0.019, n = 22) during the
OND rains compared to the MAM rains.
δ15NPN displayed marked differences between the dry and rain seasons, with heav-

ily enriched signatures at most sites during the dry season (Fig. 5). δ15NPN signatures25

during the dry season (range: +3.1 to +31.5‰; mean: +16.5±8.2‰) were signifi-
cantly enriched compared to both OND (range: −1.1 to +13.6‰; mean: +7.3±2.6‰;
PTT, p =< 0.001, n = 19) and MAM (range: 0.0 to +19.8‰; mean: +7.6±5.9‰; PTT,
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p = 0.002, n = 19) signatures. δ18OH2O signatures during the MAM rains were signif-
icantly depleted compared to both the dry season (PTT, p =< 0.001, n = 15) and the
OND rains (PTT, p = 0.001, n = 17). Over a one year sampling period at S20, a positive
correlation was observed between δ18OH2O and δ15NPN signatures (Pearson correla-
tion, correlation coefficient = 0.436, p = 0.0258, n = 26) (Fig. 6).5

POC : PN ratios varied between 5.3–21.2 (mean: 10.0±3.6), 7.3–20.2 (10.4±2.6)
and 7.6–18.4 (11.9±2.5) during the dry season, OND and MAM rains, respectively.
MAM rains had significantly higher POC : PN ratio than both the dry season (PTT, p =
0.01, n = 19) and the OND rains (PTT, p = 0.003, n = 23). The POC : PN ratio generally
increased downstream during the dry season and OND rains, with greater altitudinal10

variability displayed in the MAM rains, while tributaries usually displayed higher values
than main channel sites of similar altitude.

Considerable variation was observed in pelagic PP and community R rates between
the dry season and the two rain seasons, particularly in the lower reaches of the main
channel (Fig. 7). However, 13 of 25 OND and 10 of 23 MAM PP measurements were15

below detection limits, recording < 1‰ change between initial and final δ13CPOC. Dry
season R rates were significantly higher than during OND rains (PTT, p = 0.001, n =
20) and MAM rains (PTT, p = 0.014, n = 18).

4 Discussion

The disposal of untreated waste water from the city of Nairobi has a profound impact on20

the A–G–S river network, leading to low O2 levels, high NH+
4 and high CH4 at S1 in Athi.

The highest CH4 saturation levels (336 440 %, April 2012 at S1) is well above published
values in the main stream of other African rivers such as 9600 % in the Comoé river
(Koné et al., 2010), 10 600 % in the Bia river (Koné et al., 2010), 15 700 % in the Tanoé
river (Koné et al., 2010), and 8900 % in the Oubangui river (Bouillon et al., 2012), and25

also relatively unpolluted temperate rivers such as the Ohio (10 000 %, Beaulieu et al.,
2012). Yet, these CH4 saturation values in the river main streams remain below those
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reported in the Amazon flood plains (up to 500 000 % (Richey et al., 1988; Bartlett
et al., 1990). The high CH4 saturation levels downstream of Nairobi are a signature of
organic carbon pollution from waste water disposal, as also observed in the vicinity of
Abidjan leading to more modest CH4 saturation levels of 20 000 % (Koné et al., 2010)
and in the Adyar River strongly polluted by the city of Chennai, with a massive CH45

saturation level of 19 300 000 % (Rajkumar et al., 2008).
Water residence time exerts a major control on the quantity of reactive N removed by

streams and rivers, whereby a longer water residence time creates greater opportunity
for physical (e.g. deposition) and biological processes (e.g. nitrification, denitrification
and primary production) (McGuire and McDonnell, 2007). This is clearly evident in the10

seasonal differences in longitudinal DIN profiles (Fig. 3a and b) of the A–G–S river
network. During all seasons, headwater urban and industrial effluents and agricultural
runoff supply substantial quantities of DIN to Fourteen Falls (S1), with the higher con-
centration during the dry season likely due to decreased dilution of waste water inputs.
As a result of decreased water residence time during periods of higher discharge, DIN15

is largely flushed (principally as NO−
3 ) directly through the A–G–S catchment. Con-

versely, longer water residence time during the dry season provides the basis for sub-
stantial removal of DIN above 450 m, resulting in significantly lower DIN export to the
ocean under low discharge conditions. Despite the lack of high-frequency DIN data
at the outlet of the A–G–S catchment, or the availability of discharge data over the20

sampling period, it is apparent that these seasonal DIN export observations agree with
the suggestion of Dunne (1979) that as much as 80 % of the annual sediment yield in
Kenyan catchments may be exported by the highest 10 % of daily flows.

In-situ increases of TA can occur through ammonification (Abril and Frankignoulle,
2001), intense NO−

3 removal by denitrification (Thomas et al., 2009) and through25

the intense assimilation of DIN by primary producers (Brewer and Goldman, 1976),
whereas TA can be lowered due to intense NH+

4 removal by nitrification (Frankig-
noulle et al., 1996). The observed increase of TA between S1 and S2 (2.16 mmolkg−1

to 2.76 mmolkg−1, respectively) during the dry season appears contrary to DIN
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observations of intense nitrification over this reach, where loss of NH+
4 (1012 µmolL−1)

is closely mirrored by production of the NO−
3 (856 µmolL−1), which should lead to

a decrease in TA. The low POC : PN at S1 (5.3) is indicative of the expected organic
waste inputs from upstream, while the rapid loss of bulk POC from S1 (17.3 mgL−1)
to S2 (3.9 mgL−1) suggests mineralization of this material and release of NH+

4 by am-5

monification. Production of 1 mmol of NH+
4 by ammonification creates 1 mmol of TA

(Abril and Frankignoulle, 2001). Accordingly, the potential ammonification of the PN
removed between S1 and S2 (2.5 mgL−1) would increase TA by 0.18 mmolkg−1, ac-
counting for only 30 % of the observed increase in TA. Pelagic PP decreases rapidly
from 472 µmolCL−1 d−1 at S1 to 29 µmolCL−1 d−1 at S2, so we may assume it con-10

tributes insignificantly to the increase of TA at S2. However, water hyacinth (Eichhornia
crassipes) was observed to completely cover the dry season water surface over hun-
dreds of meters between S1 and S2, and should be expected to significantly remove
DIN and consequently increase TA, whereas these macrophytes were absent during
the rain seasons when TA was observed to decrease over the corresponding reach.15

Notably, the rapid accumulation of N2O over this reach (from 260 % saturation at S1
to 2855 % saturation at S2) suggests intense bacterial denitrification of available NO−

3
must be, in combination with ammonification and removal by macrophytes, the control-
ling factor increasing TA.

In addition to the NH+
4 produced by the ammonification of PN between S1 and S220

during the dry season (potentially 179 µmolNH+
4 −NL−1), a further 1012 µmolL−1 of

the initial (entering at S1) NH+
4 pool is transformed or lost from the system along this

reach. To estimate NH+
4 transformation and loss we employed a simple formula:

NH+
4 loss =

(
∆NH+

4 +ANH+
4

)/( (D/V )
t

)
(3)

where ∆NH+
4 is downstream change in NH+

4 concentration (µmolL−1), ANH+
4

equals25

the NH+
4 produced by ammonification (assuming all PN is transformed to NH+

4 ), D the
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distance (m) between the sites, V the average water velocity (dry season = 0.45ms−1,
OND rains = 0.82ms−1, MAM rains = 1.16ms−1; calculated from available discharge
data between 1980 to 2008), and t as a time factor to convert to a daily loss rate.
Between S1 and S2 we estimate a NH+

4 loss of 1248 µmolNL−1 d−1. Based on in-situ
pelagic PP measurements at S1 and S2, and employing the Redfield C : N ratio, an5

estimated 4–71 µmolNL−1 d−1 is being removed by pelagic primary producers over
the same reach. If we assume NH+

4 is solely utilised by primary producers over NO−
3 ,

pelagic PP accounts for only 0.3–5.7 % of estimated NH+
4 loss. The interaction of NH+

4
or NO−

3 uptake by primary producers and any associated “preferences” or “inhibitions”
is complex, and often dependant on species composition and environmental condi-10

tions (Dortch, 1990), though by assuming any NO−
3 uptake occurs during pelagic PP

this only further decreases the percent NH+
4 loss explained by this process. The heavy

enrichment of δ15NPN along this reach, as discussed later, also points towards in-
tense nitrification as the main factor controlling NH+

4 removal. Hence, we hypothesize
that NH+

4 entering the study area at S1 (including NH+
4 produced by ammonification15

between S1 and S2) is largely nitrified by S2, while unquantified, though significant,
NO−

3 removal by denitrification is producing elevated N2O saturation levels and simul-
taneously increasing TA in combination with DIN removal by pelagic PP and floating
macrophytes. It is worth noting that the dense coverage of the water surface by macro-
phytes during the dry season may inhibit the outgassing of N2O to the atmosphere,20

thereby sustaining elevated N2O saturation levels relative to periods of their absence,
such as under conditions of higher discharge during the rain seasons.

Mean NO−
3 concentration observed in the A–G–S River over the three campaigns

(172.3±198.2µmolL−1) is considerably higher relative to other African river catch-
ments (Fig. 8; data not included in figure: Isinuka Springs, South Africa: 8.1 µmolL−1,25

Faniran et al., 2001; Berg River, South Africa: 1.1–13.4 µmolL−1, de Villiers, 2007;
Comoé River, Ivory Coast, mean: 11.3±4.4µmolL−1, Bia River, Ivory Coast, mean:
11.2±4.1µmolL−1, Tanoé River, Ivory Coast, mean: 13.9±5.4µmolL−1, Koné et al.,
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2009; Densu River, Ghana, mean: 33.4±0.2µmolL−1, Fianko et al., 2010; Upper
Ewaso Ng’iro River Basin, Kenya: 0.5–27.4 µmolL−1, Mutisya and Tole, 2010). The
substantial NO−

3 loss observed between S2 and S13 during the dry season may be
explained by pelagic PP assimilation of NO−

3 and/or removal by denitrifying bacte-
ria. Assuming pelagic PP occurs only during daylight hours (12 h) and throughout the5

entire dry season water column (mean depth < 0.5m), a basic comparison between
daily in-situ primary production rates and total NO−

3 loss can assist in identifying the
more dominant process. A simple formula was employed for calculating daily NO−

3 loss

(µmolNO−
3 L−1 d−1) between consecutive sites:

NO−
3 loss =

(
∆NO−

3

/( (D/V )
t

))
(4)10

where NO−
3 is the concentration difference (µmolL−1) between the upstream and down-

stream sites, D the distance (m) between the sites, V being average water velocity
(0.45 ms−1; calculated from available discharge data for 1980–2008 (late dry season
months = August, September, October; n = 85) from gauging stations (between S1 and
S13)), and t a time factor for converting to daily uptake rates. Again employing the Red-15

field C : N to convert PP carbon uptake to PP nitrogen uptake, it is clear that pelagic pri-
mary production cannot account for the considerable NO−

3 loss in these upper reaches
(Table 1), though becomes increasingly explanative downstream of S6. We have as-
sumed here that pelagic PP is solely assimilating NO−

3 , opposite to nitrification loss
calculations above, as any NH+

4 assimilation will only decrease our estimate for re-20

moval of NO−
3 by primary producers. No Eichhornia crassipes blooms were observed

over these reaches, and hence we assume the removal by instream macrophytes is
minimal. Therefore, we hypothesize that the majority of NO−

3 formed from nitrification
between S1 and S2 is removed from the system over the following 240 km, initially by
intense denitrification between S2 to S6 followed by considerable pelagic PP assimila-25

tion between S6 and S13.
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N2O is formed as a by-product of nitrification, the yield of N2O production being
a function of O2 content (Goreau et al., 1980). Under strictly anoxic conditions, N2O
is removed by denitrification, but in the presence of O2, denitrification leads to the
accumulation of N2O. While removal of N2O by denitrification is a common feature in
anoxic layers of lakes (Mengis et al., 1997), it has been less documented in rivers,5

where denitrification is assumed to be principal source of N2O (Beaulieu et al., 2011).
For instance, Amazon floodplains were found to be sinks of atmospheric N2O (Richey
et al., 1988). In the highly polluted Adyar River, N2O is also removed below atmospheric
equilibrium by denitrification on some occasions (Rajkumar et al., 2008). Overall, the
N2O content in rivers is positively related to DIN (Zhang et al., 2010; Barnes and Upstill-10

Goddard, 2011; Baulch et al., 2011). The high N2O content in the DIN enriched Athi is
consistent with these patterns. The only other published N2O data-set in African rivers
also agrees with these patterns, as N2O levels are close to atmospheric equilibrium
in the Oubangui river (Bouillon et al., 2012) characterized by low DIN values (mean
NH+

4 10.4±4.9µmolL−1, mean NO−
3 4.2±4.4µmolL−1, own unpublished data). It is15

not possible to discern the relative importance of N2O production from nitrification and
denitrification in the present data set, although we speculate that in rivers strongly
enriched in NH+

4 due to lack of sewage treatment, nitrification may be a strong source
of N2O, unlike temperate rivers were DIN inputs are mainly due to NO−

3 leaching from
cropland, and where denitrification is assumed to be the main source of N2O (Beaulieu20

et al., 2011).
DIN derived from N2 fixation typically has δ15N values 0 ‰ to +2‰, whereas the

degradation and cycling of organic matter in waste water may yield δ15NDIN values to-
wards +22‰. These enriched values are a result of the volatilization of 15N-depleted
NH+

4 , whilst the remaining NH+
4 may be subsequently oxidized to 15N-enriched NO−

325

(Kendall et al., 2007). Organic matter decomposition and intense nitrification between
S1 and S3 results in the rapid enrichment of the residual N source (from +3.1‰ to
+19.3‰, respectively). Our results are in line with Kreitler (1979), who suggest the
conversion of animal waste (with a δ15N value of about +5‰) to NO−

3 results in δ15N
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values generally between +10‰ to +20‰, validating the influence of terrestrially-
derived organic waste on N-inputs within the upper A–G–S catchment. We observed
minimal change in δ15NPN values between S3 and S6, which may be explained by the
lack of assimilation of DIN by phytoplankton in the water column, evidenced by the
low primary production rates observed over this reach. Additionally, the intense den-5

itrification between S3 and S6 may not result in further significant alteration of water
column 15N values. Indeed, previous work has suggested minimal fractionation (−1.5‰
to −3.6‰) occurs during benthic denitrification as the water-sediment interface diffu-
sion of NO−

3 is the rate-limiting step, which in itself causes little fractionation (Sebilo
et al., 2003; Lehmann et al., 2004).10

The increase of δ15NPN between S6 and S13 during the dry season may be at-
tributed to the pelagic assimilation of the residual 15N-enriched DIN by primary pro-
ducers, as evidenced by Cole et al. (2004) who found a strong correlation between
the relative contribution of waste water to stream flow and δ15N values of aquatic pri-
mary producers. The higher %POC : TSM and low POC : PN observed over these sites15

are consistent with the presence of high phytoplankton biomass and, although logis-
tical constraints did not allow for chlorophyll a measurement, the water along these
reaches was stained a characteristic green hue. These findings are consistent with di
Persia and Neiff (1986), who suggest that highest phytoplankton biomass density in
tropical rivers occurs during the dry season, when water residence time is greatest and20

turbidity is minimal, with similar patterns between dry and wet season biomass densi-
ties also observed in tropical rivers of Ivory Coast (Lévêque, 1995; Koné et al., 2009),
Asia (Dudgeon, 1995) and Australia (Townsend et al., 2011). By S13 a combination
of intense denitrification and enhanced pelagic primary production lower DIN to levels
equivalent to observations in other African river catchments (see Fig. 8), whilst simul-25

taneously these processes enriched δ15NPN to values not previously recorded in Africa
river catchments (Fig. 9).

Between S13 and S20 pelagic primary production rates gradually decline with a con-
comitant decrease in %POC : TSM, δ15NPN and increasing POC : PN. Following the
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confluence of the Tsavo with the A–G–S above S14, there are no further tributaries
contributing flow during the dry season along this reach, and hence the above ob-
servations cannot be a factor of gradual dilution by terrestrially sourced TSM, but are
likely to result from instream transformation of the C and N pools. Two sources of TSM
are considered for the A–G–S system, terrestrially produced TSM with characteristi-5

cally low %POC : TSM and high POC : PN, and autochthonous TSM in the form of algal
biomass, represented by high %POC : TSM and low POC : PN. Our most likely hypoth-
esis to explain the downstream trends in %POC, POC/PN, and δ15NPN signatures is
the preferential loss of the more labile, 15N-enriched algal biomass pool. In order to test
this hypothesis, we attempted to fit a two source mixing model to field observations be-10

tween S13 and S20, where a pure autochthonous source was defined by %POC : TSM
of 40, POC : PN represented by the Redfield ratio, and a δ15NPN of +32‰, a value
marginally enriched relative to field observations (+31.5‰ at S13). Under dry sea-
son conditions, we would expect minimal contribution of soil erosion to the terrestrial
source, whereas much of the dry season OC may be sourced from upstream organ-15

ically enriched waste water sources. The best fit to the data was found by employing
a terrestrial POC : PN of 18, i.e., considerably lower than reported terrestrial C : N ra-
tios (e.g. mean = 36, Elser et al., 2000) but in line with expected degradation within
the aquatic system, and a terrestrial δ15NPN of +5‰. Assuming an initial proportion of
autochthonous : terrestrial sourced TSM of 85 : 15, and simulating the effect of gradual20

decomposition of the labile (autochthonous) component while the (less labile) terrestrial
component remained intact and in transit, the mixing model output provided a good re-
lationship with observed POC : PN and δ15NPN (Fig. 10a). Likewise, a suitable match is
established between field observations and mixing model output for %POC : TSM and
δ15NPN (Fig. 10b) when employing the above constraints and a terrestrial %POC : TSM25

end member of 8. Although the terrestrial %POC : TSM end member is relatively high,
it provides the best fit with field observations in this situation and is partially justified by
the prevailing high organic waste water loading. We speculate that the preferential de-
composition of more labile autochthonous organic matter, relative to more recalcitrant
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terrestrial materials, is largely driving the %POC : TSM lower and POC : PN ratio higher
along this lower reach, which in turn leads to depletion of 15N within the PN pool.
Bouillon et al. (2009) and Tamooh et al. (2012) reported similar rapid loss of phyto-
plankton biomass in the bordering Tana River, as well as Zurbrügg et al. (2013) in the
Kafue River, Zambia, albeit downstream of reservoirs under both these studies. As the5

quantity of (15N-enriched) phytoplankton biomass decreases in the A–G–S the δ15NPN

gradually becomes more depleted, though still discharging to the Indian Ocean a δ15N
signature (+17.0‰) evidently imprinted by human-induced N input to the A–G–S head-
waters.
δ15NPN during the rain seasons are lower and less variable than during the dry sea-10

son, likely due to the decreased residence time of water from source to outlet and
consistent with the lower degree of DIN processing. Although corresponding discharge
measurements were unavailable, data from ongoing bi-weekly sampling at the most
downstream station (S20) show a strong relationship between δ15NPN and seasonal
variations in the hydrograph. Seasonal variation in rainfall is suggested as the cause15

of δ18OH2O increases observed in stream water under dry season conditions, during
which the water is predominantly composed of old groundwater of essentially constant
isotopic signature, whereas during rain seasons this signature becomes mixed with the
more depleted signature of catchment precipitation (Mook and De Vries, 2000). Em-
ploying our bi-weekly δ18OH2O data as a proxy indicator for river discharge, we found20

a positive correlation with δ15NPN at the outlet of the A–G–S River (Fig. 6). A more
acceptable linear fit was observed when shifting the δ18OH2O observations forward

one month relative δ15NPN observations, which is likely a time delay associated with N
transformation as a result of the changing hydrograph (e.g. time required for sufficient
assimilation of enriched 15N to be observed within the PN pool). Hence, the enriched25

δ15NPN export during the dry season, and likewise the more depleted δ15NPN export
during rain seasons, clearly reflect the extent of internal N cycling in the upper catch-
ment under varying flow regimes.
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As outlined earlier, the A–G–S catchment has undergone considerable land-use
change in the past century, largely as a result of increased population pressure and
associated resource demands placed on the region. Ba/Ca ratios in Malindi reef corals,
collected from the coastal surrounds of the A–G–S catchment, have previously been
employed to reconstruct a 300 yr timeline of increasing sediment flux to the ocean5

(Fleitmann et al., 2007), linked to exacerbated soil erosion associated with intensi-
fied land-use, cultivation of steep slopes, deforestation for wood fuel production, urban
sprawl and expanding rural (largely unsealed) road networks throughout the catch-
ment. Ohowa (1996), similarly to our results, observed peaks in NO−

3 export at the
A–G–S outlet during the MAM and OND rains, though their peak NO−

3 measurement10

(1.4 µmolL−1; 1991 OND rains) was more than two magnitudes lower than our peak
observation (530.7 µmolL−1; 2011 OND rains) two decades later. The reason for dis-
crepancy between results is ambiguous. Assuming no measurement error on the part
of Ohowa (1996), we may interpret the difference as a very rapid increase of NO−

3
export from the A–G–S catchment over the last 20 yr. The insufficient development15

of sewage and sanitation services to match the burgeoning Nairobi population, hav-
ing more than doubled over the two decades between work of Ohowa (1996) and the
present study, provides some insight to the possible driver of the substantial increase
observed in NO−

3 export.
The Global News2 dataset (Mayorga et al., 2010) predicts TSM load and PN load20

of 42.73 milliontyr−1 38 764 956 Mgyr−1 and 18.13 milliontyr−1 16 445 Mgyr−1 for the
A–G–S outlet, respectively, equating to a %PN : TSM of 0.04. This is considerably less
than the average value of 0.31 %PN : TSM for our measurements calculated over a one
year sampling interval (28 measurements). Mayorga et al. (2010) first estimate TSM
load and then use empirical relationships observed between TSM and %PN : TSM to25

estimate PN load. Local conditions of N-loading in the A–G–S system, as outlined
above, are not taken in account by the Global News2 estimates, which likely results in
the discrepancy between the empirical calculations and our field derived observations.
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Hence, caution should prevail when employing these broad-scale modelling relation-
ships to heavily disturbed systems such as the A–G–S catchment.

Our δ15N data display the impact of human-induced disturbance on the watershed
N cycle within the A–G–S catchment, embedding a “disturbance” signature within the
exported particulate N. Potential exists for employing the δ15N values of sediments, bi-5

valves and corals from within the catchment and marine environment surrounding the
river mouth as proxy indicators for the historical evolution of N sources to the A–G–S
catchment consequent to prevailing land-use changes. Elliot and Bush (2006) related
an increase in δ15Norg values from +2‰ to +7‰ in a freshwater wetland sediment core
spanning 350 yr to changes in land-use from forested conditions to increasing nutrient10

inputs from human wastes. Likewise, coring of coral heads and extraction of δ15N val-
ues could provide timelines extending from centuries to millennia (Marion et al., 2005).
Alternatively, the δ15N in the growth tips of Gorgonians (coral fans) have proved to
closely reflect the food (N) source of the organism (Risk et al., 2009), with many species
forming annual growth rings (Grigg, 1974) which can remain chemically stable for a pe-15

riod of time following death (Goldberg and Hamilton, 1974; Goldberg, 1976; Sherwood
et al., 2005). Similarly, the growth pattern of bivalves provides a timeline of the evolution
of the organisms’ external environment, with potential preservation of the organic ma-
trix for thousands of years under favorable conditions (Weiner et al., 1979; Risk et al.,
1997). With species-specific lifespans exceeding 50 yr, an organism may store proxies20

of pre-disturbance terrestrial conditions in recently disturbed environments. With the
proximity of Malindi–Watamu reef to the A–G–S outlet, there should exist a plethora
of submerged marine biological proxies which could assist in creating a δ15N time-
line of land-use change within the A–G–S catchment. The sediment-laden nature of
the A–G–S river and the associated infilling of the Sabaki estuary, first recognized by25

Oosterom (1988), likewise may store a comprehensive δ15N timeline of catchment evo-
lution. The relatively low-cost nature of these techniques is an added benefit for their
use in economically-challenged, developing countries where little baseline data exists
(Risk et al., 2009).
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5 Conclusions

Nitrogen-loading of the A–G–S headwaters surrounding Nairobi leads to strong sea-
sonal N-cycling dynamics dependant on the prevailing discharge regime. High dis-
charge during rain seasons results in the rapid flushing of large quantities of DIN from
the headwaters to the outlet, whereas increased water residence time during the dry5

season permits substantial transformation and removal of DIN in the upper- to mid-
catchment (Fig. 11). The decomposition of headwater OM waste inputs during the
dry season provides a large volume of DIN which undergoes intense nitrification in
the upper reaches, producing elevated NO−

3 concentrations, significant N2O and en-

riched δ15NPN, while concomitant denitrification leads to further N2O outgassing to the10

atmosphere. Over the following 240 km, a combination of benthic denitrification and
pelagic primary production efficiently lower NO−

3 levels to that observed in most other

African catchments, whilst associated fractionation further enriches δ15NPN. Availabil-
ity of labile OM and coupled nitrification-denitrification in the shallow water column
maintains elevated instream metabolism in the lower reaches, with the river discharg-15

ing significantly diminished DIN concentrations, relative to upstream inputs, during low
flow conditions. The strong correlation found between seasonal δ15NPN and discharge
regime presents the possibility of employing mutually beneficial proxy indicators, such
as a combination of δ15NPN of sediments, corals and bivalves, to build the foundation
of how historical land-use changes have influenced N cycling within the catchment.20

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/10/8637/2013/
bgd-10-8637-2013-supplement.pdf.
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Ogooué (Gabon) were collected by Jean-Daniel Mbega (Institut de Recherches Agronomiques
et Forestières, Libreville, Gabon) and data in the Niger were collected by Alhou Bassirou (Uni-
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Bouillon, S., Yambélé, A., Spencer, R. G. M., Gillikin, D. P., Hernes, P. J., Six, J., Merckx, R., and10

Borges, A. V.: Organic matter sources, fluxes and greenhouse gas exchange in the Ouban-
gui River (Congo River basin), Biogeosciences, 9, 2045–2062, doi:10.5194/bg-9-2045-2012,
2012.

Bouwman, A. F., Van Drecht, G., Knoop, J. M., Beusen, A. H. W., and Meinardi, C. R.: Exploring
changes in river nitrogen export to the world’s oceans, Global Biogeochem. Cy., 19, GB1002,15

doi:10.1029/2004GB002314, 2005.
Brewer, P. G. and Goldman, J. C.: Alkalinity changes generated by phytoplankton growth, Lim-

nol. Oceanogr., 21, 108–117, 1976.
Canfield, D. E., Glazer, A. N., and Falkowski, P. G.: The evolution and future of Earth’s nitrogen

cycle, Science, 330, 192–196, doi:10.1126/science.1186120, 2010.20

Cao, H., Auguet, J.-C., and Gu, J.-D.: Global ecological pattern of ammonia-oxidizing archaea,
PLoS ONE 8, e52853, doi:10.1371/journal.pone.0052853, 2013.

Caraco, N. F. and Cole, J. J.: Human impact on nitrate export: an analysis using major world
rivers, Ambio, 28, 167–170, 1999.

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N., and Smith, V. H.:25

Nonpoint pollution of surface waters with phosphorus and nitrogen, Ecol. Appl., 8, 559–568,
1998.

Cole, M. L., Valiela, I., Kroeger, K. D., Tomasky, G. L., Cebrian, J., Wigand, C., McKinney, R. A.,
Grady, S. P., and Carvalho da Silva, M. H.: Assessment of a δ15N isotopic method to indicate
anthropogenic eutrophication in aquatic ecosystems, J. Environ. Qual., 33, 124–132, 2004.30

Dafe, F.: No business like slum business? The political economy of the continued existence
of slums: a case study of Nairobi, DESTIN: Development Studies Institute, Working Paper
Series, No. 09-98, 2009.

8664

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/8637/2013/bgd-10-8637-2013-print.pdf
http://www.biogeosciences-discuss.net/10/8637/2013/bgd-10-8637-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2011JG001794
http://dx.doi.org/10.5194/bg-6-2475-2009
http://dx.doi.org/10.5194/bg-9-2045-2012
http://dx.doi.org/10.1029/2004GB002314
http://dx.doi.org/10.1126/science.1186120
http://dx.doi.org/10.1371/journal.pone.0052853


BGD
10, 8637–8683, 2013

Anthropogenic
N-loading in a

tropical catchment,
Kenya

T. R. Marwick et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

De Brabandere, L., Dehairs, F., Van Damme, S., Brion, N., Meire, P., and Daro, N.: δ15N and
δ13C dynamics of suspended organic matter in freshwater and brackish waters of the Scheldt
estuary, J. Sea Res., 48, 1–15, 2002.

de Villiers, S.: The deteriorating nutrient status of the Berg River, South Africa, Water SA, 33,
659–664, 2007.5

di Persia, D. H. and Neiff, J. J.: The Uruguay river system, in: The Ecology of River Systems,
edited by: Davies, B. R., Walker, K. F., and Junk, W., Dordrecht, the Netherlands, 599–620,
1986.

Downing, J. A., McClain, M., Twilley, R., Melack, J. M., Elser, J., Rabalais, N. N., Lewis Jr., W. M.,
Turner, R. E., Corredor, J., Soto, D., Yanez-Arancibia, A., Kopaska, J. A., and Howarth, R. W.:10

The impact of accelerating land-use change on the N-cycle of tropical aquatic ecosystems:
current conditions and projected changes, Biogeochemistry, 46, 109–148, 1999.

Dudgeon, D.: The ecology of rivers and streams in tropical Asia, in: River and Stream Ecosys-
tems,edited by: Cushing, C. E., Cummins K. W., and Minshall, G. W., Elsevier Science B.V.,
Amsterdam, 615–657, 1995.15

Dunne, T.: Sediment yield and land use in tropical catchments, J. Hydrol., 42, 281–300, 1979.
Elliot, E. M. and Brush, G. S.: Sedimented organic nitrogen isotopes in freshwater wetlands

record long-term changes in watershed nitrogen source and land use, Environ. Sci. Technol,
40, 2910–2916, 2006.

Faniran, J. A., Ngceba, F. S., Bhat, R. B., and Oche, C. Y.: An assessment of the water quality20

of the Isinuka springs in the Transkei region of the Eastern Cape, Republic of South Africa,
Water SA, 27, 241–250, 2001.

Fianko, J. R., Lowor, S. T., Donkor, A., and Yeboah, P. O.: Nutrient chemistry of the Densu River
in Ghana, Environmentalist, 30, 145–152, 2010.

Fleitmann, D., Dunbar, R. B., McCulloch, M., Mudelsee, M., Vuille, M., McClanahan, T. R.,25

Cole, J. E., and Eggins, S.: East African soil erosion recorded in a 300 year old coral colony
from Kenya, Geophys. Res. Lett., 34, L04401, doi:10.1029/2006GL028525, 2007.

Frankignoulle, M., Bourge, I., and Wollast, R.: Atmospheric CO2 fluxes in a highly polluted
estuary (the Scheldt), Limnol. Oceanogr., 41, 365–369, 1996.

French, E., Kozlowski, J. A., Mukherjee, M., Bullerjahn, G., and Bollmanna, A.: Ecophysiological30

characterization of ammonia-oxidizing archaea and bacteria from freshwater, Appl. Environ.
Microb., 78, 5773–5780, 2012.

8665

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/8637/2013/bgd-10-8637-2013-print.pdf
http://www.biogeosciences-discuss.net/10/8637/2013/bgd-10-8637-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2006GL028525


BGD
10, 8637–8683, 2013

Anthropogenic
N-loading in a

tropical catchment,
Kenya

T. R. Marwick et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Galloway, J. N. and Cowling, E. B.: Reactive nitrogen and the world: 200 years of change,
AMBIO, 31, 64–71, 2002.

Galloway, J. N., Schlesinger, W. H., Hiram Levy, I. I., Michaels, A., and Schnoor, J. L.: Nitrogen
fixation: anthropogenic enhancement-environmental response, Global Biogeochem. Cy., 9,
235–252, 1995.5

Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P., Howarth, R. W., Cowling, E. B.,
and Cosby, B. J.: The nitrogen cascade, Bioscience, 53, 341–356, 2003.

Gillikin, D. P. and Bouillon, S.: Determination of δ18O of water and δ13C of dissolved inorganic
carbon using a simple modification of an elemental analyser-isotope ratio mass spectrome-
ter: an evaluation, Rapid Commun. Mass Sp., 21, 1475–1478, 2007.10

Goldberg, W. M.: Comparative study of the chemistry and structure of gorgonian and antipathar-
ian coral skeletons, Mar. Biol., 35, 253–267, 1976.

Goldberg, W. M. and Hamilton, R. D.: The sexual cycle in Plexaura homomalla, in: Prostog-
landins from Plexaura Homomalla: Ecology, Utilization and Conservation of a Major Medical
Marine Resource, a Symposium, edited by: Bayer, M. and Weinheimer, A. J., University of15

Miami Press, Miami, FL, 58–61, 1974.
Goreau, T. J., Kaplan, W. A., Wofsy, S. C., McElroy, M. B., Valois, F. W., and Watson, S. W.:

Production of NO−
2 and N2O by nitrifying bacteria at reduced concentrations of oxygen, Appl.

Environ. Microb., 40, 526–532, 1980.
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Zurbrügg, R., Suter, S., Lehmann, M. F., Wehrli, B., and Senn, D. B.: Organic carbon and
nitrogen export from a tropical dam-impacted floodplain system, Biogeosciences, 10, 23–38,10

doi:10.5194/bg-10-23-2013, 2013.

8671

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/8637/2013/bgd-10-8637-2013-print.pdf
http://www.biogeosciences-discuss.net/10/8637/2013/bgd-10-8637-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2009GB003568
http://dx.doi.org/10.5194/bg-7-3505-2010
http://dx.doi.org/10.5194/bg-10-23-2013


BGD
10, 8637–8683, 2013

Anthropogenic
N-loading in a

tropical catchment,
Kenya

T. R. Marwick et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Inter-site comparison of average NO−
3 loss and pelagic primary production (PP) assim-

ilated N in order to delineate the primary control of NO−
3 loss for sites S2 to S13 during the dry

season. The calculation of average NO−
3 loss is outlined in the discussion section. The range for

PP assimilated N is calculated using the upstream and downstream pelagic PP observations
and converted from C uptake to N uptake using the Redfield C : N ratio. It must be stressed
these are basic calculations with a number of assumptions (see text).

Site NO−
3 loss PP assimilated N %N loss by PP

(µmolNL−1 d−1) (µmolNL−1 d−1)

S2–S3 90 4–7 5–7
S3–S4 32 7–18 21–57
S4–S5 127 18–20 14–16
S5–S6 65 20–45 31–69
S6–S11 159 45–166 28–104
S11–S13 193 166–326 86–169
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Fig. 1. (a) Digital elevation model (DEM) of Athi–Galana–Sabaki River catchment (yellow
circles = sample sites; red circle = Nairobi–Athi confluence). The Nairobi administration bound-
ary is indicated by the red outline in the DEM. (b) Mean monthly A–G–S discharge and pre-
cipitation (taken from Fleitmann et al., 2007), displaying the bi-modal hydrograph in connection
with the long and short rain seasons. Inset map (c) shows the position of the A–G–S catchment
within south-eastern Kenya and north-eastern Tanzania.
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Fig. 2. Altitudinal gradient during dry season (August–September 2011), short rain season
(October–December, OND, November 2011) and long rain season (March–May, MAM, April
2012) and tributaries (x, all seasons) of instream (a) temperature (◦C), (b) dissolved oxygen
(%), (c) pH (NBS), and (d) conductivity (µScm−1).
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Fig. 3. Altitudinal gradient during dry season (August–September 2011), short rain season
(October–December, OND, November 2011) and long rain season (March–May, MAM, April
2012) and tributaries (x, all seasons) of instream (a) NH+

4 (µmolL−1), and (b) NO−
3 (µmolL−1).

Note the logarithmic scale on the top panel.
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Fig. 4. Altitudinal gradient during dry season (August–September 2011), short rain season
(October–December, OND, November 2011) and long rain season (March–May, MAM, April
2012) and tributaries (x, all seasons) of instream (a) dissolved N2O (nmolL−1), and (b) CH−

4

(nmolL−1). Note the logarithmic scale on the top panel.
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Fig. 5. Altitudinal gradient during dry season (August–September 2011), short rain season
(October–December, OND, November 2011) and long rain season (March–May, MAM, April
2012) and all tributaries (x, all seasons) of instream δ15NPN.
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Fig. 6. A strong correlation was observed (p = 0.0258, n = 26) between δ18OH2O and δ15NPN

at S20 over a 12 month sampling period, with more enriched δ15NPN exported under drier
conditions. (Inset) Linear regression of δ18OH2O and δ15NPN with a one month forward shift

of δ18OH2O (y = 8.8888+1.2241x; r2 = 0.3878). The relationship weakens without the forward

shift of δ18OH2O (y = −2.2256+0.2098x; r2 = 0.1905).
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Fig. 7. Altitudinal gradient during dry season (August–September 2011), short rain season
(October–December, OND, November 2011) and long rain season (March–May, MAM, April
2012) and tributaries (x, all seasons) of surface water (a) pelagic primary production (including
error bars), and (b) community respiration rates (including error bars).

8679

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/8637/2013/bgd-10-8637-2013-print.pdf
http://www.biogeosciences-discuss.net/10/8637/2013/bgd-10-8637-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 8637–8683, 2013

Anthropogenic
N-loading in a

tropical catchment,
Kenya

T. R. Marwick et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 8. Box plot of NO−
3 range for seven African river catchments. From left to right: Betsiboka

catchment, Madagascar (own unpublished data); Zambezi catchment (own unpublished data);
Rianila catchment, Madagascar (own unpublished data); Nyong catchment, Cameroon (Viers
et al., 2000); Tana catchment, Kenya (Bouillon et al., 2009, and own unpublished data); Congo
catchment (ORE-HYBAM and own unpublished data); and the Athi–Galana–Sabaki catchment,
Kenya. Further data-sets included in text.
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Fig. 9. Box plot of the range of δ15NPN data for eight African river catchments. From left to right:
Zambezi catchment, Zambia and Mozambique (Zurbrügg et al., 2013 and own unpublished
data); Rianila catchment, Madagascar (own unpublished data); Niger catchment, Niger (own
unpublished data); Ogooué Catchment, Gabon (own unpublished data); Betsiboka catchment,
Madagascar (own unpublished data); Congo catchment, Central African Republic and Demo-
cratic Republic of the Congo (own unpublished data); Tana catchment, Kenya (Bouillon et al.,
2009, and own unpublished data); and the Athi–Galana–Sabaki catchment, Kenya.
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Fig. 10. Field measurements between S13 and S20 and mixing model output (solid line) for
(a) POC : PN and δ15NPN, showing the preferential metabolism of phytoplankton biomass and
associated depletion of the δ15NPN pool downstream of the observed phytoplankton blooms.
The non-linear relationship between (b) %POC : TSM and δ15NPN supports the suggestion of
rapid removal of the labile phytoplankton biomass downstream of S13.
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Peak concentrations of NH4
+ and 

aqueous CH4 due to decomposition 

of organic waste inputs from Nairobi.

Nairobi

Rapid de/nitrification and 

production of N2O, with 

subsequent degassing of 

N2O and CH4.

Fractionation during nitrification 

leads to  ↗ δ15NPN.

S1

Headwater nutrient inputs:

- Urban sewage

- Industrial effluents

- Agricultural runoff

Nairobi

Ephemeral 

tributaries

Considerable benthic denitrification, 

evident by low PP comparative to 

high NO3
- loss.

Fractionation during benthic 

denitrification. Minimal 

change in δ15NPN.

Decrease in channel slope 

and widening channel 

morphology leads to 

increased PP, rapidly 

removing NO3
- . 

Microbial DIN 

assimilation leads to 

↗ δ15NPN.

S3

S6

S20

autochthonous 

OM respiration

↗ dominance of 

allochthonous OM, 

↘ instream metabolism

PP + R maintained by 

availability of labile OM and 

coupled nitrification-

denitrification in the shallow 

water column (≤ 50 cm).

DIN concentrations inline with other 

African basins, though heavily 

enriched δ15NPN reflecting the 

dominant source of upstream N-inputs 

(i.e. organic waste).

S13

S12

S20

Kilimanjaro

Mzima 

Springs

Fig. 11. Conceptual scheme of dry season N-cycling in the A–G–S river catchment, Kenya.
(Upper left) Surface runoff and direct input of organic wastes in the upper catchment provide
huge quantities of DIN at S1, much of which has been transformed and removed from the
aquatic system below S13. Dominant processes and river characteristics along each reach
(bold box with arrow) are outlined, as well as downstream evolution of the δ15NPN signature
(dashed box).
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