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Abstract. As part of a broader study on the riverine biogeo- The rapid removal of NEﬂ in the upper reaches during the
chemistry in the Athi-Galana—Sabaki (A-G-S) River catch- dry season was accompanied by a quantitatively similar pro-
ment (Kenya), we present data constraining the sources, trargtuction of NG; and nitrous oxide (NO) downstream, point-

sit and transformation of multiple nitrogen (N) species asing towards strong nitrification over this reach during the dry
they flow through the A-G-S catchment 7 000kn?). The  season. Nitrous oxide produced was rapidly degassed down-
data set was obtained in August-September 2011, Novemstream, while the elevated NCconcentrations steadily de-
ber 2011, and April-May 2012, covering the dry season,creased to levels observed elsewhere in more pristine African
short rain season and long rain season respectively. Releaswer networks. Low pelagic primary production rates over
of (largely untreated) wastewater from the city of Nairobi had the same reach suggest that benthic denitrification was the
a profound impact on the biogeochemistry of the upper Athidominant process controlling the removal of NGalthough
River, leading to low dissolved oxygen (DO) saturation lev- large cyanobacterial blooms further downstream highlight
els (36—67 %), high ammonium (I\}{H concentrations (123— the significant role of DIN assimilation by primary producers
1193 pmol 1), and high dissolved methane (@Hcon- also. Consequently, the intense nitrification and uptake of N
centrations (3765-6729 nmott). Riverine dissolved inor- by algae leads to significant enrichmenteifl in the PN pool
ganic nitrogen (DIN; sum of Nfi and nitrate (N@); ni- during the dry season (meaf16.5+ 8.2 %o but reaching as
trite was not measured) concentration at the most upstrearhigh as+31.5 %.) compared to the shor-7.34 2.6 %0) and

site on the Athi River was highest during the dry seasonlong (+7.6+5.9%o) rain seasons. A strong correlation be-
(1195 umol 1), while DIN concentration was an order of tween the seasonal N stable isotope ratios of PRNpn)
magnitude lower during the short and long rain seasons (212nd oxygen stable isotope ratios of river wa#QOn,o; as

and 193 umol ! respectively). During the rain seasons, low a proxy of freshwater discharge) presents the possibility of
water residence time led to relatively minimal in-stream N employing a combination of proxies — suchsa3Npy of sed-
cycling prior to discharge to the ocean, whereas during théments, bivalves and near-shore corals — to reconstruct how
dry season we speculate that prolonged residence time crdustorical land use changes have influenced nitrogen cycling
ates two differences comparative to wet season, where (1Within the catchment, whilst potentially providing foresight
intense N cycling and removal of DIN is possible in the up- on the impacts of future land management decisions.

per to mid-catchment and leads to significantly lower con-

centrations at the outlet during the dry season, and (2) as a

result this leads to the progressive enrichment°df in the

particulate N (PN) pool, highlighting the dominance of un-

treated wastewater as the prevailing source of riverine DIN.
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1 Introduction NO; load per unit area of sediment are also important in
constraining the quantity of DIN removed at the reach scale.
o _ ) Under high-flow conditions (and/or high N loading) there
Human activities over the last two centuries have drastlcallymay be comparatively minimal turnover of total [§Qoad
influenced regional and global nitrogen (N) cycles (Galloway gt the reach scale (Trimmer et al., 2012), whereas prolonged
et al., 1995; Howarth et al., 1996; Galloway and Cowling, \yater residence time provides greater opportunity for con-
2002). Prior to the Industrial Revolution, the dominant pro- 15t petween DIN in the water column and (oxic) surface and
cesses fixing atmospheric dinitrogen{No reactive (bio- (anoxic) hyporheic sediments.
logically available) N were lightning, bacterial nitrogen fix-  pespite the low residence time of fluvial transported mate-
ation (BNF) and volcanic activity, while the return of2N  yia|s within the aquatic system relative to their terrestrial resi-
gases to the atmosphere through the denitrification and ananence times, rivers can efficiently remove DIN, often denitri-
mox pathways closed the global N cycle (Ayres et al., 1994;fying as much as 30 to 70 % of external N inputs (Galloway
Canfield et al., 2010). Post-Industrial Revolution, and linked gt al., 2003). Lakes and reservoirs are two features which
with the demands of an expanding global population, the deprolong residence time within a river network by enhanc-
velopment of the Haber—Bosch process (and increasing synpg particle settling and nutrient processing, through which
thetic fertiliser application), fossil fuel combustion, and the N removal may proceed by sedimentation and/or through N-
increased cultivation of BNF crops now account for aboutyemoyal processes (Wetzel, 2001). Recent modelling of these
45% of total annual fixed N produced globally (Canfield |entic systems conservatively estimates their ability to re-
et al., 2010). Within agro-ecosystems, for example, of they,ove 19.7 TgNyr? globally (Harrison et al., 2009), with
approximately ;70 TgNyrt introduced to crops globally, small lakes (<50 k) accounting for 9.3 TgNyrt, while
over 70% of this N may be lost to the atmosphere and reyeseryoirs (making up only 6% of the global lentic surface
gional waters annually (Galloway et al., 2003). Upon enter-5raq) are estimated to retain 33 % of N removed globally by
ing river systems through point source (predominantly urbangnic systems. Clearly, upstream lakes and reservoirs have
and industrial effluents) or diffusive source (such as leaching, significant ability to remove N from river systems, and can

from agricultural land and atmospheric deposition) pathwayseffectively alleviate the downstream consequences listed pre-
(Bouwman et al., 2005), insufficient storage or removal of N ygyg|y,.

may lead to severe environmental consequences downstream,yjithin the oxygenated zone of the water column, chemo-

including eutrophication, acidification of water bodies, fish gtotrophic bacteria (e.gVitrosomonassp., Nitrosococcus
kills, loss of biodiversity (Vitousek et al., 1997; Carpenter g; )y and archaea\{trosopumilus Nitrosotalea Nitrosocal-
et al, 1998), as well as the rising emission of nitrous ox-qyg Cao et al., 2013) oxidise NFto nitrite (NQ;), with
ide (N2O) to the atmosphere (_Seitzinger and Krgeze, 1998),the NG, subsequently oxidised to NOby an alternate
a potent greenhouse gas (with a global warming potentialy., ., of pacteriaNitrobactersp.), completing the nitrifica-
~300 times greater than carbon dioxide) and the leadingjg, hathway. The relative importance of archaea and bacteria
ozone-depleting substance in the 21st century (Ravishankarg NH; oxidation and the related environmental drivers are
etal, 2009)_- . . . ) still poorly constrained, particularly in freshwater environ-
The dominant forms of reactive N (i.e. dissolved inor- oniq (French et al., 2012; Hugoni et al., 2013). Removal of
ganic nitrogen, DIN) entering freshwaters are ammoniumn o= by fluvial systems may occur through denitrification,
(NH) and nitrate (N@), albeit in low concentrations un- i~ the production and efflux of Nand NbO gas to the atmo-
less inputs are linked to N-saturated forests, graSSIand%phere.The production of A0 is avoided through the anam-
agroecosystems, or suburban landscapes (Galloway et al, pathway, a two-step process by which;{\IH initially
2Q03). A r_1etwork of_ microbia_l metabolic pathwa_ys and abi- converted to the intermediate:N4 and finally Nb gas (Can-
otic reactions are involved in the transformation and re-fie |4 et a1, 2010). Denitrification, another anaerobic pathway
moval of N from aquatic systems, includingzNixation,  nerating in anoxic zones, reduces theN@oduced during
ammonification, anaerobic NHoxidation (anammox), ni-  piification to either NO or Ny gases. MO can also be pro-
trification, denitrification, dissimilatory reduction of NO  gyced as a by-product during nitrification, although denitrifi-
to NH; (DNRA), assimilation of DIN into biomass, NH  cation is assumed to be the dominant process producifig N
volatilization, and NH adsorption and desorption. These in temperate freshwaters (Beaulieu et al., 2011). Ammonia
pathways may be (chemo)autotrophic or heterotrophic, withoxidisers can also produce,® through nitrifier denitrifica-
the prevailing pathway dependant on the presence or albtion (Wrage et al., 2001).
sence of oxygen and organic carbon (OC) within the local The use of nitrogen stable isotope ratié$°N) is a valu-
environment (Trimmer et al., 2012). Resource stoichiometryable tool to delineate the sources of N in aquatic systems
(OC:NG;) may also control N@ accumulation and trans-  (Risk et al., 2009). This approach is based on the preferential
formation within a system through the regulation of various involvement of the isotopically lighte}*N, relative to the
microbial processes linking the nitrogen and carbon cyclesheavier!®N, in various biogeochemical reactions, resulting
(Taylor and Townsend, 2010). Water residence time and the
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in isotopic fractionation of the residual N pool and the pool Previous research has revealed substantial changes in the
of the product (Owens, 1987). The dominant sources of N toA-G-S catchment over the past decennia. Based on geochem-
aquatic systems often have distinguishat}feN signatures. ical data recorded in corals near the Sabaki River mouth,
Biological fixation of atmospheric N3¢°N = 0%o) gener-  Fleitmann et al. (2007) suggested a stable riverine sediment
ally results in minimal N isotope fractionation (0 %o tp flux at the outlet between 1700 and 1900, but a 5- to 10-fold
2 %0), while the production of artificial fertilizer produces increase in sediment delivery up to the period 1974-1980.
815N from —2 %o to +4 %o (Vitoria et al., 2004). Ammo- The increase has been attributed to the expansion of inten-
nium released with raw wastewater discharge may be characsive agricultural practises in the headwaters, unregulated land
terised bys15Nyn4+ values between 7 %o and 12 %o (Sebilo use, deforestation, and severe droughts in the 1970s. Yet, lit-
et al., 2006), while, following nitrification, nitrate typically tle is known of the temporal and spatial processes controlling
displayss*®Nyos- of +-8 %0 to+22 %o (Aravena et al., 1993; the transport and cycling of N through the A-G-S network.
Widory et al., 2005). Recent studies have employed this tech- As part of a broader study on the riverine biogeochem-
nique to trace the movement of sewage-derived N withinistry in the A-G-S catchment, we present data collected dur-
aguatic ecosystems (e.g. Costanzo et al., 2001; De Brabaring three climatic seasons and a one-year bi-weekly sampling
dere et al., 2002; Lapointe et al., 2005; Risk et al., 2009;regime to constrain the sources, transformations and transit
Moynihan et al., 2012). For example, Elliot and Brush (2006) of multiple N species as they pass through the A-G-S River,
correlated a+2 %o to +7 %o change ins1°N of a wetland  stretching from downstream of urban Nairobi to the outlet at
sedimented organic matter core spanning 350 yr to a shift irthe Indian Ocean.
land use from forested conditions to increased nutrient inputs
from human waste, highlighting the potential of this tech-
nigue to expand our temporal frame for assessing land use Materials and methods
change on catchment N cycling.

To date, increased DIN inputs have had most severe en2.1  Study area
vironmental impact in developed countries of the temperate
zone, largely driven by synthetic fertiliser application (Hol- The Athi—-Galana—Sabaki catchment, the second-largest
land et al., 1999; Howarth, 2008). Yet, rapidly increasing river network in Kenya, drains a total catchment area of
populations in developing countries of the tropics are lead-46 600 knf. The headwaters of the A-G-S catchment are
ing to increased ecosystem N loading within these regionssituated in central and south-east Kenya, in the vicinity of
also, with the consequences already being observed and for&airobi city (Fig. 1). Upstream of Nairobi, the headwaters
casted (Caraco and Cole, 1999; Downing et al., 1999; Bouwforming the Nairobi River drain agricultural areas (predom-
man et al., 2005; Seitzinger et al., 2010). Models suggest thahantly tea and coffee plantations) which provide the liveli-
coastal waters of African river catchments have experiencedhood of 70 % of the regional population (Kithiia, 1997). In-
a 35% increase in DIN yield from 1970 to 2000, with two dustrial activities and informal settlements dominate the sub-
thirds of this entering the oceans within the 0-35 S latitudecatchment around Nairobi, with livestock and small-scale ir-
band (Yasin et al., 2010). A further 4-47 % increase in totalrigation activities also present downstream, prior to the con-
river export of DIN is modelled for the period 2000—2050, fluence of the Nairobi River with the Athi River at 1440m
with the quantity of anthropogenically influenced N fixation above sea level (ma.s.l.) and 590 km from the Indian Ocean.
exceeding natural (pre-industrialyXixation rates. Climatic variability and post-settlement land uses within the

Through draining the city of Nairobi, Kenya, the Athi— region have resulted in severe soil erosion and increased sed-
Galana—Sabaki (A-G-S) catchment provides an example ofment transport from headwater catchments (Kithiia, 1997;
the consequences of N loading within inland water systemitheka et al., 2004; Fleitmann et al., 2007). Downstream
of tropical Africa. Following British settlement and the es- of the Athi-Nairobi confluence, the river follows a confined
tablishment of Nairobi in 1899, the urban population swelled channel along the southern edge of the Yatta Plateau be-
from 11500 in 1906 (Olima, 2001) to over 3.1 million by tween Thika and Voi before receiving the Tsavo River (at
2009 (K.N.B.S., 2009). Approximately half the current pop- 240 ma.s.l.), the only major perennial tributary other than
ulation of Nairobi live in slums lacking adequate sewage andthe Nairobi River, which drains the northern slopes of Mount
sanitation services (Dafe, 2009). Numerous informal settleKilimanjaro. Ephemeral tributaries emanate from Amboseli,
ments are located within the riparian fringe of the Athi River Chyulu Hills and Taita Hills in the mid-catchment. Again,
headwaters (Kithiia, 2012). Poor waste disposal and managesevere soil erosion in the mid-catchment, particularly within
ment strategies have led to increasing water quality degradahe agricultural Machakos district, dates back to the 1930s
tion (Kithiia and Wambua, 2010), where, for example, the (Tiffen et al., 1994), and has been linked to the felling of
total quantity of water passing through the A-G-S headwa-vegetation for charcoal burning, poor cultivation methods
ter streams (36.% 1° m3yr~1) and into the main channel and over-grazing (Ongwenyi et al., 1993). Downstream of
equates to less than the combined domestic and industridhe Athi—-Tsavo confluence the river takes the name Galana,
waste discharge for the region (Kithiia, 2012). opening out into a broad floodplain with a meandering habit
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(Oosterom, 1988). The Galana River follows this habit for The sole sub-catchment sampled during the dry season was
220 km through semi-arid savannah plains before emptyinghe Tsavo (5 sites replicated), whereas during both the OND
into the west Indian Ocean near the Malindi-Watamu reefand MAM rains it was possible to sample within the Keite (4
complex as the Sabaki River. Seawater incursion is impedednd 3 sites sampled during the OND and MAM rain seasons
in the lower reaches of the Sabaki as a result of a relativelyrespectively) and Muoni (1 site sampled during both rain sea-
steep gradient (3 10~ mm1). sons) catchments also.

Annual precipitation ranges between 800 and In situ physico-chemical parameters, including water tem-
1200 mmyr?! in the highly populated central highlands perature, dissolved oxygen (DO) content, and pH, were mea-
(Fig. 2), to 400-800 mm yr in the less populated semi-arid sured using a combination of a YSI Professional Plus (Pro
south-east. Annually, two dry seasons are interspersed by Blus, Quatro Cable bulkhead) and YSI Professional Optical
long (March—May, MAM) and short (October—December, Dissolved Oxygen (ProODO) instrument. Calibrations for
OND) rain season. Accordingly, the hydrograph displayspH were performed daily using National Bureau of Standards
bimodal discharge, with seasonal variation measuredNBS) buffers of pH 4 and 7.
between 0.5rs ! and 758ms ! (1957-1979 mean: Water samples for nutrient analysis (jitdnd NGy ) were
48.8mPs1) (Fleitmann et al., 2007). No continuous obtained in 20 mL scintillation vials by pre-filtering surface
discharge measurements were available for our samplingvater through pre-combusted GF/F filters (0.7 pm), with fur-
period, yet we believe the in situ conditions observed acrossher filtration through 0.2 um syringe filters and preserved
sampling campaigns were representative of the seasonalitywith 20 uL of saturated Hg@l Nitrite was not measured,
and hydrograph in Fig. 2. Recent data (2001-2004) placeand hence total DIN refers to the sum of $Hind NG .
mean discharge at 73.Crs ! at the outlet (Kitheka et al., Samples for analysis 0§!5Npy were obtained by filter-
2004). Mean annual flow of the perennial Tsavo River haSing a known volume of surface water on pre-combusted
increased from 4/s1 to 10mPs™! between the 1950s (overnight at 450C) 47 mm GF/F filters (0.7 um). Filters
and present conditions, attributed to increased meltingwere dried and a section from each filter packed into Ag cups
of glaciers on Mount Kilimanjaro (Kitheka et al., 2004). for §15Npy analysis. Samples for particulate organic carbon
Oscillations between EI Nifio and La Nifia conditions in (POC), particulate N (PN), anéf:3Cpoc were obtained in
Kenya have a strong influence on the decadal patterns ofhe same manner a8°Npy samples, though filtered through
river discharge, where extended severe drought can b@ pre-combusted (50 for 4 h) 25 mm GF/F filter (nominal
broken by intense and destructive flooding (Mogaka et al.,porosity= 0.7 pm) which was air-dried on site. These filters
2006). No reservoirs have yet been developed within thewere later exposed to HCI fumes for 4 h to remove inorganic
catchment for the harnessing of hydropower (Kitheka etC, re-dried and packed in Ag cups.
al., 2004), although a number of small abandoned dams, A Niskin bottle was used to collect surface water for
originally for industrial water abstraction purposes, are dissolved methane (CHl and NO samples. Samples were
present in the Nairobi headwaters (e.g. Nairobi Dam). Thestored in 60 mL glass serum vials, preserved with the addi-
combination of changing land use practices, highly variabletion of 20 uL HgC}, closed air-tight with a butyl stopper,
climatic conditions and highly erosive native soils has ledand sealed with an aluminium cap. Remaining water from
to modern sediment flux estimates between 7.5 and 14.8he Niskin bottle was used for measuring community res-
milliontyr~1 (Van Katwijk et al., 1993), equating to a soil piration rates. Between 5 and 7 borosilicate biological oxy-

erosion rate of 110-210tkmyr—1. gen demand bottles with stoppers (60 mL volume; Wheaton)
were over-filled, sealed and stored in an isothermal insulated
2.2 Sampling and analytical techniques box. After approximately 24 h, DO (mg1l) was measured

and used to calculate an average community respiration rate
Sampling was conducted at 20-25 sites throughout the A{R):

G-S catchment at the end of the long dry season (August—

September 2011), and during the short rain (November 2011), _ DOr — DG
and long rain seasons (April 2012). The primary focus of =~ fo—pf
the research was riverine carbon cycling in tropical catch-

ments, and we did not sample for the N isotopes of DIN in thewhere DQ is the in situ DO (mg t1) of the river water, DQ
study. Similarly, headwater regions above and within Nairobithe DO (mg 1) following incubation, and; and. the ini-
were ignored due to the overriding influence of pollutantstial and end time of the incubation. During the dry season
on stream quality. Fourteen Falls, 23 km downstream of thecampaign, D@ was assumed from the in-stream measure-
Athi—Nairobi confluence, was selected as the most upstrearments of the YSI ProODO instrument, whereas during the
sampling site, with another 14 sites downstream at approxi-OND and MAM rain campaigns three extra incubation bot-
mately 40 km intervals leading to the outlet. The most down-tles were filled and the DO (mg1}) immediately measured
stream site, S20 (5km upstream of the river mouth), wasusing the YSI ProODO instrument, with the average of the
equipped to sample fortnightly, commencing August 2011.three bottles used as RO

@)
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Fig. 1. (a) Digital elevation model (DEM) of Athi—-Galana—Sabaki (A-G-S) River catchment (yellow cikelsample sites). The Nairobi

River drains the area upstream of and within the Nairobi city administration boundary (red polygon), with the red circle indicating the
confluence with the Athi River. Downstream of S13 the Athi River is joined on its right bank by the Tsavo, draining the areas below Mount
Kilimanjaro in the south-west of the catchment. Downstream of the Athi-Tsavo confluence, the river takes the name Galana. The river is
referred to as the Sabaki River in the vicinity of S20) The inset map shows the position of the A-G-S catchment within south-eastern
Kenya and north-eastern Tanzania.

160 = 300 34 filters in high-density polyet.hyle_-ne bottles. TA was ana_l—
140 | s i o g L3 ysed by aijtomated.electro—utratlon. on 50 m_L samples with
ol T A — Nty Zlng 0.1 mol L~ HCl as titrant (reproduqlblllty estimated as bet-
K 0 ] o | ter thant- 3 umol kg ! based on replicate analyses).
E | _AmEm 5 5 In situ pelagic primary production measurements were
5 * e %8 performed by filling two 500 mL polycarbonate bottles with
£ wE [ E surface water and adding 500 uL of'&C-spike solution
2 w0 B2 (>99.8% 13C NaH®CO;z,+40mg dissolved in 12mL of
20 1 02l 0.2 um filtered surface water). Bottles were incubated in-
o Lo L1g stream under ambient light and temperature conditions for
Jan Feb Mar Apr May Jn Jul Aug Sep Oct Nov Dec approximately 2 h, after which a subsample from each bot-

Fig. 2. Mean monthly variation of hydrological and climate pa- tle was filtered onto separate pre-combusted (8Dfbr 4 h)

rameters in the Athi-Galana—Sabaki catchment, including dischargg5 mm GF/F ﬁlt?r (nominal porosity- 0.7 um) and air-dried
at the outlet (shaded area; data from 1959-1977), precipitatiorP" Site. These filters were later exposed to HCI fumes for 4 h

(black bar) (from Fleitmann et al., 2007), potential evapotranspira-t0 remove inorganic C, re-dried and packed in Ag cups. A
tion (PET; grey box), and the maximum air temperature in Nairobi Separate 12 mL glass headspace vial, for measurement of the
(A-G-S headwaters; solid grey line) and Malindi (A-G-S outlet; dot- 13C-DIC enrichment{*3Cp,c-pp), Was also filled from each
ted black line). bottle with the addition of 10 uL Hg@lto inhibit further bi-
ological activity.
Analysis of primary production filters and th&3Cp,c-pp

. i followed the procedures outlined below for POC and
Water samples for total alkalinity (TA) were obtained by 513Cp,c respectively. Primary production rates (PP) were
pre-filtering surface water through pre-combusted GF/F fil-

ters (0.7 um), with further filtration through 0.2 um syringe

www.biogeosciences.net/11/443/2014/ Biogeosciences, 11,48[32014
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calculated based on Hama et al. (1983): tory, Global Monitoring Division. Gas solubility of CHand
13 13 N2O was computed according to Yamamoto et al. (1976) and
pp_ POG (%'°POG-%"POG) (2)  Weiss and Price (1980) respectively.

t (%13DIC—-%13POG) 8180p,0 analyses were conducted as described by Gillikin
and Bouillon (2007). One half (0.5) mL of sampled water
wheret is the incubation time, 9%6DIC the percentagé®C  (from the bulk 20 mL nutrient sample) was added to a 12 mL
of the DIC after the bottles had been spiked, R@® par-  glass headspace vial and subsequently flushed with He, fol-
ticulate organic carbon after incubation, and®®0G and lowed by the addition of 0.25mL of pure G@as using a
%¥POG the initial and final (i.e. after incubation) percent- gas-tight syringe. Following overnight equilibration, approx-
age!3C of the POC respectively. Where the difference be-imately 1 mL of the headspace was injected into the above-
tween %°POG and %4°POG was < 1%, PP was consid- mentioned EA-IRMS configuration. Three internal working
ered below detection limits (<d.l.) at these sites. standards covering a range &0 values betweer-22.3
Laboratory analysis of riverine NH(based on the mod- and +6.9 %o, calibrated versus SMOW (Vienna Standard
ified Berthelot reaction) and NP (based on the hydraza- Mean Ocean Water; 0 %.), GISP (Greenland Ice Sheet pre-
nium sulfate reduction method) concentration was conductedipitation; —24.76 %) and SLAP (Standard Light Antarc-
on a 5mL subsample of the field sample, and measuredic precipitation;—55.50 %o) were used to calibrate sample
on a Skalar Continuous Flow Analyzer (model 5100) with §180p,0 data.
FlowAccess V3 software.
POC, PN,813Cpoc and §1°Npy were determined on a
Thermo elemental analyser—isotope ratio mass spectromet& Results
(EA-IRMS) system (FlashHT with DeltaV Advantage), us-
ing the thermal conductivity detector (TCD) signal of the Water temperature along the main channel increased down-
EA to quantify PN, and by monitoring either the/z 28 stream during all campaigns (Fig. 3a). DO saturation lev-
and 29 ormm/z 44, 45, and 46 signal on the IRMS. Calibra- els ranged 36.1-154.2 %, 56.0-108.1% and 66.8-111.0%
tion of §15Npy was performed with IAEA-N1, while IAEA-  during the dry season, OND and MAM rains respectively,
C6 and acetanilide were used f&+Cpoc, with all stan-  with surface waters nearing hypoxic conditions (DO satura-
dards internally calibrated against international standardstion level <30%) at S1 (36.1% DO) and S2 (37.2%) dur-
Reproducibility of$15Npy and$13Cpoc measurements was ing the dry season (Fig. 3b). DO was significantly higher
typically better thard=0.2 %o, while relative standard devi- (paired: test (PTT),p = 0.07,n = 20) during the dry sea-
ations for calibration standards for POC and PN measureson than during the OND rains, which were also significantly
ments were typically <2 % and always <5%. POC : PN ra-lower (PTT, p = 0.05,n = 23) than the MAM rains. In situ
tios are presented on a weight : weight basis. Throughout th@H was significantly higher during the dry season (range:
text, %POC and %PN refer to the percentual contribution of7.2-9.8; mean: 8.4 2.3) compared to both the OND (range:
POC and PN to the total suspended matter load (TSM).  7.2-8.6; mean: 7.&0.9) (PTT, p =<0.001,» = 20) and
Concentrations of CiHand NbO were determined by a MAM (range: 6.5-8.3; mean: 750.5) (PTT,p =<0.001,
headspace equilibration technique (20 mk headspace in  n = 19) rain seasons, particularly in the lower reaches of the
60 mL serum bottles). Samples were shaken vigorously aftemain channel (Fig. 3c), while pH was also significantly lower
creating the headspace, equilibrated overnight (min. 12 h{PTT, p = 0.01,n = 23) during the MAM rains comparative
in a thermostated bath (constant temperature withif©.5 to OND rains.
of the average of all in situ riverine water column tem- Total DIN concentrations at S1 were highest during
perature data), and again vigorously shaken prior to injecthe dry season (1195 umott), and almost completely in
tion. Headspace gases were measured by gas chromatogithe form of NH; (99.8%). Total DIN was considerably
phy (GC; Weiss, 1981) with flame ionization detection (FID) lower at S1 during the OND (430 pmoti) and MAM
and electron capture detection (ECD). The SRI 8610C GC+{222 pumol 1) rains, with Nl-[f still the dominant DIN form
FID-ECD was calibrated with Cit CO, : N2O : N2 mixtures ~ entering the study area (72.0% and 55.4 % respectively).
(Air Liguide Belgium) of 1, 10 and 30 ppm Ctand of 0.2,  Total DIN in the Tsavo River at S12 (9 km upstream from
2.0 and 6.0 ppm BD, and using the solubility coefficients of the Tsavo—Athi confluence, the single perennial tributary
Yamamoto et al. (1976) for CHand Weiss and Price (1980) measured within the study area) displayed less variability
for N»O. For the calculation of ClHand NoO saturation lev-  (dry season: 56.5 pmol!; OND: 56.4 pmol 1; MAM:
els, atmospheric CHmixing ratios were assumed constant 88.3 umol L-1), and was dominated by Npacross all sea-
(1.8 ppm), and monthly average measurements at Maunaons (dry season: 66.8 % of total DIN; OND: 97.0 %; MAM:
Loa of NoO atmospheric measurements were taken from the62.6 %).
Chromatograph for Atmospheric Trace Species in situ Halo- NHZ{ decreased one to two orders of magnitudes from S1
carbons Program database of the National Oceanic and Ato the outlet over all seasons (Fig. 4a). Concentrations ranged
mospheric Administration, Earth System Research Labora13.8-1192.9 pmolt! (mean: 84.3:263.5pumolL1),
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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 I\IHbetween S1 and S2 is
Fig. 3. Altitudinal gradient during dry season (August-September accompanied by an increase of jl@ver the same stretch
2011), short rain season (October-December, OND, Novembetiuring all seasons, though being most pronounced in the dry
2011) and long rain season (March-May, MAM, April 2012) and gegson.

tr_ibutaries (x, all seasons) of in-stregia) temperature AC), (b) Like NO3, dissolved NO peaked at S2 (196 nmott)
dissolved oxygen (%), arg) pH. during the dry season, decreasing rapidly by S3
(18nmolL1) (Fig. 5a). Dissolved BO generally de-
creased downstream over all seasons, with significantly
higher concentrations (WSRp = 0.019,n = 22) during

the OND rains compared to the MAM rains. Dissolved CH
was consistently highest at the most upstream site across
all seasons (Fig. 5b), decreasing rapidly downstream, with
seasonal ranges of 4-3765 pmofli.5-4502 umol ! and
2—-6729 umol £ recorded during the dry season, OND and
MAM rain seasons, respectively.

0.4-309.7pumol ! (18.5£61.2umolL-1), and 8.4
123.0 umol 1 (24.24 25.7 pmol L=1) during the dry, OND
and MAM rain season respectively. Ij]-toncentrations dur-
ing the OND rains were significantly higher than during the
dry season (Wilcoxon signed rank test (WSRT )} < 0.001,

n = 20) and MAM rains (WSRTp = 0.004,n = 22). NGy
concentrations ranged 0.2-857.6 umotL (dry season
mean: 195.Z309.4pmol 1),  40.3-537.6 umol t1
(OND rain mean: 188.% 145.4pmollc1), and 24.0-
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= 2000 -
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8% o % o cantly higher during the MAM rains than both the dry season
o X .
0 °fs 0 %0 X% Ox Ox B % (PTT, p =0.01,n = 19) and the OND rains (PTp, = 0.003,
n = 23). The POC : PN ratio generally increased downstream

during the dry season and OND rains, with greater altitudi-

nal variability displayed in the MAM rains, while tributaries

usually displayed higher values than main channel sites of

Fig. 5. Altitudinal gradient during dry season (August—September similar altitude.

2011), short rain season (October—December, OND, November Considerable variation was observed in pelagic PP and

2011) and long rain season (March-May, MAM, April 2012) communityR rates between the dry season and the two rain

and tributaries (x, all seasons) of in-streqg) dissolved MO sea50ns, particularly in the lower reaches of the main chan-

(nmol L=, and(b) CHy (nmol L. nel (Fig. 8). However, 13 of 25 OND and 10 of 23 MAM PP
measurements were below detection limits, recording <1 %o
change between initial and fing#Cpoc. Dry season R rates

81°Npy displayed marked differences between the dry andwere significantly higher than during OND rains (PTpl=

rain seasons, with elevatéd®Npy signatures at most sites  0.001,n = 20) and MAM rains (PTTp = 0.014,n = 18).

during the dry season (Fig. 6):°Npy signatures during the

dry season (range:3.1 to+31.5 %o; mean:+16.5+ 8.2 %o)

were significantly elevated compared to both OND (range:4 Discussion

—1.1 to4+13.6 %0; mean+7.3+ 2.6 %o; PTT, p =<0.001,

n= 19) and MAM (range: 0.0 to+19.8%0; mean:

+7.64+5.9%0; PTT,p = 0.002,n = 19) signaturesi*®0Oy,0

signatures during the MAM rains (range8.1 %o to—1.1 %o;

mean: —4.94+ 2.1 %0) were significantly lower compared

to both the dry season (range:5.3%. to 0.6 %o0; mean:

0 200 400 600 800 1000 1200 1400 1600

Altitude (m.a.s.l.)

The disposal of untreated wastewater from the city of Nairobi
has a profound impact on the A-G-S River network, lead-
ing to low O, levels, high NI—I and high CH at S1 in the
Athi River. The highest Chl saturation level (336 440 %,
April 2012 at S1) is well above published values in the main
—2.4+1.9%0) (PTT, p=<0.001,n = 15) and the OND stream of other African rivers, such as 9600 % in the Co-
rains (range=5.5 %o to—1.1 %o; mean—2.8+ 1.3%0) (PTT, = moé River (Koné et al., 2010), 10600 % in the Bia River
p =0.001,n = 17). Over a one-year sampling period at S20, (Koné et al., 2010), 15700% in the Tanoé River (Koné et
a positive correlation was observed betwesé?OHzo and al., 2010), and 8900 % in the Oubangui River (Bouillon et
81°Npy signatures (Pearson correlation, correlation coeffi-al., 2012), and also relatively unpolluted temperate rivers
cient= 0.436,p = 0.0258,n = 26) (Fig. 7). such as the Ohio (10 000 %; Beaulieu et al., 2012). Yet, these
Riverine POC: PN ratios varied between 5.3 and 21.2CH,4 saturation values remain below those reported in the
(mean: 10.6£ 3.6), 7.3 and 20.2 (10#42.6), and 7.6 and Amazon floodplains (up to 500 000 %; Richey et al., 1988;
18.4 (11.9£ 2.5) during the dry season, OND and MAM Bartlett et al., 1990). The high GHkaturation levels down-
rains respectively. Riverine POC:PN ratios were signifi- stream of Nairobi are a signature of organic waste pollutants
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from sewage, as also observed in the vicinity of Abidjan with 0 200 400 600 800 1000 1200 1400 1600
more modest Chisaturation levels of 20 000 % (Koné et al.,
2010) and in the Adyar River, which is strongly polluted by
the city of Chennai, with a massive Giaturation level of  Fig. 8. Altitudinal gradient during dry season (August-September
19 300000 % (Rajkumar et al., 2008). 2011), short rain season (October—December, OND, November
Water residence time exerts a major control on the quantity2011) and long rain season (March—-May, MAM, April 2012) and
of N removed by streams and rivers, whereby a longer watefributaries (x, all seasons) of surface waypelagic primary pro-
residence time can increase physical (e.g. deposition) and bp_uction (including error bars), ar() community respiration rates
ological nutrient cycling (e.g. nitrification, denitrification and (including error bars).
primary production) (McGuire and McDonnell, 2007). This
is evident in our data by the seasonal differences in longitudi-
nal DIN profiles (Fig. 4a and b) of the A-G-S River network. (Frankignoulle et al., 1996). The observed increase of TA
During all seasons, urban wastewater discharge (as well dgetween S1 and S2 (2.16 mmorigto 2.76 mmol kg* re-
industrial point sources and agricultural runoff) in headwa- spectively) during the dry season appears contrary to DIN
ter tributaries have supplied the Athi River (site S1) with observations of intense nitrification over this reach, where
substantial quantities of DIN. During the peak of the hydro- 10ss of NH; (1012 umol-?) is closely mirrored by pro-
graph DIN is largely flushed (principally as NQto the out-  duction of the N@ (856 umol 1), which should lead to
let, whereas during the trough of the hydrograph there should decrease in TA. The low POC: PN value of 5.3 at Sl is in-
be decreased dilution of raw sewage inputs, which likelydicative of the upstream raw sewage inputs, while the loss of
explains the higher N concentrations observed. The longebulk POC before S2 (from 17.3mgCLto 3.9mgCL?)
water residence time during the dry season would providesuggests rapid mineralization of this material and produc-
the basis for substantial removal of DIN above 450 m a.s.l.tion of NH; through ammonification. Production of 1 mmol
Though the lack of discharge data inhibits flux calculations,of NH; by ammonification produces 1 mmol of TA (Abril
this should logically result in significantly lower DIN export and Frankignoulle, 2001), and, accordingly, the potential
to the ocean during the dry season. ammonification of the PN transformed between S1 and S2
Total alkalinity can increase in response to elevated am{2.5 mg N L~1) would increase TA by 0.18 mmol kg, ac-
monification rates (Abril and Frankignoulle, 2001) and in- counting for only 30 % of the observed increase. Meanwhile,
tense N@ removal by denitrification (Thomas et al., 2009), pelagic PP decreases rapidly from 472 pmoléd—1t at S1
and through the intense assimilation of DIN by primary to 29 pmol C -1 d~! at S2, so we may assume it contributes
producers (Brewer and Goldman, 1976). Alternatively, TA insignificantly to the increase of TA by S2. However, water
decreases due to intense [ﬁlHemovaI by nitrification  hyacinth Eichhornia crassipgswvas observed to completely

Altitude (m.a.s.1.)
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cover the dry season water surface over hundreds of metres Mean NG concentration observed in the A-G-S River

between S1 and S2, and should be expected to significantlgver the three campaigns (172:3.98.2 umol 1) is con-

remove DIN and consequently increase TA, whereas thesgiderably higher relative to other African river catchments

macrophytes were absent during the rain seasons when TfFig. 9; data not included in figure: Isinuka Springs, South

was observed to decrease over the corresponding reach. N@drica: 8.1 pmol L1, Faniran et al., 2001; Berg River, South

tably, the rapid accumulation of 0 (from 260 % satura-  Africa: 1.1-13.4 umol 1, de Villiers, 2007; Comoé River,

tion at S1 to 2855 % saturation at S2) suggests intense bact¢vory Coast, mean: 118 4.4umol L1, Bia River, Ivory

rial denitrification of available NQ must be, in combination  Coast, mean: 112 4.1 ymol -1, Tanoé River, Ivory Coast,

with ammonification and removal by macrophytes, the con-mean: 13.9- 5.4 umol =1, Koné et al., 2009; Densu River,

trolling factor increasing TA. Ghana, mean: 334 0.2 umol L1, Fianko et al., 2010; Up-

In addition to the Nlj‘ produced by the ammonification per Ewaso Ng'iro River Basin, Kenya: 0.5-27.4 umolt.

of PN between S1 and S2 during the dry season (potentialljMutisya and Tole, 2010). The substantial N®@ss observed

179 umol NH;-N L—1), a further 1012 umol t! of the ini-  between S2 and S13 during the dry season may be explained

tial (entering at S1) NEﬂ pool is transformed or lost from by pelagic PP assimilation of NOand/or removal by den-

the system along this reach. To estimate;Nransformation  itrifying bacteria. Assuming pelagic PP occurs only during

and loss we employed a simple formula: daylight hours (12 h) and throughout the entire dry season
water column (mean depth <0.5m), a basic comparison be-
tween 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 §l@ss
(umol NGy L~ d~1) between consecutive sites:

(D/V)
t

NH; loss = (ANH + Ap)/(

whereA NHI is downstream change in l\){l—boncentration
(umol L1, Ann €quals the NEf produced by ammonifi- B _{)V)
NO3 Loss= ANOj / , 4

cation (assuming all PN is transformed to ISI]-JD the dis- P
tance (m) between the siteg, the average water velocity
(dry season= 0.45ms!, OND rains= 0.82ms?!, MAM
rains= 1.16 ms1; calculated from available discharge data
between 1980 and 2008), ana time factor to convert to a
daily loss rate. Between S1 and S2 we estimate § Idids of
1248 pmol N -1 d~1. Based on in situ pelagic PP measure-
ments at S1 and S2, and employing the Redfield C: N ratio

an estimated 4-71 umol N d~* is removed byfglaglc Pr- converting to daily uptake rates. Again employing the Red-
mary producers along the reach. If we assumgN$solely  fi|q ¢ : N to convert PP carbon uptake to PP nitrogen uptake,
utilised by primary producers over NOpelagic PP accounts it js clear that pelagic primary production cannot account
for onIy 0.3-5.7 % of the estimated 'StHOSS. The balance of for the considerable Np loss in these upper reaches (Ta_
NH, or NO; uptake by primary producers is complex and ble 1), although it becomes increasingly explanative down-
often dependant on species composition and environmentaltream of S6. We have assumed here that pelagic PP is solely
conditions (Dortch, 1990), and even marginal NQptake  assimilating NQ@, opposite to nitrification loss calculations
by pelagic PP will only decrease the percentage ofNbss  above, as any N} assimilation will only decrease our esti-
explained by this process. The strong enrichmenteiflpn,  mate for removal of NQ by primary producers. NE. cras-

as discussed later, also points towards intense nitrification asipesblooms were observed over these reaches, and hence we
the main factor controlling NEi removal. We hypothesise assume the removal by in-stream macrophytes is minimal.
that NI-Q entering the study area at S1 (including Mﬂro— Therefore, we hypothesise that the majority of N@rmed
duced by ammonification between S1 and S2) is largely ni-from nitrification between S1 and S2 is removed over the fol-
trified prior to S2, while unquantified (though considerable) lowing 240 km, initially by intense denitrification between
NOj; removal by denitrification elevates;® saturation lev-  S2 and S6, followed by considerable pelagic PP assimilation
els and, in conjuction with DIN removal by pelagic PP and between S6 and S13.

floating macrophytes, increases TA. It is worth noting that N»O is formed as a product of nitrification, the yield of
the dense coverage of the water surface by macrophytes (pré&d2O production being a function of £Ocontent (Goreau et
dominantlyEichhornia crassipesduring the dry season (see al., 1980). Under strictly anoxic conditionsp® is removed
supplementary material, Fig. S1) may inhibit the outgassingthrough the denitrification pathway, but, in the presence of
of N2O to the atmosphere, thereby sustaining elevatgd N O, denitrification leads to the accumulation of®l While
saturation levels relative to periods of their absence, i.e. unremoval of NO through the denitrification pathway is a com-
der conditions of higher discharge during the rain seasons. mon feature in anoxic layers of lakes (Mengis et al., 1997),

whereANOj3 is the concentration differencgifol L=1) be-
tween the upstream and downstream sifet)e distance (m)
between the sites; average water velocity (0.45m% cal-
culated from available discharge data for 1980-2008 (late dry
season months August, September, Octoberi= 85) from
gauging stations between S1 and S13),aatime factor for
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10000 Table 1. Inter-site comparison of average NQoss and pelagic
primary production (PP)-assimilated N in order to delineate the pri-
1000 4 mary control of NG loss for sites S2 to S13 during the dry sea-
son. The calculation of average jQoss is outlined in the discus-
sion section. The range for PP-assimilated N is calculated using the
o 8 upstream and downstream pelagic PP observations and converted
% from C uptake to N uptake using the Redfield C: N ratio. It must be

Q
=]
o

o
L

stressed that these are basic calculations with a number of assump-
§ ° tions (see text).
8

NO; (umol L™

o
oo o000

014 Site NG loss PP-assimilated N %N loss
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Fig. 9. Box plot of NG5 range for seven African river catchments.  s5_gg 65 20-45 31-69

From left to right: Betsiboka catchment, Madagascar (own unpub- gg-s11 159 45-166 28-104
lished data); Zambezi catchment (own unpublished data); Rianila s11-513 193 166—326 86—169
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 (data presented here). Further data sets includ
in text.
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Gg]ent of the residual NEI pool, where, for example, Sebilo et
al. (2006) measured a me&%?N-NHj,rr value of 9.5+ 1.7 %o
in raw and treated wastewater of the Seine River, attributed
to the volatilization of°N-depleted NH . Isotope fractiona-
it has been less documented in rivers, where denitrificatiorfion factors for nitrification,—20 %o in the Seine River for
is assumed to be the principal source ofON(Beaulieu et example (Sebilo et al, 2006), suggest #HEN-NH; pool
al., 2011). For instance, Amazon floodplains were found towill become increasingly enriched #PN through the con-
be sinks of atmospheric O (Richey et al., 1988). In the version of NI—[{ to NO3 . As such, following ammonification
highly polluted Adyar River, MO is also removed below at-  of PN, volatilization, and nitrification of N, we can expect
mospheric equilibrium by denitrification on some occasionsthe residual DIN pools to be heavily enriched N, and,
(Rajkumar et al., 2008). Overall, the,@ content in rivers  ajthough we have no direct measurements, Kreitler (1979)
is positively related to DIN (Zhang et al., 2010; Barnes andsyggest the conversion of animal waste (with'aN value
Upstill-Goddard, 2011; Baulch et al., 2011). The highN  of about+5 %) to NO; results ins*>N values generally be-
content in the DIN-enriched Athi is consistent with these pat-yween+10 %o and+20 %o.
terns. The only other published® data set in African rivers We observed minimal change M°Npy values between
also agrees with these patterns, aONevels are close to at- 53 and S6, which may be explained by the lack of assimila-
mospheric equilibrium in the Oubangui River (Bouillon et tjon of DIN by phytoplankton in the water column, evidenced
al., 2012) and characterized by low DIN values (mearyNH by the low primary production rates outlined above. Addi-
10.4+ 4.9 pmol L°1; mean NG : 4.2+ 4.4umol L% own  tionally, the intense denitrification between S3 and S6 may
unpublished data). It is not possible to discern the relativenot result in further significant alteration to riverié®N val-
importance of NO production from nitrification and denitri- -~ ues of NG}, as previous studies indicate that minimal frac-
fication in the present data set, although we speculate that, itionation (—1.5 %0 to—3.6 %o) occurs during benthic denitri-
rivers strongly enriched in NH due to lack of sewage treat- fication as the water-sediment interface diffusion of N®
ment, nitrification may be a strong source ofM unlike  the rate-limiting step, which in itself causes little fractiona-
temperate rivers where DIN inputs are mainly due to;NO tion (Sebilo et al., 2003; Lehmann et al., 2004).
leaching from cropland, and where denitrification is assumed The enrichment 08°Npy between S6 and S13 during
to be the main source ofJ® (Beaulieu et al., 2011). the dry season may be attributed to the pelagic assimila-
Particulate N in the Athi River at S1 hass®Npy value  tion of the residuaf®N-enriched DIN by primary produc-
of +3.1%.. The ammonification of the PN to NHbetween  ers, as shown by Cole et al. (2004), who found a strong cor-
S1 and S3, with a bias towards the lightéN isotope be-  relation between the relative contribution of wastewater to
ing incorporated into the product, leads to the observed enstream flow and®N values of aquatic primary producers.
richment of the residual PN pool at S319.3 %0). Although ~ The higher %POC and low POC : PN observed over these
we did not measuré'®N of either the NI-I or NOj pool, sites are consistent with the presence of high phytoplankton
we may expect the process of volatilization to lead to enrich-biomass and, although logistical constraints did not allow
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35 to explain the downstream trends in %POC, POC/PN, and
o §19Npy 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 between S13 and
S20, where a pure autochthonous source was defined by

8 %POC of 40, POC: PN represented by the Redfield ratio,
° and as1°Npy of +32 %o, a value marginally elevated relative
% % to the highest field observations81.5 %0 at S13). Under dry

30 A

25 -

0000 o

20 A

8" Npy (%0)
o

season 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 organically
= S S AN A — o enriched wastewater discharge. The best fit to the data was
o w5 W o oy e (3 found by employing a terrestrial POC : PN of 18, i.e. consid-
O LI WO x N ound by empiloying ;
\ erably lower than reported terrestrial C: N ratios (e.g. mean
Fig. 10. Box plot of the range o81°Npy data for seven African = 36; Elser et al., 2000) but in line with expected degradation
river catchments. From left to right: Zambezi catchment, Zambiawithin the aquatic system, and a terrestsisiNpp of +5 %o.
and Mozambique (Zurbriigg et al., 2013, and own unpublishedassuming an initial proportion of autochthonous:terrestrial
data); Rianila catchment, Madagascar (own unpublished data)‘sourced TSM of 85:15, and simulating the effect of grad-

Niger catchment, Niger (own unpublished data); Ogooué Catch- I - :
. . mposition of the labil hthon mponen

ment, Gabon (own unpublished data); Betsiboka catchment, Madal-'k':l.d(:"CO positio .0 the lab _e (autochthonous) 90 pp ent
: ) - while the (less labile) terrestrial component remained intact

gascar (own unpublished data); Congo catchment, Central African

Republic and Democratic Republic of the Congo (own unpublishedarld in transit, the mixing model output provided a good re-

. - . . 5 .
data); Tana catchment, Kenya (Bouillon et al., 2009, and own un-ationship with observed POC: PN graél Nen (Fig. 11a).
published data); and the Athi-Galana—Sabaki catchment, Kenyaikewise, a suitable match is established between field ob-

(data presented here). servations and mixing model output for %POC aieNpy

(Fig. 11b) when employing the above constraints and a ter-

restrial %POC end member of 8. Although the terrestrial
for Chl a measurement, the water along these reaches wa%POC end member is relatively high, it provides the best fit
stained a characteristic green hue (see supplementary matesith field observations in this situation and can be partially
rial, Fig. S2). These findings are consistent with di Persiajustified by the high organic loading in the headwaters.
and Neiff (1986), who suggest that highest phytoplankton We speculate that the preferential decomposition of more
biomass density in tropical rivers occurs during the dry seadabile autochthonous organic matter, relative to more recalci-
son, when water residence time is greatest and turbidity igrant terrestrial materials, is largely driving the %POC lower
minimal, with similar patterns also observed in tropical rivers and POC : PN ratio higher along this lower reach, which in
of the Ivory Coast (Lévéque, 1995; Koné et al., 2009), Asiaturn leads to depletion dN within the PN pool. Bouillon
(Dudgeon, 1995) and Australia (Townsend et al., 2011). Byet al. (2009) and Tamooh et al. (2012) reported similar rapid
S13 a combination of intense denitrification (between S3 andoss of phytoplankton biomass in the bordering Tana River
S6) and high pelagic primary production (between S6 andcatchment, as did Zurbriigg et al. (2013) in the Kafue River,
S13) lowers N@Q concentration to a level equivalent with Zambia, albeit downstream of reservoirs in both these stud-
other African river catchments (see Fig. 9), whilst the latter ies. As the quantity offN-enriched) phytoplankton biomass
process simultaneously leads to elevat&Npy values not  decreases in the A-G-S, the PN gradually becomes more de-
previously recorded in African river catchments (Fig. 10).  pleted in'®N, though still discharging to the Indian Ocean a

Between S13 and S20 pelagic primary production ratess'°N signature 17.0 %o) evidently imprinted by upstream

gradually decline with a concomitant decrease in %POC andvastewater inputs.
§1°Npn, and increasing POC : PN. Following the confluence As outlined earlier, the A-G-S catchment has undergone
of the Tsavo with the Athi River upstream of S14, there areconsiderable land use change in the past century, largely as
no further tributaries during the dry season contributing dis-a result of increased population pressure and associated re-
charge to the drainage network, and therefore the above oltsource demands placed on the region. Ba/Ca ratios in Ma-
servations are not a consequence of gradual dilution by adhindi reef corals, collected from the coastal surrounds of
ditional inputs, but rather in-stream transformation of C andthe A-G-S catchment, have been employed to reconstruct
N pools. We identify two broad sources of TSM in the A- a 300yr timeline of increasing sediment flux to the ocean
G-S system: a terrestrially sourced TSM with characteristi-(Fleitmann et al., 2007), linked to exacerbated soil ero-
cally low %POC and high POC: PN, and an autochthonoussion associated with intensified land use, cultivation of steep
TSM source in the form of algal biomass, represented byslopes, deforestation for wood fuel production, urban sprawl
high %POC and low POC : PN. Our most likely hypothesis and expanding rural (predominantly unsealed) road networks

©®
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34 The Global News2 model (Mayorga et al., 2010) pre-

32 | o Dry scason a dicts TSM and PN loads of approximately 38.76 Tgyand

° 16.44 GgNyr? for the A-G-S outlet respectively, equating

Mixing model output

301 to 0.04 %PN. This is considerably less than the average value
of 0.31%PN calculated for our measurements over a one-
year sampling periodn(= 28). Mayorga et al. (2010) first
estimate TSM load and then use empirical relationships ob-
served between TSM and %PN to estimate the PN load. Lo-
cal conditions of N loading in the A-G-S system, as outlined
above, are not considered in the Global News2 estimates,
which may explain the discrepancy between the model out-
put and our field-derived observations. Hence, caution should
prevail when employing these broad-scale modelling rela-
tionships to heavily disturbed systems such as the A-G-S
catchment.
Bi-weekly data gathered at the most downstream sta-
tion (S20) show large annua®Npy fluctuation, which
we suggest is related to a seasonally variable river wa-
ter source, namely, variable contributions from precipita-
tion and groundwater. As corresponding discharge measure-
ments were unavailable, we usétfO values of river wa-
ter ('80n,0), a seasonally variable mix of precipitation
and groundwater, as a proxy for river discharge. Around
Nairobi (Station # 6374101 1700 ma.s.l.; IAEA, 2001),
mean dry season (June—Septemisé?D values of precip-
itation (—2.1+ 0.9 %0) are considerably elevated compared
. ' . . . ‘ to precipitation during the MAM£5.1+ 1.4 %0) and OND
5 10 15 20 25 30 35 40 (—5.1+ 1.2 %0) wet seasons180 of precipitation is affected
%POC : TSM by the altitude of rainout also, with Clark and Fritz (1997) re-
porting a global range 0f0.15 %o to—0.5 %o per 100 m in-
Flg 11. Field measurements between S13 and S20 and miXin%rease in elevation. Using a mid-value of their rang@_e %o
model output (solid line) fo(a) POC: PN ands'®Npn, showing  per 100m increase in elevationy0 of precipitation in
the prefere_ntial metabolism of phytoplankton biomass and associzna |ower catchment (e.g. 200ma.s.l.) may increase toward
ated depletion of th&1oNpy pool downstream of the observed phy- +2 %o during the dry months ane —1 %o over the wet
toplankton blooms. The non-linear relationship betwggiePOC : . .
ands1oNpy supports the suggestion of rapid removal of the labile seasons. During the dry season, basef_low, IS predomlnantly
phytoplankton biomass downstream of S13. c'or'npc.)sed'of gro.undwater. recharge, which is, relative tp pre-
cipitation, isotopically enriched if®0O due to evaporative
processes following rainout. During rain seasons the ground-

throughout the catchment. Ohowa (1996), similar to our re-waters80 signature becomes diluted by the lowiéfO of
sults, observed peaks in NOconcentration at the A-G-S  catchment precipitation (Mook and De Vries, 2000), conse-
outlet during the MAM and OND rains, though their peak quently depleting river water i*%0 in comparison to drier
NO; measurement (1.4 pumott; 1991 OND rains) was months.

more than two magnitudes lower than our peak observation Following from these observations, we can use riverine
(530.7 umol %; 2011 OND rains) two decades later. The 8*80n,0 data as a reasonable proxy of river discharge, where
reason for discrepancy between results is ambiguous. Aghigher(SlSO indicates drier climatic conditions and decreas-
suming no measurement error on the part of Ohowa (1996)ing 8180 is representative of increasing contribution of pre-
we may interpret the difference as a very rapid increase ofipitation to discharge. Comparing riverigé®0p,o with
NO; export from the A-G-S catchment over the last 20 yr. 8'°Npy values at the outlet of the A-G-S River over the
The insufficient development of sewage and sanitation sercourse of a year, we find the two isotope signatures largely
vices to match the burgeoning Nairobi population, havingincrease and decrease in unison (Fig. 7). A more acceptable
more than doubled over the two decades between work ofinear fit was found by shifting thé'80y,o observations for-
Ohowa (1996) and the present study, is a likely contributorward one month relative t*>Npy observations, which may

to the substantial increase observed inJNéxport. be a temporal delay associated with N cycle processes as a
result of the changing hydrograph (e.g. time required for suf-

ficient assimilation o#°N-enriched PN to be observed within
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Decomposing wastewaste inputs Fractionation during H
from Nairobi provide peak NH,*and i ammonification leads to 71 8Ny :
CH, concentrations.

Rapid de/nitrification and Fractionation during H
production of N,0, with i nitrification leads to 21 85Ny §
subsequent degassing of

N,0 and CH,.

Nairobi s -
Low primary production rates and Fractionation during

high loss of NO; suggest benthic denitrification.
considerable benthic denitrification. Minimal change in 6**Npy.

Headwater nutrient inputs:
- Urban sewage
- Industrial effluents

Ephemeral
tributaries

Decrease in channel slopeand li ~ Microbial DIN

- Agricultural runoff widening channel morphology i assimilation leads
leads to 71 PP, rapidly ™ NO; to 21 815N,y
concentration. [ msnnsseen s
S20
2 dominance of
x autochthonous —> gjlochthonous OM,  —»
Mzima P> OM respiration \ instream metabolism
Springs /
Stream metabolism DIN concentrations inline with other
maintained by availability of African basins.
labile OM and coupled
nitrification-denitrification in Heavily enriched 5'°N, reflecting the
Kilimanjaro the shallow water column dominant source of upstream N-inputs
(<50 cm). (i.e. wastewater).

Fig. 12. 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 large 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 boxes with arrow) are outlined, as well a
downstream evolution of th&t>Npy signature (dashed boxes).

the PN pool). From this we can see that the export of PN enthousands of years (Weiner et al., 1979; Risk et al., 1997).
riched in1°N during the dry season compared to export of With species-specific lifespans exceeding 50 yr, an organism
relatively 1°N-depleted PN during rain seasons clearly high- may store proxies of pre-disturbance terrestrial conditions
lights the annual variability of N cycling in the A-G-S system in currently disturbed environments. With the proximity of
and its link with water residence time. Malindi—-Watamu reef to the A-G-S outlet, there should ex-
Our §1°Npy data highlight the impact of human-induced ist a plethora of submerged marine biological proxies which
disturbance on the N cycle within the A-G-S catchment. Ac- could assist in creating &°N timeline of land use change
cordingly, potential exists for employing tl3é°N values of  within the A-G-S catchment. The sediment-laden nature of
sediments, bivalves and corals from within the catchment andhe A-G-S River and the associated infilling of the Sabaki
marine environment surrounding the river mouth as prox-estuary, first recognized by Oosterom (1988), may also store
ies for the historical evolution of N sources to the A-G- a comprehensivé!®N timeline of N evolution in the catch-
S catchment. Elliot and Bush (2006) related an increase irment. The relatively low-cost nature of these techniques is
515N0,g values from+2 %o to +7 %o in a freshwater wet- an added benefit for their use in economically challenged,
land sediment core spanning 350yr to changes in land usdeveloping countries where little baseline data exist (Risk et
from forested conditions to increasing nutrient inputs from al., 2009).
human wastes. According to Marion et al. (2005), the cor-
ing of coral heads and extraction &°N values could pro-
vide timelines extending from centuries to millennia. Others5 Conclusions
have found that thé1°N values in the growth tips of Gor-
gonians (coral fans) closely reflect the food (N) source ofNitrogen loading of the A-G-S headwaters surrounding
the organism (Risk et al., 2009), with many species form-Nairobi leads to large seasonal N-cycling dynamics within
ing annual growth rings (Grigg, 1974) which can remain the catchment. High discharge during rain seasons results in
chemically stable for a period of time following death (Gold- the rapid flushing of large quantities of DIN from the head-
berg and Hamilton, 1974; Goldberg, 1976; Sherwood et al. Waters to the outlet, whereas we speculate that increased wa-
2005). Similarly, the growth pattern of bivalves provides a ter residence time during the dry season permits substan-
timeline of the evolution of the organisms’ external environ- tial transformation and removal of DIN in the upper to mid-

ment, with potential preservation of the organic matrix for catchment (Fig. 12). The decomposition of wastewater inputs
during the dry season provides a large volume of DIN which
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undergoes intense nitrification in the upper reaches, produc- Change, edited by: Socolow, R., Andrews, C., Berkhout, F., and

ing elevated N@ concentrations, significantJ® and ele-
vateds15Npy, while concomitant denitrification leads to fur-
ther NbO outgassing to the atmosphere. Over the following
240 km, a combination of benthic denitrification and pelagic
primary production efficiently lower ND levels to the range

observed in most other African catchments, whilst associ-B

ated fractionation further enriché¥Npy. Availability of la-
bile OM and coupled nitrification—denitrification in the shal-

Thomas, V., Cambridge University Press, Cambridge, United
Kingdom, 121-155, 1994.

Bartlett, K. B., Crill, P. M., Bonassi, J. A., Richey, J. E., and Harris,

R. C.: Methane flux from the Amazon River floodplain: emis-
sions during rising water, J. Geophys. Res., 95, 16773-16778,
doi:10.1029/JD095iD10p16773990.

arnes, J. and Upstill-Goddard, R. C.,® seasonal distributions

and air-sea exchange in UK estuaries: implications for the tropo-
spheric MO source from European coastal waters, J. Geophys.

low water column maintains elevated in-stream metabolism Res., 116, G01006, ddi0.1029/2009JG001158011.
in the lower reaches, with the river discharging significantly Baulch, H. M., Schiff, S. L., Maranger, R., and Dillon, P.

diminished DIN concentrations, relative to upstream inputs,

J.: Nitrogen enrichment and the emission of nitrous ox-

during the dry season. The strong correlation found between ide from streams, Global Biogeochem. Cy., 25, GB4013,

seasonab ®Npy and river discharge presents the possibility
of employing mutually beneficial proxy indicators — such as
a combination o81°Npy of sediments, corals and bivalves
— to build the foundation of how historical land use changes
have influenced N cycling within the catchment.

Supplementary material related to this article is
available online athttp://www.biogeosciences.net/11/443/
2014/bg-11-443-2014-supplement.zip
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