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Abstract - Large rivers transport considerable amounts of terrestrial dissolved organic

matter (DOM) to the ocean. Yet, downstream gradients and temporal variability in DOM

fluxes and characteristics are poorly studied at the scale of large river basins, especially

in tropical areas. Here, we report longitudinal patterns in DOM content and composition

based on absorbance and fluorescence measurements along the Zambezi River and its

main tributary, the Kafue River, during two hydrological seasons. During high flow periods,

a greater proportion of aromatic and humic DOM was mobilized along rivers due to the

hydrological connectivity with wetlands and high flow velocities, while low flow periods

were characterized by lower DOM content of less aromaticity resulting from loss of

connectivity with wetlands, more efficient degradation of terrestrial DOM and enhanced

autochthonous productivity. Changes in water residence time due to contrasting water

discharge were found to modulate the fate of DOM along the river continuum. Thus,

terrestrial DOM dynamics shifted from transport-dominated during the wet seasons

towards degradation during the dry season, with substantial consequences on longitudinal

DOM content and composition. The longitudinal evolution of DOM was also strongly

impacted by a hydrological buffering effect in large reservoirs in which the seasonal

variability of DOM fluxes and composition was strongly reduced.
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1. Introduction22

The composition, transport and transformation of dissolved organic matter (DOM)23

in large rivers are key aspects for determining regional and global carbon (C) budgets24

(Schlesinger and Melack, 1981), the fate of terrigenous DOM flowing to the oceans (del25

Giorgio and Pace, 2008; Massicotte and Frenette, 2011), the influence of fluvial inputs on26

DOM biogeochemistry in coastal and oceanic environments (Holmes et al., 2008), and27

the functioning of inland waters as active pipes with regards to the global C cycle (Cole et28

al., 2007; Borges et al., 2015a). Riverine DOM is mainly derived from terrestrial soils (e.g.29

Weyhenmeyer et al., 2012), but can also be fueled by sources within the aquatic system30

(Lapierre and Frenette, 2009; Massicotte and Frenette, 2011). Longitudinal patterns of31

riverine DOM, both in terms of concentration and composition, are controlled by numerous32

environmental drivers including connectivity with surrounding wetlands (Battin, 1998;33

Mladenov et al., 2007), lateral inputs from tributaries (Massicotte and Frenette, 2011) and34

shifts in dominant land cover (Ward et al., 2015). Once in the aquatic ecosystem, terrestrial35

DOM is exposed to in-stream processing such as photodegradation (Cory et al., 2007;36

Spencer et al., 2009), microbial respiration (Amon and Benner, 1996; Fasching et al.,37

2014), and flocculation (von Wachenfeldt and Tranvik, 2008), that usually operate38

simultaneously and lead to the removal and the transformation of DOM during its transport39

(Massicotte and Frenette, 2011; Cawley et al., 2012). The overall reactivity of DOM in40

freshwater is largely controlled by its composition (Kothawala et al., 2014; Kellerman et41

al., 2015). For example, the selective loss of the colored fraction of terrestrial DOM is a42

common pattern observed in a wide variety of ecosystems (Moran et al., 2000; Cory et al.,43

2007; Spencer et al., 2009; Weyhenmeyer et al., 2012). However, the extent of DOM44

decay depends on the water residence time (WRT) of the aquatic ecosystem (Cory et al.,45
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2007; Hanson et al., 2011; Köhler et al., 2013). In large rivers, WRT varies spatially,46

increasing in reservoirs and lakes compared to river channels, and seasonally, being47

higher during low flow compared to high flow. Considering that changes in water level also48

control the hydrological connectivity with wetlands, it is likely that the downstream gradient49

in DOM composition drastically differs in relation to spatial and temporal changes in50

hydrodynamic conditions.51

Longitudinal patterns of DOM in large rivers are often assessed in one specific52

environment, such as wetlands/floodplains (Mladenov et al., 2007; Yamashita et al., 2010;53

Cawley et al., 2012; Zurbrügg et al., 2013) or lakes (Parks and Baker, 1997; Massicotte54

and Frenette 2013; Stackpoole et al., 2014), or limited to a subsection of large rivers (del55

Giorgio and Pace; 2008; Massicotte and Frenette, 2011; Ward et al., 2015), and mostly56

carried out during one specific hydrological period. Our understanding of rivers as a57

continuum in which DOM is simultaneously transported from terrestrial soils to oceans,58

produced and degraded is thus fundamentally limited by a lack of basin-scale studies59

taking into account seasonal variations. This is especially true for tropical waters that have60

the highest riverine dissolved organic carbon (DOC) flux to the oceans (Meybeck, 1993)61

but for which DOM cycling has received less attention than rivers in other biomes with the62

exception of the Amazon River (Mayorga et al., 2005; Johnson et al., 2011; Ward et al.,63

2013; 2015).64

The study of DOM biogeochemistry at large spatial and temporal scales requires65

analytical tools that are simple to implement but have a large sample throughput while66

providing pertinent information about the DOM chemical composition. Spectroscopic67

methods, primarily based on ultraviolet-visible and fluorescence measurements, fulfill68

these criteria (Jaffé et al., 2008). Optical properties of colored DOM (CDOM) and69
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fluorescent DOM (FDOM) can be used to calculate several indices related to DOM70

composition. These include the specific ultra violet absorbance at 254 nm (SUVA254),71

positively related to the degree of DOM aromaticity (Weishaar et al., 2003), the spectral72

slope ratio (SR), inversely related to the average DOM molecular weight (Helms et al.,73

2008) and the fluorescence index (FI), related to the contribution of terrestrial versus74

microbial inputs (McKnight et al., 2001). FDOM measurements acquired as three-75

dimensional excitation-emission matrices (EEMs) and coupled with the parallel factor76

analysis (PARAFAC) provide additional benefits for the characterization of DOM77

(Stedmon et al., 2003; Stedmon and Markager, 2005; Yamashita et al., 2008). In addition,78

the carbon stable isotope composition of DOC (δ13CDOC) can provide information about79

the terrestrial or aquatic origin of DOM (Mladenov et al., 2007; Lambert et al., 2015).80

The Zambezi River basin, the fourth largest river in Africa, was extensively sampled81

from its source to its mouth during three field campaigns carried out over wet and dry82

seasons (Teodoru et al., 2015; Fig. 1 and 2). Longitudinal patterns of DOM were assessed83

through measurements of DOC concentrations and characterization of DOM (δ13CDOC84

coupled with CDOM and FDOM) along the Zambezi River (>3000 km) and its main85

tributary, the Kafue River (>1500 km). The aim of this study was to determine the main86

drivers on downstream patterns of DOM at the scale of a large tropical river, with a specific87

attention for the role of WRT in modulating the fate of DOM.88

2. Materials and methods89

2.1. Study site. The Zambezi River has a drainage area of 1.4 × 106 km², originates in90

northwest Zambia and flows southeast over 3000 km before it discharges into the Indian91

Ocean in Mozambique (Fig. 1). The climate of the Zambezi Basin is classified as humid92
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subtropical and is characterized by two main seasons, the rainy season from93

October/November to April/May and the dry season from May/June to94

September/October. Annual precipitation strongly varies with latitude, from > 2000 mm in95

the northern part and around Lake Malawi to less than 500 mm in the southern part of the96

basin. The mean annual rainfall over the entire catchment is ~940 mm (Chenje, 2000). Up97

to 95% of the annual rainfall occurs during the rainy period while the dry period presents98

irregular and sporadic rainfall events. Consequently, water discharge in Zambezi River99

has a bimodal distribution with a single maximum peak discharge occurring typically in100

April/May and a minimum in November (Fig. 2).101

Woodlands and shrublands are the dominant (55%) land cover and stretch over the102

whole catchment, forests (20%) and grasslands (9%) areas are mainly confined to the103

northeast part of the basin and croplands represents 13% of the total area (Mayaux et al.,104

2004). Wetlands, including swamps, marshes, seasonally inundated floodplains and105

mangroves cover 5% of the total basin area (Lehner and Döll, 2004).106

Based on distinct geomorphological characteristics, the Zambezi Basin can be divided107

into three major segments: (1) the upper Zambezi from the headwaters to Victoria Falls;108

(2) the middle Zambezi, from Victoria Falls to the edge of the Mozambique coastal plain109

(below Cahora Bassa Gorge); and (3) the lower Zambezi, the stretch crossing the coastal110

plain down to the Indian Ocean (Wellington, 1955). The upper Zambezi covers about 40%111

of the total area of the Zambezi basin but comprises the highest fraction of wetlands and112

floodplains (about 60% of the total wetlands/floodplains areas of the Zambezi Basin),113

including the Barotse Floodplain and the Chobe Swamps (Fig. 1). The middle stretch of114

the Zambezi River is buffered by two major man-made impoundments, namely the Kariba115

Reservoir (volume: 157 km³; area: 5364 km²) and the Cahora Bassa Reservoir (volume:116
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63 km³; area: 2739 km²). The Kafue River (drainage area: 1.56 × 105 km²) joins the117

Zambezi River ∼ 70 km downstream of the Kariba Dam. Similarly to the upper Zambezi,118

the Kafue River comprises a high density of wetlands/floodplains (about 26% of the total119

wetlands/floodplains areas of the Zambezi basin), including the Lukanga Swamps and the120

Kafue Flats (Fig. 1). It also comprises two smaller reservoirs, the Itezhi Tezhi Reservoir121

(volume: ∼ 6 km³; area: 365 km²) and the Kafue Gorge Reservoir (volume: ∼1 km³; area:122

13 km²). In its lower part, the Zambezi River and its tributary the Shire River both drain123

narrow but ∼ 200 km long wetlands areas before their confluence zone. At the end of its124

course, the river forms a large, 100 km long floodplain-delta system of swamps and125

meandering channels.126

2.2. Sampling and analytical methods. Sampling was conducted during two127

consecutive years and over two climatic seasons: wet season (1 February to 5 May, n=40)128

2012, wet season (6 January to 21 March, n=41) 2013, and dry season (15 October to 28129

November, n=24) 2013 (Fig. 2). Sites in the Zambezi and the Kafue rivers were located130

100 – 150 km apart from the spring to the outlet (Fig. 1) except during the 2013 dry season131

when sampling in the Zambezi River ended before its entrance in the Cahora Bassa132

Reservoir due to logistical constraints.133

Water sampling was mainly performed from boats or dugout canoes in the middle134

of the river. In few case (n=10), in the absence of boats/canoes, sampling was carried out135

either from bridges or directly from the shore and as far as possible away from the136

shoreline, but without discernable effects on the longitudinal patterns on DOM or other137

biogeochemical variables (Teodoru et al., 2015). Approximately 2 L of water were138

collected 0.5 m below the surface, kept away from direct sunshine and filtered and139

conditioned within 2 h of sampling. Filtrations were performed successively on pre-140
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combusted GF/F glass fiber filters (0.7 µm porosity), then on 0.2 µm polyethersulfone141

syringe filters. Samples for the measurement of DOC concentration and δ13CDOC142

signatures were stored in 40 mL glass vials with polytetrafluoroethylene (PTFE) coated143

septa with 50 µL H3PO4 (85%). Samples for CDOM/FDOM analyses were stored in 20 mL144

amber glass vials with PTFE-coated septa but without H3PO4 addition. Samples for major145

elements (including Fe) were stored in 20 mL scintillation vials and acidified with 50 μl of146

HNO3 65 % prior to analysis.147

2.3. DOC analysis. DOC and δ13CDOC were analyzed with an Aurora1030 total organic148

carbon analyzer (OI Analytical) coupled to a Delta V Advantage isotope ratio mass149

spectrometer. Typical reproducibility observed in duplicate samples was in most cases <150

± 5 % for DOC, and ± 0.2 ‰ for δ13CDOC. Quantification and calibration was performed151

with an aqueous solution of IAEA-C6 and in-house sucrose standards.152

2.4. CDOM analysis and calculations. Absorbance was recorded on a Perkin-Elmer153

UV/Vis 650S spectrophotometer using a 1 cm quartz cuvette. Absorbance spectra were154

measured between 190 and 900 nm at 1 nm increment and instrument noise was155

assessed measuring ultrapure (Type 1) Milli-Q (Millipore) water as blank. After subtracting156

the blank spectrum, the correction for scattering and index of refraction was performed by157

fitting the absorption spectra to the data over the 200-700 nm range according to the158

following equation:159 A = A e ( ) + K (1)160

where Aλ and A0 are the absorbance measured at defined wavelength λ and at reference161

wavelength λ0 = 375 nm, respectively, S the spectral slope (nm-1) that describes the162

approximate exponential decline in absorption with increasing wavelength and K a163
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background offset. The fit was not used for any purpose other than to provide an offset164

value K that was then subtracted from the whole spectrum (Lambert et al., 2015).165

The SUVA254 was calculated as the UV absorbance at λ = 254 nm (A254) normalized166

to the corresponding DOC concentration (Weishaar et al., 2003). The natural UV167

absorbance of Fe at λ = 254 nm was estimated based on measured Fe concentrations168

and was then subtracted from the UV absorbance measured. The corrected value of A254169

was then used to calculate SUVA254. The SUVA254 was used as an indicator of the170

aromaticity of DOC with high values (>3.5 l mgC-1 m-1) indicating the presence of more171

complex aromatic moieties and low values (<3 l mgC-1 m-1) indicative the presence of172

mainly hydrophobic compounds (Weishaar et al., 2003).173

Napierian absorption coefficients were calculated according to:174 a = 2.303 × A /L (3)175

where aλ is the absorption coefficient (m-1) at wavelength λ, Aλ the absorbance corrected176

at wavelength λ and L the path length of the optical cell in m (0.01 m). CDOM was reported177

as the absorption coefficient at 350 nm (a350). Spectral slopes for the intervals 275-295178

nm and 350-400 nm were determined from the linear regression of the log-transformed a179

spectra versus wavelength. The slope ratio SR was calculated as the ratio of S275-295 to180

S350-400 according to Helms et al. (2008). SR is related to the molecular weight distribution181

of DOM with values less than 1 indicative of enrichment in high molecular weight182

compounds and high values above 1 indicative of a high degree of low molecular weight183

compounds (Helms et al., 2008).184

2.5. FDOM analysis and PARAFAC modeling. Fluorescence intensity was recorded on185

a Perkin-Elmer LS55 fluorescence spectrometer using a 1 cm quartz cuvette across186

excitation wavelengths of 220-450 nm (5 nm increments) and emission wavelengths of187
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230-600 nm (0.5 nm increments) in order to build excitation–emission matrices (EEMs). If188

necessary, samples were diluted until A254 < 0.2 m-1 to avoid problematic inner filter effects189

(Ohno, 2002). Before each measurement session (i.e. each day), a Milli-Q water sample190

was also analysed. EEMs preprocessing such as removing first and second Raman191

scattering, standardization to Raman units, absorbance corrections and inner filter effects192

were performed prior the PARAFAC modelling. The scans were standardized to Raman’s193

units (normalized to the integral of the Raman signal between 390 nm and 410 nm in194

emission at a fixed excitation of 350 nm) with a Milli-Q water sample run the same day as195

the samples (Zepp et al., 2004). PARAFAC model was using MATLAB (MathWorks,196

Natick, MA, USA) and DOM Fluorescence Toolbox 1.7. PARAFAC model was validated197

by split-half analysis and random initialization (Stedmon and Bro, 2008). Additional198

samples analysed in the same manner and collected from (1) tributaries of the Zambezi199

and the Kafue rivers as well as during a two-years monitoring period of the Zambezi and200

the Kafue rivers (n = 42; data not published), and (2) the Congo Basin (n = 164; data not201

published) were added to the dataset. This was done to increase the variability of DOM202

fluorescence signatures and therefore help detect components that could have been203

present in insufficient quantity to be detected in our environment (Stedmon and Markager,204

2005). The maximum fluorescence FMax values of each component for a particular sample205

provided by the model were summed to calculate the total fluorescence signal FTot of the206

sample in Raman’s unit (R.U.). The relative abundance of any particular PARAFAC207

component X was then calculated as %CX= FMax(X)/ FTot. The FI index was calculated as208

the ratio of the emission intensities at 470 nm and 520 nm at an excitation wavelength of209

370 nm (McKnight et al., 2001). A higher FI value (e.g., 1.8) indicates a microbial DOM210
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source while a lower value (e.g., 1.2) indicates a terrestrial source; intermediate values211

indicate a mixed DOM source.212

2.6. Statistical Analysis213

PCA was performed on scaled variables using the prcomp function in R software. DOC214

concentrations, stable carbon isotopic composition, optical indices (SUVA254, SR, FI), a350,215

FMax and the relative abundance of PARAFAC components were used as the variables for216

the PCA. Given the different units of the variables used in the PCA, data were scaled to217

zero-mean and unit-variance as recommended (Borcard et al., 2011). The PCA was then218

performed on the correlation matrix of the scaled variables.219

3. Results220

3.1. Longitudinal patterns in DOC concentration, composition and DOM optical221

properties222

Data were acquired during two wet seasons and one dry season, the two wet223

seasons data are discussed together hereafter. DOC concentrations in the Zambezi River224

ranged from 1.9 ± 0.1 to 4.9 ± 1.0 mg L-1 during the wet periods and from 1.2 to 2.9 mg L-225

1 and the dry period (Fig. 3A). Along the upper Zambezi DOC increased downstream226

during the wet seasons, while DOC gradually decreased downstream during the dry227

season. In the Kariba Reservoir, DOC variability between wet and dry seasons was228

relatively low, and concentrations ranged from 2.4 ± 0.3 to 2.9 ± 1.4 mg L-1. DOC exhibited229

relatively small variability downstream of the Kariba Reservoir and along the lower230

Zambezi, with the exception of a slight increase during the wet seasons downstream of231

the confluence with the Shire River (outlet of Lake Malawi).232
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In the Kafue River, DOC was generally higher during the wet seasons (from 3.1 ±233

0.1 to 5.4 ± 0.7 mg L-1) compared to the dry season (from 1.3 to 3.6 mg L-1)(Fig. 3B).234

Despite this seasonal difference, DOC increased gradually downstream during both wet235

and dry seasons. DOC concentrations in the Itezhi Tezhi Reservoir showed a decrease236

(~25%) during the wet seasons but an increase (~20%) during the dry season compared237

to the upstream station.238

The a350 values (Fig. 3C and 3D) were higher during the wet seasons (1.7 to 16.6239

m-1 in the Zambezi and 3.9 to 11.5 m-1 in the Kafue) than during the dry season (1.3 to240

10.7 m-1 in the Zambezi and 1.2 to 4.7 m-1 in the Kafue). They followed similar spatial and241

seasonal patterns as DOC concentrations, with some differences. First, decreases in a350242

values were more pronounced than for DOC, especially in the upper Zambezi during the243

dry season and in the Kariba and Itezhi Tezhi reservoirs during the wet season. For244

example, while DOC decreased by a factor ~2 as the Zambezi enters the Kariba Reservoir245

during the wet periods, a350 decreased by a factor ~4. Secondly, while DOC246

concentrations were higher at the outlet of reservoirs compared to upstream stations247

during the dry season, a350 values were lower.248

δ13CDOC showed a gradual increase along the Zambezi River during all periods249

from -28.1 and -26.5 ‰ at the source to -21.4 to -20.1 ‰ near its delta, the latter being250

especially marked between the two first sampling sites in the upper Zambezi (Fig. 3E),251

while no significant pattern was observed along the Kafue River (values between -25.9252

and -20.5 ‰, Fig. 3F).253

DOM at the source of the Zambezi exhibited the highest SUVA254 (> 4 L mgC-1 m-254

1) and lowest SR (< 0.8) values during both wet and dry seasons (Fig. 3G and 3I). During255

the wet seasons, the upper Zambezi was characterized by stable SUVA254 (3.5 – 4.0 L256
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mgC-1 m-1) and low SR (0.85 – 0.91) values. In the middle Zambezi, SUVA254 and SR257

values were lowest (2.2 ± 0.2 – 2.9 ± 0.1 L mgC-1 m-1) and highest (1.22 ± 0.09 – 1.41 ±258

0.01) in the Kariba and the Cahora Bassa reservoirs compared to samples collected in-259

between (2.6 ± 0.1 – 3.1 ± 0.02 L mgC-1 m-1 for SUVA254 and 0.97 ± 0.1 – 1.10 ± 0.08 for260

SR). Overall, SUVA254 increased from 2.1±0.5 to 2.9±0.9 L mgC-1 m-1 whereas SR261

decreased from 1.08±0.09 to 0.97±0.04 in the lower Zambezi, with a maximum (3.3±0.9262

L mgC-1 m-1) and a minimum (0.88±0.006) values recorded below the confluence with the263

Shire River, respectively. During the wet periods, FI values ranged between 1.24 and 1.41264

in the mainstream, and between 1.43 and 1.58 in reservoirs (Fig. 3K). FI values during265

the dry season were globally higher than during the wet periods with values ranging from266

1.29 to 1.72, expect at the source of the Zambezi, where an FI value of 1.19 was observed.267

In the Kafue River, variations in DOM composition were marked between the wet268

and dry seasons, but minimal along the longitudinal transect (Fig. 3H, 3J and 3L). SUVA254269

and SR ranged from 3.5 to 4.0 L mgC-1 m-1 and from 0.79 to 1.05, respectively, during the270

wet seasons, except in the Itezhi Tezhi Reservoir where SUVA254 decreased to 2.4 L mgC-271

1 m-1 and SR increased up to 1.16. Values were quite stable during dry periods, and ranged272

between 2.2 and 2.8 L mgC-1 m-1 for SUVA254 and from 1.11 to 1.22 for SR. FI values273

ranged between 1.27 and 1.42 during the wet seasons, and between 1.41 and 1.74 during274

the dry season.275

3.2. Longitudinal patterns in FDOM276

PARAFAC modelling identified three terrestrial humic-like components (C1, C2 and277

C4), one microbial humic-like component (C3) and one protein tryptophan-like (C5)278

component (Table 1 and Supplementary Fig. 1). In the Zambezi River, the fluorescence279

intensities (FMax) of PARAFAC components during the wet seasons presented patterns280
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similar to DOC concentrations with some exceptions (Fig. 4). The increase of FMax for the281

C4 component (calculated as the percentage of increase between lowest and highest282

values recorded in corresponding river sections, data not shown) was higher than for the283

other components in river sections draining wetlands/floodplains in the upper and lower284

Zambezi. All terrestrial and microbial humic-like components showed a systematic and285

marked decrease in their FMax values in reservoirs, while FMax of C5 decreased in a smaller286

proportion in the Kariba Reservoir and increased in the Cahora Bassa Reservoir. During287

the dry season, FMax of terrestrial humic-like components decreased downstream as DOC288

concentrations, while FMax remained stable for C3 or increased for C5. In the Kafue River,289

FMax of all components followed similar spatial and temporal patterns as those of DOC290

concentrations. The main difference observed was that while FMax values of humic-like291

compounds were lower during the dry season compared to the wet seasons, FMax of C5292

exhibited similar values accross the hydrological cycle.293

As a direct consequence of the spatial and temporal differences in FMax of294

PARAFAC components, the relative contribution of each component to the total295

fluorescence signal FTOT showed distinct patterns (Fig. 5). Thus, the downstream296

decrease of %C1 and %C2 observed in the upper Zambezi during the wet seasons can297

be related to the parallel increase of %C4, the latter being due to the more pronounced298

increase in FMax of C4 relative to the other components. The same patterns for %C1 and299

%C2 observed during the dry season, however, reflect the fact that FMax values of C3 and300

C5 were stable or increased during the dry season, respectively, while FMax of C1 and C2301

decreased. %C5 was higher during the dry season compared to the wet seasons, and302

reached highest values in reservoirs during the wet periods due to its specific spatial and303

temporal variations in FMax values. No longitudinal changes in the relative abundance of304
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PARAFAC components were observed along the Kafue River. Similar to what was305

observed along the Zambezi River, the dry season was marked by a decrease in %C4306

and an increase in %C5, while %C1, %C2 and %C3 were equivalent to values recorded307

during the wet seasons.308

3.3. Principal component analysis (PCA)309

The first two components of the PCA explained 71.7% of the variance and310

regrouped the variables in three main clusters (Fig. 6). The first includes %C1, %C2 and311

samples collected at or near the source of the Zambezi. The second group was defined312

by %C4 and several variables including DOC, FMax, SUVA254 and a350. Samples from the313

upper Zambezi and from the Kafue rivers (excluding reservoirs) were mainly located in314

this cluster. Finally, %C3 and %C5 were clustered with SR and FI. Samples from reservoirs315

(including Kariba, Cahora Bassa and Itezhi Tezhi) were almost all in this cluster. Samples316

from the middle and lower Zambezi collected during the wet seasons and those collected317

during the dry season were located between the distinct clusters defined by PARAFAC318

components and other variables.319

4. Discussion320

4.1. Identification of PARAFAC components. Humic-like components C1 and C2 are321

among the most common fluorophores found in freshwaters and are associated with high322

molecular weight and aromatic compounds of terrestrial origin (Stedmon and Markager,323

2005; Yamashita et al., 2008; Walker et al., 2013). Component C4 has been reported to324

be of terrestrial origin (Stedmon and Markager, 2005; Kothawala et al., 2015) or to be a325

photoproduct of terrestrially derived DOM (Massicotte and Frenette, 2011). The326

association of %C4 with DOC concentrations and terrestrial optical indices including a350327
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and SUVA254 advocates for a terrestrial origin of this component (Fig. 6). Inversely, %C3328

and %C5 were negatively correlated with a350 and SUVA254. C3 and C5 components are329

respectively classified as microbial humic-like and tryptophan-like components related to330

the production of DOM within aquatic ecosystems (Kothawala et al., 2014; Kellerman et331

al., 2015). Both fluorophores can originate from autochthonous primary production332

(Yamashita et al., 2008; 2010; Lapierre and Frenette, 2009) or from degradation of333

terrestrial DOM in the water column as previously reported in a wide variety of334

environments as marine (Jørgensen et al., 2011) and lake waters (Kellerman et al., 2015)335

for C3, and large Arctic rivers (Walker et al., 2013) or small temperate catchment (Stedmon336

and Markager, 2005) for C5. The opposite relationship of %C1 and %C2 versus %C3 (Fig.337

6) suggests that C3 would be the result of the transformation of terrestrial components C1338

and C2 through biological activity in the water column as suggested by Jørgensen et al.339

(2011). The distribution of samples along PC1 is thus likely controlled by the transition340

from terrestrial DOM with a high degree of aromaticity and humic content (negative341

loadings) to less aromatic DOM produced within the aquatic ecosystem by the degradation342

of terrestrial DOM during transport and/or by autochthonous sources (positive loadings).343

4.2. Seasonal and spatial variability in downstream gradients in DOM concentration344

and composition. Altogether data showed clear changes in the downstream gradients of345

DOM concentration and composition, both seasonally and spatially. These changes were346

essentially controlled by three main factors: WRT and connectivity with347

wetlands/floodplains, both highly dependent on seasonal variations of water level (and348

discharge), and water retention by lakes/reservoirs that is more independent from349

seasonal variations of water level. Dominant land cover was also found to affect DOM350

gradients, but to a lesser degree.351
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4.2.1 Land cover and hydrological connectivity with wetlands/floodplains. The DOM352

at the source of the Zambezi was clearly distinct from the rest of the basin, independently353

of the hydrological period (Fig. 6), with a strong aromatic character (highest SUVA254), a354

high degree of molecules with elevated molecular weight (lowest SR) and low δ13CDOC.355

The dominant land cover quickly shifts from forest in the northern part of the basin where356

the Zambezi takes its source to grassland and woodland/shrubland that dominate in the357

rest of the basin (Supplementary Fig. 2). This shift in land cover was reflected in the DOM358

gradient from the source station of the Zambezi to the next sampling site, and marked by359

an increase in SR, δ13CDOC and a decrease in SUVA254. This pattern is consistent with the360

role of forest in releasing more aromatic DOM of high molecular weight than other361

vegetation types in tropical freshwaters (Lambert et al., 2015).362

Downstream, the variability in the optical properties of DOM between wet and dry363

seasons indicated seasonal changes in the sources of riverine DOM in relation with364

changes in water level and connectivity with wetlands/floodplains. The high SUVA254 and365

low SR values during the wet seasons indicate the mobilisation of fresh aromatic DOM of366

high molecular weight due to the increased water flow through DOM-rich upper soil367

horizons during high flow periods (Striegl et al., 2005; Neff et al., 2006; Mann et al., 2012;368

Bouillon et al., 2014). Wetlands and floodplains were the main sources of terrestrial DOM369

at the basin scale during wet seasons, as shown by the relationships between DOC and370

wetland extent (Fig. 7). Among the different terrestrial humic-like components, C4 was the371

most affected by fluctuations in the connectivity with wetlands/floodplains. The increase372

in the relative contribution of C4 suggests that this component was mobilized in greater373

proportion relative to others (Fig. 5). This observation is consistent with a recent study374

conducted in boreal streams, in which a component similar to C4 was found to increase375
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relative to other humic-like fluorophores (equivalent to C1 and C2) in stream waters during376

the peak spring melt due to the higher abundance of this component in uppermost soil377

horizons of wetlands (Kothawala et al., 2015). The longitudinal and seasonal variations in378

%C4 in the upper Zambezi are consistent with the hypothesis that C4 is mainly produced379

in the upper soil horizons of wetlands/floodplains and therefore preferentially mobilized380

during high flow periods.381

4.2.2 WRT modulates the downstream patterns of DOM. During the dry season, DOM382

was characterized by lower SUVA254 and higher SR values, indicating the transport of383

compounds of lower aromaticity and lower average molecular weight compared to high384

flow periods. The difference in downstream gradients of DOM compared to the wet385

seasons can be explained in part by the loss of connectivity between rivers and riparian386

wetlands/floodplains and the deepening of hydrological flowpaths through DOM-poor387

deeper subsoil horizons during the dry season (e.g. Striegl et al., 2005; Bouillon et al.,388

2014). Changes of connectivity with wetland during the dry season was also found to389

strongly impact CO2 and CH4 distribution in the Zambezi (Teodoru et al., 2015). That being390

said, the considerable decrease in water discharge during dry/base flow period compared391

to wet/high flow periods (Fig. 2) likely leads to a decrease in water velocities and392

subsequently to an increase in solutes residence time, allowing a more efficient393

degradation of terrestrial DOM along a given section. For illustration, the preferential394

downstream loss of a350 compared to DOC in the upper Zambezi, associated with a395

gradual decrease of SUVA254 and increase of SR, is a strong evidence of the preferential396

loss of the terrestrial and aromatic fraction of DOM through photodegradation (e.g.397

Spencer et al., 2009; Weyhenmeyer et al., 2012). The stable level of FMax of C3 suggests398

a continuous supply of this component, likely due to microbial degradation of terrestrial399
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DOM. In addition, the increase in WRT could favour the accumulation of DOM from400

autochthonous sources as suggested by higher values of FI and the gradual increase in401

FMax for C5 (Fig. 3 and 4). Flushing during high flow periods perturbs the downstream402

gradient of DOM established during base flow because (1) increase in water level403

mobilizes a greater proportion of terrestrial DOM and (2) increase in water velocities404

increases the travel distance of humic and aromatic terrestrial compounds before removal405

due to microbial and photochemical degradation processes and limits the accumulation of406

autochthonous DOM in the water column.407

4.2.3. Retention of water by lakes/reservoirs. Longitudinal patterns of DOM were408

affected by the presence of reservoirs independently of water level fluctuations, in which409

DOM was characterized by low aromaticity and molecular weight and higher microbial410

contribution (Fig. 4 and 6). The net loss of DOC and the preferential loss of the coloured411

and aromatic fraction of DOM (based on a350 and SUVA254, Fig. 3) in lakes and reservoirs412

have been previously documented (Hanson et al., 2011; Köhler et al., 2013) and attributed413

to the combination of several processes including flocculation, photochemical and414

microbial degradation (Cory et al., 2007; von Wachenfeldt and Tranvik, 2008; Köhler et415

al., 2013; Kothawala et al., 2014). Although we were not able to estimate the relative416

contribution of these mechanisms, our results indicate that the humic-like fractions of DOM417

(C1-C4) were more susceptible to degradation compared to the protein-like fraction (C5),418

an observation consistent with recent studies carried out in boreal lakes (Kothawala et al.,419

2014). The level of fluorescence of C5 could be additionally sustained by the FDOM from420

primary producers such as macrophytes (Lapierre and Frenette, 2009), that also lead to421

low values of the partial pressure of CO2 in the Kariba and Cahora Bassa reservoirs422

(Teodoru et al., 2015).423
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In agreement with others studies (e.g. Hanson et al., 2011), the effects of reservoirs424

on the fate of DOM were related to their specific WRT. The Itezhi Tezhi Reservoir had425

little effect on longitudinal patterns of DOM, as also suggested by a recent study (Zürbrugg426

et al., 2013), likely due to its relatively low WRT (0.7 yr, Kunz et al., 2011) compared to427

the Kariba (5.7 yr, Magadza, 2010) and the Cahora Bassa (2 yr, Davies et al., 2000)428

reservoirs. The DOC concentrations upstream and downstream of the Cahora Bassa429

Reservoir were similar but DOM composition exhibited significant changes within the430

reservoir compared to upstream and downstream stations, suggesting a balance between431

loss and production of new compounds. In fact, the Kariba Reservoir was the most432

important reservoir responsible for the perturbation of the longitudinal DOM gradient. The433

seasonal variability of DOM at the outlet of the Kariba Reservoir, both in terms of434

concentration and composition, was drastically reduced compared to the seasonal435

patterns observed in the upper Zambezi (Fig. 3 and 5). This was also illustrated by data436

from a two-years monitoring of the Zambezi River 70 km downstream of the Kariba Dam,437

showing that the terrestrial fraction of DOM leaving the reservoir has undergone extensive438

transformation (Table 2).439

Beyond their role as hotspots for DOM processing and mineralization,440

lakes/reservoirs act as a hydrological buffer and reduce the temporal variability of441

downstream water flow (Goodman et al., 2011; Lottig et al. 2013). Except for some442

isolated events, water discharge remained constant at Kariba Dam due to hydropower443

management (Fig. 2). Combined with the low temporal variability in DOM content (Table444

2), DOC fluxes at the outlet of the Kariba Reservoir were relatively invariant and ranged445

between 8.3 × 107 and 9.7× 107 kg yr-1. This results in a twofold decrease of DOC fluxes446
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during the wet seasons between upstream inputs from the upper Zambezi and export at447

the outlet of the Kariba Reservoir, but in the increase by a factor of 12 during the dry448

season (Fig. 8). On a longitudinal perspective, lakes/reservoirs can thus shift from DOM449

source to sink relative to upstream ecosystems while reducing the temporal variation of450

DOM fluxes and composition to downstream ecosystems. That being said, DOM losses451

were largely offset during the wet seasons by inputs from the Kafue and the Shire rivers452

as well as from wetlands in the lower Zambezi (Fig. 3 and 8). Therefore, the spatial453

arrangement of the different elements that constitute large river networks such as454

lakes/reservoirs, wetlands/floodplains and large tributaries is a key aspect in controlling455

DOM export at the basin scale.456

4.3. Comparison with others rivers. The results of this study are similar to those457

reported in large rivers from other biomes regarding (1) the role of peak flow periods in458

exporting a greater portion of terrestrial aromatic and humic DOM (Neff et al., 2006; Duan459

et al., 2007; Holmes et al., 2008; Walker et al., 2013), (2) the disproportionate importance460

of riparian wetlands and floodplains in regulating in-stream chemistry (Battin, 1998;461

Hanley et al., 2013; Borges et al., 2015b) and (3) the reactivity of terrestrial DOM during462

its transport (Massicotte and Frenette, 2011; Cawley et al., 2012; Wehenmeyer et al.,463

2012). However, while changes in temperature have been suggested as a secondary464

factor impacting DOM patterns in temperate and boreal streams and rivers (Kothawala et465

al., 2014; Raymond et al., 2015), changes in longitudinal DOM patterns in the Zambezi466

Basin were only controlled by changes in hydrology. Indeed, water temperatures were467

systematically elevated with values mainly ranging from 25 to 29°C (data not shown) and468

no significant patterns were apparent between the contrasting seasons.469
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Our study clearly illustrates that the DOC in a given station is the legacy of470

upstream sources and their degree of processing during transport, and suggests that WRT471

is a major driver controlling the fate of DOM in freshwaters (the latter resulting from the472

competition between transport and degradation processes). Seasonal changes in DOM473

concentration and composition in large rivers assessed by monitoring programs are often474

explained by vertical changes in DOM sources mobilized during high flow and base flow475

conditions, i.e. shallow versus deep sources along the soil profile (Neff et al., 2006; Mann476

et al., 2012; Bouillon et al., 2014). Our results show that the upstream degradation history477

of DOM during transit should also be taken into consideration, especially during base flow478

periods. Given the strong reactivity of fresh terrestrial humic DOM exported during high479

flow periods (e.g. Holmes et al., 2008; Mann et al., 2012) and the ability of large480

hydrological events to transport DOM downstream over large distances (Raymond et al.,481

2015), the functioning of large rivers at the seasonal scale and their impacts on receiving482

ecosystems (e.g. coastal waters) should deserve more attention.483
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710

Figure captions711

Figure 1 – Map of the Zambezi basin illustrating the digital elevation model, wetlands and712

floodplains areas (data from Lehner and Döll, 2004), the main hydrological network and713

the distribution of sampling sites along the Zambezi and the Kafue rivers.714

Figure 2 – Water discharge between January 2012 and January 2014 for (a) the Zambezi715

River at Victoria Falls and at Kariba Dam, and (b) for the Kafue River at Hook Bridge716

located upstream of the Itezhi Tezhi Reservoir and at the Kafue Gorge Dam (data from717

Zambia Electricity Supply Corporation Limited, ZESCO). Bars refer to the three periods718

during which field campaigns were performed.719

Figure 3 – Longitudinal variations of DOM properties along the Zambezi River (left panels)720

and the Kafue River (right panels) during the wet and the dry seasons. From top to bottom721

the panels represent: DOC, a350, δ13CDOC, SUVA254, SR and FI. Dark gray and light gray722

rectangles in background represent the approximate position along the mainstream of723
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wetlands/flooplains areas and reservoirs, respectively. Roman numerals refer to (I)724

Barotse Floodplain, (II) Chobe Swamps, (III) Kariba Reservoir, (IV) Cahora Bassa725

Reservoir, (V) lower Zambezi wetlands for the Zambezi River and (VI) Lukanga Swamps,726

(VII) Itezhi Tezhi Reservoir and (VIII) Kafue Flats for the Kafue River. The diamonds727

represent samples collected from main tributaries upstream to their confluence with728

mainstreams: (IX) the Kabompo, (X) the Kafue, (XI) the Luangwa, (XII) the Mazoe and729

(XIII) Shire River for the Zambezi River and (XIV) the Lunga River for the Kafue River.730

Symbols and error bars for data collected during the wet seasons represent the average731

and standard deviation between the two field campaigns performed in 2012 and 2013,732

respectively.733

734

Figure 4 – Longitudinal variations of FDOM along the Zambezi River (left panels) and the735

Kafue River (right panels) during the wet and the dry seasons. From top to bottom the736

panels represent: FTot and FMax for each PARAFAC component. The diamonds represent737

samples taken from main tributaries upstream their confluence with mainstreams.738

739

Figure 5 – Longitudinal variations of the relative contribution of PARAFAC component740

along the Zambezi River (left panels) and the Kafue River (right panels) during the wet741

and the dry seasons. The diamonds represent samples taken from main tributaries742

upstream their confluence with mainstreams.743

744

Figure 6 – Graphical representation of PCA results, including loadings plot for the input745

variables and scores plot for water samples collected during the wet dry (circles) and the746

wet (triangles) seasons. Water samples from the Zambezi River (ZBZ) were classified747
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according to its source and the three major segments of the Zambezi basin. Samples from748

reservoirs (i.e. Kariba, Cahora Bassa and Itezhi Tezhi reservoirs) were classified together.749

750

Figure 7 – Relationships between DOC and % Wetlands in the Zambezi and the Kafue751

rivers, with *:p<0.1, and ***:p<0.001.752

753

Figure 8 – DOC fluxes calculated at different locations along the Zambezi River during754

the wet and the dry seasons. Vertical arrows represent changes in DOC fluxes at a same755

location between the wet and the dry seasons. Diagonal changes represent longitudinal756

variations.757
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Table 1– Spectral characteristics of the five fluorophores identified by PARAFAC modelling, correspondence with previously758

identified components in different environments, general assignment and possible source. Numbers in brackets refer to the759

second peak of maximal excitation.760

761

762

Table 2 – Temporal variations of DOM properties measured at the outlet of the Kariba Reservoir during a one year and half763

monthly sampling (from February 2012 to November 2013).764

DOC δ13CDOC a350 SUVA254 SR %C1 %C2 %C3 %C4 %C5
(mg L-1) (‰) (m-1) (L mgC-1 m-1)

Min 2,00 -23,96 1,00 1,39 1,010 27,7 12,2 16,1 4,0 12,3

Max 2,60 -22,26 2,50 3,11 1,428 36,5 16,6 26,2 13,8 35,9

Mean 2,22 -23,08 1,60 2,02 1,185 34,1 15,2 24,1 9,3 17,3

S.D. 0,17 0,37 0,44 0,43 0,141 2,4 1,2 2,7 3,1 6,2

n 20 20 12 12 12 12 12 12 12 12

765

Component St Law rence
River1

Large Arctic
rivers2

Boreal
Lakes3,4

Subtropical
w etlands5,6

Tropical
w etland7

Temperate
estuary8

Coastal
w aters9

Marine
w aters10

C1 <240 (325) 443 C2 C1 C4 C1 C1 C4 — C1 Terrestrial humic-like T

C2 <240 (365) 517 C3 C3 C3 C5 C4 C2 C3 — Terrestrial humic-like T

C3 <240 (305) 383 C7 — C2 C4 C3 C6 C6 C4 Microbial humic-like Au9,M3,7,10, An8

C4 <240 405 C1 — C5 C2 C2 C1 C1 — Terrestrial humic-like T5-6,8, P1,4

C5 275 (<240) 337 C4 C5 C6 C8 — C7 C4 C2 Tryptophan-like Au1,9, M2,8

a T: Terrestrial inputs; Au: Autochthonous primary production; An: Anthropogenic origin; M: Microbial degradation; P: Photochemical degradation.
1) Massicotte and Frenette (2011); 2) Walker et al. (2013); 3) Kothaw ala et al. (2014); 4) Kellerman et al. (2015); 5) Yamashita et al. (2010); 6) Caw ley et al. (2012); 7) Zürbrugg et
al. (2013); 8) Stedmon and Markager (2005); 9) Yamashita et al. (2008); 10) Jørgensen et al. (2011).
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Excitation

(nm)
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Comparison w ith others environments
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Figure 1766
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Figure 2769
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Figure 3771

772

Biogeosciences Discuss., doi:10.5194/bg-2016-9, 2016
Manuscript under review for journal Biogeosciences
Published: 8 February 2016
c© Author(s) 2016. CC-BY 3.0 License.



38

Figure 4773

774

Biogeosciences Discuss., doi:10.5194/bg-2016-9, 2016
Manuscript under review for journal Biogeosciences
Published: 8 February 2016
c© Author(s) 2016. CC-BY 3.0 License.



39

Figure 5775
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