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Abstract. Floodplains are important biogeochemical reac-
tors during fluvial transport of carbon and nutrient species
towards the oceans. In the tropics and subtropics, pronounced
rainfall seasonality results in highly dynamic floodplain bio-
geochemistry. The massive construction of dams, however,
has significantly altered the hydrography and chemical char-
acteristics of many (sub)tropical rivers. In this study, we
compare organic-matter and nutrient biogeochemistry of two
large, contrasting floodplains in the Zambezi River basin in
southern Africa: the Barotse Plains and the Kafue Flats. Both
systems are of comparable size but differ in anthropogenic
influence: while the Barotse Plains are still in large parts pris-
tine, the Kafue Flats are bordered by two hydropower dams.

The two systems exhibit different flooding dynamics, with
a larger contribution of floodplain-derived water in the Kafue
Flats and a stronger peak flow in the Barotse Plains. Distinct
seasonal differences have been observed in carbon and nutri-
ent concentrations, loads, and export and retention behavior
in both systems. The simultaneous retention of particulate
carbon and nitrogen and the net export of dissolved organic
and inorganic carbon and nitrogen suggested that degradation
of particulate organic matter was the dominant process influ-
encing the river biogeochemistry during the wet season in the
Barotse Plains and during the dry season in the Kafue Flats.
Reverse trends during the dry season indicated that primary
production was important in the Barotse Plains, whereas the
Kafue Flats seemed to have both primary production and res-

piration occurring during the wet season, potentially occur-
ring spatially separated in the main channel and on the flood-
plain.

Carbon-to-nitrogen ratios of particulate organic matter
showed that soil-derived material was dominant year-round
in the Barotse Plains, whereas the Kafue Flats transported
particulate organic matter that had been produced in the up-
stream reservoir during the wet season. Stable carbon iso-
topes suggested that inputs from the inundated floodplain
to the particulate organic-matter pool were important during
the wet season, whereas permanent vegetation contributed to
the material transported during the dry season. This study
revealed effects of dam construction on organic-matter and
nutrient dynamics on the downstream floodplain that only
become visible after longer periods, and it highlights how
floodplains act as large biogeochemical reactors that can be-
have distinctly differently from the entire catchment.

1 Introduction

In current global budgets of organic matter and nutrients,
large rivers (discharge >400 km?3 yr—1) account for approx-
imately 35% of the total freshwater-related flux to the
ocean (Milliman and Farnsworth, 2011). In studies present-
ing global budgets and models for carbon, nitrogen, and
phosphorus export via large rivers, tropical systems are of-
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ten underrepresented (Alvarez-Cobelas et al., 2008, 2009,
2012). Global extrapolations based on the well-studied tem-
perate and boreal systems are therefore prone to large errors
because they neglect the distinct seasonal flooding of exten-
sive tropical floodplain areas (Junk, 1999; Junk et al., 1989).
Floodplain systems have been recognized for their potential
to alter fluxes of particulate matter, organic carbon, and nutri-
ents transported by rivers (McJannet et al., 2012; Fisher and
Acreman, 2004).

During transport from land to sea, riverine organic matter
is modified by processes in biogeochemical reactors, specifi-
cally natural and artificial lakes and wetlands or floodplains.
In the past decades, increasing energy demands have re-
sulted in the construction of hydropower dams in most of
the world’s large river systems (Nilsson et al., 2005). These
man-made biogeochemical reactors significantly change the
characteristics of river flow. Since water flow is restricted
in most lakes, particles have time to settle. The water exit-
ing the lake is therefore depleted in particulate matter and
its associated organic carbon and nutrients. Lake stratifica-
tion favors hypoxia or anoxia in the hypolimnion, which can
lead to methane outgassing (Barros et al., 2011; Bastviken
et al., 2008; DelSontro et al., 2011), low oxygen concentra-
tions, and potentially toxic levels of reduced substances in
the outflow from turbines (Kunz et al., 2013). In addition to
the direct effects of hydropower reservoirs, energy demands
often require flow regimes that deviate from the natural trop-
ical situation, changing the hydrography in the downstream
reaches of the river (Lu and Siew, 2006; Maingi and Marsh,
2002; Rood et al., 2005).

Floodplains make up a large fraction of all tropical wet-
lands (which cover about 2.5-3.5 % of the Earth’s surface),
with areas of > 108 km? in South America and >10° km? in
Africa (Tockner and Stanford, 2002). Because of the large
area, the periodic flooding and corresponding changing re-
dox conditions, the high temperatures, and the intense rates
of primary production (Junk and Piedade, 1993; Robertson
et al., 1999; Ward and Stanford, 1995), the impact of trop-
ical floodplains on riverine-transported organic matter and
nutrients can be significant (Hamilton et al., 1997). River—
floodplain exchange has been identified as a key process for
the ecological and biogeochemical functioning in temperate
(Hunsinger et al., 2010; Tockner et al., 2010) and tropical
systems (e.g., Melack et al., 2009). Lateral exchange between
a river and its floodplain was shown to affect sediment ero-
sion and transport (Dunne et al., 1998), the composition of
the particulate matter (Devol et al., 1995), carbon fluxes (Pet-
titetal., 2011), and nutrient supply (Villar et al., 1998).

The type of organic matter transported by tropical rivers
covaries with discharge. Both the Tana River in Kenya (Ta-
mooh et al., 2014) and the Sanaga River in Cameroon (Bird et
al., 1998) transported mainly organic matter from the degra-
dation of C4 plants during the wet season, while dry-season
runoff is characterized by organic matter originating from C3
plants. Spencer et al. (2010) also showed that the properties
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of organic carbon transported by a tributary of the Congo
River vary during different hydrographic phases, with high-
est dissolved organic carbon and lignin concentrations during
peak flow. In the same river, the particulate organic carbon
concentration increased when the discharge increased (Mar-
iotti et al., 1991).

Following the construction of dams, the hydrological and
sediment-related changes have been assessed in several sys-
tems, including the Tana River in Kenya (Maingi and Marsh,
2002) and the Lower Mekong River in China (Kummu and
Varis, 2007; Fu et al., 2008; Lu and Siew, 2006). However,
the impacts of these changes in hydrography on the biogeo-
chemistry of tropical floodplain systems have hardly been
studied. Considering the importance of floodplains within the
catchment of large tropical rivers, changes in flooding and in-
undation might have pronounced effects on the biogeochem-
ical behavior of floodplains and can have far-reaching conse-
quences for the downstream catchment.

In this study, we assessed the dynamics and export rates
of organic matter and nutrients in two large, understudied
floodplains in the Zambezi River basin — the pristine Barotse
Plains and the dam-impacted Kafue Flats — during wet- and
dry-season conditions. This comparative analysis aims at
identifying effects of damming on floodplain biogeochem-
istry and builds on previous studies on river—floodplain in-
teractions in the Kafue Flats (Zurbriigg et al., 2012, 2013;
Wamulume et al., 2011). Based on field campaigns from con-
trasting seasons, we were able to describe seasonal variability
in the two systems. We further quantified the changes in the
concentration, speciation, origin, and loads of carbon, nitro-
gen, and phosphorus along the floodplains in order to assess
the implications of river damming and an altered hydrologi-
cal regime on floodplain biogeochemistry.

2 Study sites

At 1.4 x 106 km?, the Zambezi River basin is the fourth
largest in Africa, and the only major African river draining
into the Indian Ocean. Due to its geographic location, the
catchment experiences a pronounced wet season during the
passage of the Intertropical Convergence Zone (December—
March) and a dry season (April-November) during the re-
mainder of the year.

The Barotse Plains are a near-pristine floodplain area
in the upstream part of the Zambezi River in the western
part of Zambia (Fig. 1). The hydrography in the Barotse
Plains clearly reflects the climatic conditions, with peak flow
around April or May and low flow between July and Novem-
ber (Fig. 2a). The total inundatable area is estimated at
around 7700 km?2. (Hughes and Hughes, 1992). The Kafue
Flats are located along the Kafue River, one of the largest
tributaries of the Zambezi River. Upstream of the Flats, the
Itezhi-Tezhi dam (ITT, completed in 1978) stores a signif-
icant part of the wet-season runoff in order to allow for a
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Figure 1. Map of the Zambezi catchment, with floodplains (in green) and large dams (red arrows) marked. Inserts show sampling stations
during the dry (circles) and wet season (stars) in the Barotse Plains and Kafue Flats. Sampling stations will be further presented in distance

along the river (km).

continuous operation of the power station at Kafue Gorge
(dam completed in 1972) downstream of the Kafue Flats.
Evaporation from the reservoir changes the water level by
780 mmyear—1, according to Beilfuss (2012). At 6000 km?,
the maximum inundated area of the Kafue Flats is smaller
than that of the Barotse Plains (Hughes and Hughes, 1992).
The hydrography of the Kafue Flats has been significantly
altered by the presence of the dams (Fig. 2b), but the an-
nual discharge did not change. Over the last decades, peak
flow has been reduced (approximately —50 %) and base flow
has increased (roughly +50 %, Fig. 2b). In consequence, tim-
ing and extent of inundation in the Kafue Flats have changed
(Mumba and Thompson, 2005). The floodplain area has been
reduced by 40 % due to permanent inundation, a direct result
of elevated base flow sustained by the dam operation.

The vegetation in the Kafue Flats has been described as a
gradient, ranging from open water to floodplain grasslands,
water meadows, littoral zones, termitaria grasslands, and
woodland areas (Ellenbroek, 1987). After the construction of
the dams, the area covered by shrubs has increased (Mumba
and Thompson, 2005; Blaser, 2013). For the Barotse Plains
a detailed overview of the vegetation zones is lacking, but
several sources suggest grasslands, combined with Miombo
woodland and deciduous forest patches (Zambezi Society,
2000; Timberlake, 2000).
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3 Methods
3.1 Sampling

Sampling of the main river channel at multiple locations
along the floodplains (Fig. 1) was conducted during peak
flow, hereafter called the wet season (April or May; Barotse
Plains 2009, 2013; Kafue Flats 2008, 2009, 2010), and low
flow, referred to as the dry season (October; Barotse Plains
2008, 2013; Kafue Flats 2008). Samples were collected
from surface water in the middle of the well-mixed chan-
nel (50 cm, Barotse Plains) or at mid-depth (Kafue Flats) us-
ing a peristaltic pump. The similarity of the results from dif-
ferent years (Zurbriigg et al., 2012, 2013) allowed the com-
bination and averaging of the data sets in order to obtain
generalized patterns for the two systems and seasons. Dis-
charge in the main channel was measured using a RiverRay
ADCP (acoustic Doppler current profiler; for the Barotse
Plains, dry-season data from the Zambezi River Authority
were used).

3.2 Laboratory analyses

Samples for dissolved nutrient concentrations were filtered
through 0.45 pum filters. Dissolved inorganic nitrogen (DIN,
limit of quantification, LOQ, of nitrogen analyses <4 uM),
phosphate (LOQ phosphorus analyses <0.2pyM), and the
sum of nitrate and nitrite were measured by chemilumines-
cence detection (Antek 9000). Ammonium was determined
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by standard colorimetric technique. Total dissolved nitrogen
and total phosphorus (TDN and TDP) were determined by
chemiluminescence detection (Antek 9000) following per-
sulfate oxidation (Sol6rzano and Sharp, 1980; Bronk et al.,
2000). Samples for particulate phosphorus concentrations
during the wet season were collected onto 0.7 um GF/F
filters (Whatman) and measured using a sequential phos-
phorus extraction method (SEDEX, Ruttenberg (1992), as
modified by Slomp et al., 1996). Samples for dissolved or-
ganic carbon (DOC, precision<10uM) and dissolved inor-
ganic carbon (DIC, precision <10 uM) were filtered through
0.7 um GF/F filters (Whatman) and analyzed on a Shimadzu
TOC-L (Barotse Plains) and on a Shimadzu 5050 TOC ana-
lyzer (Kafue Flats, DOC only). DIC concentrations for the
Kafue Flats were calculated from pH and alkalinity mea-
surements (data not shown). Stable oxygen isotopes were
determined on filtered water samples (0.45um nylon fil-
ters) using a Picaro L2120-1 Cavity Ringdown Spectrometer
(Barotse Plains, precision 0.05%o) or a MultiFlow prepara-
tion module connected to a continuous-flow IRMS (isotope
ratio mass spectrometer; Isoprime, UK, precision 0.2 %o; Ka-
fue Flats) and calibrated against in-house standards rang-
ing from 0 to —22.5%ovsmow. Riverine suspended matter
was collected on pre-weighed GF/F filters (Whatman). Af-
ter freeze-drying of samples, suspended matter concentra-
tions were determined by weight difference. Particulate or-
ganic carbon and nitrogen and their stable isotopic compo-
sitions (POC, PN, §13C, and §1°N, respectively) were deter-
mined using an elemental analyzer—isotope ratio mass spec-
trometer (EA-IRMS; Thermo-Fischer MAT 253 or Ther-
moFinnigan FlashEA 1112 coupled to a DeltaV Advantage
Continuous-Flow IRMS) and calibrated against in-house
standards (§13C: —15 to —30 %ovppe, precision 0.1 %o; §1°N:
—1.1t0 +32.7 %eogr, precision 0.2 %o).

4 Results
4.1 Hydrology and oxygen isotopes

During the wet season, the runoff in the main channel of
both floodplains was characterized by a discharge minimum
roughly in the middle of both systems (Fig. 3). Located
around 100 km and 200-300 km downstream in the Barotse
Plains and in the Kafue Flats, respectively, constrictions in
the riverbed were present, which promoted flooding of the
surrounding floodplain area (Zurbriigg et al., 2012). During
the dry season, the discharge remained fairly constant in both
systems with a gain due to tributaries along the Barotse Plain
and a slight loss in the Kafue Flats. Note, however, that the
peak discharge in the wet season was about 4 times higher
in the Zambezi crossing the Barotse Plains compared to the
dammed Kafue River (Fig. 2).

The intense river—floodplain exchange left a distinct 510
signal in both systems: the rivers lost water to the floodplain
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Figure 2. River discharge (a) at Senanga, the downstream bound-
ary of the Barotse Plains (1988-2006 average and standard devi-
ation), and (b) at the outflow of Itezhi-Tezhi (ITT) dam, the up-
stream boundary of the Kafue Flats. Discharge for the Kafue Flats
are means of pre-dam (1960-1971) and post-dam construction (Ka-
fue Gorge dam: 1972-1977; ITT dam: 1978-2010) periods. Data
from the Department of Water Affairs and Zambezi River Author-
ity; permission for reprint first granted to Blaser (2013).
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Figure 3. Discharge and stable oxygen isotope signals in the
Barotse Plains and the Kafue Flats during wet and dry seasons. Dis-
charge and 5180 data for the Kafue Flats have been published pre-
viously in Zurbrlgg et al. (2012).

during the wet season. Downstream of the stretch where dis-
charge in the river decreased, the 8180 of the river water
changed sharply to heavier values (Fig. 3). The overall 80
enrichment of the channel water between the upstream and
downstream sampling locations was more pronounced in the
Kafue Flats during the wet season. In the Barotse Plains, the
8180 signal showed an overall shift from —2.0 %o in the up-
stream part to —0.9 %o at the downstream end. In the Kafue
Flats a sharp increase towards heavier values was observed
downstream of the channel constriction. To correct for dif-
ferent travel distances along the river stretches, the change
in 8180 per 100 km of river length was estimated: for the
Barotse Plains this enrichment was +0.26 %o and for the Ka-
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fue +0.56 %o per 100 km. During the dry season, no signifi-
cant increase in the isotopic signal of oxygen was observed
in the Barotse Plains, while in the Kafue Flats enrichment
occurred at +0.17 %o per 100 km.

4.2 Concentrations and loads

For a comprehensive comparison of the concentrations of
carbon, nitrogen, and phosphorus species along the two
floodplains during contrasting seasons, all measurements
along the floodplain have been considered, irrespective of
spatial trends (Fig. 4). The occurrence of large spatial varia-
tions along the floodplain, or differences between measure-
ment methods between the different years, resulted in larger
ranges.

The dissolved inorganic fraction dominated the total car-
bon concentration in both seasons and both systems (Fig. 4).
Dissolved organic nitrogen (DON) was always the main ni-
trogen species. In the Barotse Plains particulate phosphorus
(PP) was the dominant form during the wet season, while dis-
solved inorganic phosphorus (DIP) was generally the prevail-
ing species during the dry season. Phosphorus concentrations
were largely close to the detection limit in both systems, and
were therefore excluded from the calculation of loads.

While both systems exhibited very low inorganic nutrient
concentrations during the dry season, the Barotse Plains were
substantially lower in organic carbon and nitrogen species
concentration compared to the Kafue Flats. Differences be-
tween the dry-season and wet-season C and N concentrations
within both systems were statistically significant (paired
analysis, p values <0.05) for all species, except for the Ka-
fue Flats DOC (p =0.23), DON (0.084), and DIN (0.284).
The differences in concentrations between the Barotse Plains
and Kafue Flats in similar seasons were significant (hypoth-
esis testing, p values <0.05) for all species except PP (wet
season, p =0.121) and DIP (dry season, p =0.053).

Loads were calculated from the discharge and concen-
tration data for the respective species, as the water column
was well mixed (see Supplement). Total carbon and nitrogen
loads increased along the Barotse Plains during the wet sea-
son, mainly due to a larger contribution from the dissolved
organic form (Fig. 5). The increase in total carbon load in the
Kafue Flats during the wet season was mainly attributed to
the dissolved inorganic fraction. The magnitude of the wet-
season carbon loads leaving the floodplain area was compa-
rable between the two systems (roughly 1500t C d—1, Fig. 5),
while the nitrogen loads in the Barotse Plains were almost
twice as high as those in the Kafue Flats (44 and 20t N d—1).
During the dry season the loads decreased slightly.

Net export was determined as the difference between the
load at the downstream end of the floodplain and the load
at the upstream end of the floodplain (Table 1). During the
wet season, the Barotse Plains were a sink for all particulate
phases, while the Kafue Flats acted as a source (Table 1).
Both systems were sources of DOC and DIC. Dissolved or-
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ganic nitrogen was exported from both floodplains, but the
Barotse Plains retained the small DIN flux, while the Kafue
Flats were a minor source. During the dry season, the Barotse
Plains acted as source of particulate matter. For the Kafue
Flats this could not be determined due to a lack of POC and
PN measurements in the downstream stretches of the river.
DOC and DIC were retained by both systems. The Barotse
Plains were a minor source of dissolved nitrogen, while the
Kafue Flats retained both organic and inorganic nitrogen.

4.3 C: N ratios and isotopes

The C:N ratios of particulate organic matter (Fig. 6) re-
mained fairly constant along the floodplain in the Barotse
Plains and Kafue Flats during the wet season (10.8+0.7
and 7.5 £ 0.7, respectively (statistically significant difference
at 95% confidence intervals)). During the dry season the
along-floodplain variability within each of the floodplains
was larger (10.3 £ 1.5 and 10.3 & 1.8, respectively), but no
significant difference was observed between the two sys-
tems. On average, particulate carbon was more depleted in
13C in the Kafue Flats than in the Barotse Plains during
the wet season (513C = —28.54 0.9 and —26.9 =+ 1.1 %o, re-
spectively (statistically significant p <0.05)). During the dry-
season, mean §13C values were —28.5 & 1.0 %o in the Barotse
Plains and —26.5 4= 1.9 %o in the Kafue Flats, again a signifi-
cant difference. The organic matter in the Barotse Plains be-
came more enriched in 13C during the wet season compared
to the dry season, while in the Kafue Flats lower §13C val-
ues were observed during the wet season than during the dry
season (both significant, p <0.05).

The C: N ratio of the dissolved organic phase was more
variable: while the wet-season values of 17.54+1.9 and
23.7 £ 3.4 were fairly similar for the Barotse Plains and Ka-
fue Flats, respectively, they differed widely during the dry
season: 166 420 and 22.7 4+ 11.3. The two systems differed
significantly (p <0.05) from each other during a given sea-
son.

Paired analysis showed that there was no statistically sig-
nificant (p <0.05) difference in particulate C : N ratios in the
Barotse Plains between contrasting seasons, while there was
a difference in dissolved C: N ratios and C-isotopic signals.
In the Kafue Flats, there was a significant decrease in partic-
ulate C: N ratio from the dry to the wet season (as previously
reported in Zurbriigg et al., 2013).

5 Discussion

5.1 Hydrology and inundation dynamics

The discharge patterns (Fig. 3) showed how the bankfull
capacity of the Zambezi and Kafue rivers varied along
the floodplain stretch. In both systems water moved from
the main channel onto the floodplain, at roughly 600 and
400m3s~1 in the Barotse Plains and the Kafue Flats, re-

Biogeosciences, 12, 7535-7547, 2015
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Figure 4. Boxplots of the concentrations of dissolved and particulate carbon, nitrogen, and phosphorus species along the Barotse Plains
and the Kafue Flats during wet and dry seasons along the floodplain. The boxes represent the first and third quartiles, and the median. No
measurements of particulate phosphorus were made on samples from the dry seasons. Carbon and nitrogen data of the Kafue Flats have been
previously published in Zurbriigg et al. (2013).
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Figure 5. Dissolved and particulate carbon and nitrogen loads along the Barotse Plains and the Kafue Flats during wet and dry seasons. The

loads of particulate carbon and nitrogen at the two most downstream locations in the Kafue Flats could not be determined for the dry season
due to a lack of POC and PN measurements.
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Table 1. Net export (in tons of C per day and tons of N per day), calculated as the difference between loads at the downstream and upstream
ends of the respective floodplain, from the two floodplains during wet and dry seasons. Positive numbers indicate that the floodplain acted as
a source (export), negative numbers indicate the floodplain acting as a sink (retention). POC and PN export from the Kafue Flats during the
dry season could not be estimated due to a lack of measurements at downstream locations.

System POC DOC DIC PN DON DIN

Barotse Plains  Wet season  —38 170 270 -3.7 12 0.0

Dry season 14 -15 -78 1.6 0.0 0.0

Kafue Flats Wet season 6.5 160 640 0.6 11 0.1

Dry season NA -11 -89 NA -08 -0.2
Barotse Plains Kafue Flats Using a mass balance approach based on oxygen isotopic
20 § data, Zurbriigg et al. (2012) calculated that >80 % of the wa-
ter in the Kafue Flats was on the floodplain for a certain
E 154 . 7 amount of time during the wet season. Logistical constraints
& 10 18 aad S aA e A prevented the coIIection of similar remote floodpla_in semples
) N VY ah in the Barotse F?Ialns.'Assumlng asimilar f!oodplaln s_|gna! in
o 5 g the Barotse Plains as in the Kafue Flats, a first approximation
was made to determine how much water in the Barotse Plains
01 ,a — ,b : : : : had been on the floodplain. This resulted in 50 % of the water
40 9 leaving the pristine floodplain area also having been outside

T180 152 T . . . .
> N the chan_nel for a certain amOl_Jnt of time. This estlmate shows
O 307 T S A that the interaction between river and floodplain was stronger
Q 20 4 A _“""\ ,"  asact AAA‘A in the Kafue Flats than in the Barotse Plains and reinforces
(8) SOV SN IR Ar-a a the observation that a larger fraction of the river discharge in
8 10 4 4 the Kafue Flats was forced onto the floodplain at the constric-
tion location than in the Barotse Plains. In the published liter-
01 ,° —— 7 ,d . . . . ature, high contributions of floodplain-derived water are also
“m-24 - § reported for the Tonle Sap Lake—floodplain system, where
g A water from the Mekong contributed over 50 % to the inflows
5-26 Tad N at A s of the lake and more than 80 % of the outflows from the lake
b2 | e A At N returned to the main river channel of the Mekong (Kummu et
8_28 ‘.A,’ \A,’ A,"" a N al., 2014). At peak flow in the Amazon, 97 % of the river in-
(3'_30 4 1 flow occurred at overbank flow at the Curuai floodplain, and
i) A Wet season this water was on the floodplain for an average of 19 days,
©p4® |4t ° s according to the modeling results by Rudorff et al. (2014).
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Figure 6. Carbon to nitrogen (C: N) ratios of particulate and dis-
solved organic matter as well as carbon isotopic signatures of par-
ticulate organic matter during wet (blue triangles) and dry (orange
circles) seasons. The Kafue Flats data have been previously pub-
lished in Zurbriigg et al. (2013).

spectively. Where the capacity of the channel increases again
further downstream, water from the floodplains (and po-
tential tributaries) returned to the main channel at higher
rates. On the floodplain, flow velocities were extremely low
(<1mms~1 on the Kafue Flats in May 2008; unpublished
data), which led to prolonged residence times of the water on
the floodplain, during which evaporation might occur, result-
ing in heavier 8180 signatures in floodplain water.
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During the dry season, the increasing discharge along
the Barotse Plains is most likely caused by inflow of the
Luanginga tributary. By contrast, the decreasing discharge
in the Kafue Flats combined with a calculated 16 % of
the downstream discharge that had been on the floodplain
for a certain amount of time (Zurbriigg et al., 2012) indi-
cated that there was still exchange between the river channel
and some permanently inundated areas in the downstream
reaches of the Kafue Flats. From a regional perspective, the
along-floodplain increase in the 8180 signal in the Barotse
Plains and Kafue Flats during the wet (flooding) season
(4+0.21 %oysmov to +0.56 %ovsmov per 100 km) was con-
siderably lower than the increase in the Okavango Delta dur-
ing the dry (flooding) season (+2.04 %o per 100 km) and dur-
ing wet season (4-0.74 %ovsmov per 100 km; calculated from
Akoko et al., 2013), indicating that there was significantly
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less extensive evaporation on the Zambezi catchment flood-
plains than in the inland Okavango delta.

5.2 Seasonality of C and N export and retention

During the wet season, the Barotse Plains were characterized
by a net export of dissolved phases and retention of particu-
late material. Degradation processes or settling of particulate
organic matter, either in the main channel or on the flood-
plain, could result in apparent retention of POC and PN. The
concurrent export of DOC, DIC, and DON could similarly
be a result of degradation or of the leaching of vegetation or
soils. During the dry season, the patterns were reversed, in-
dicative of inputs of organic matter from the Barotse Plains.

In contrast, the Kafue Flats were a net source for both par-
ticulate and dissolved phases during the wet season, indicat-
ing a different balance. The high proportion of DIC to the
net dissolved C export suggests that degradation was a dom-
inant process during flooding. While the constant POC : PN
ratios contradict large soil inputs, a combination of primary
production around the edges of the main channel, and degra-
dation and leaching of soil and vegetation from the inun-
dated floodplain (indicated by low oxygen concentrations in
the water from the floodplain; Zurbriigg et al., 2012), could
be responsible for the observed patterns. During the dry sea-
son, the retention of DOC, DIC, DON, and DIN pointed to-
wards primary production and potentially a minor contribu-
tion from sorption of dissolved organic phases onto particu-
late material.

The observed net export of particulate organic matter may
not have effects beyond the downstream reservoirs of Lake
Kariba and Kafue Gorge (Fig. 1). Both impoundments will
trap mobilized particles, and 70 and 90 % of incoming total
N and P are retained within Lake Kariba (Kunz et al., 2011a).
Over the course of a year, the Barotse Plains were a sink for
particulate phases, while both the Barotse Plains and the Ka-
fue Flats were exporting large quantities of dissolved organic
matter (Table 2). The export of dissolved organic matter, es-
pecially DOC, was 2—4 times higher than yields previously
reported for the Zambezi catchment (Mayorga et al., 2010).
The numbers are closer in magnitude to yields reported for
the Amazon and Orinoco rivers, which both drain highly pro-
ductive tropical rainforest (Beusen et al., 2005; Harrison et
al., 2005; Lewis Jr. and Saunders 111, 1989). Since the Zam-
bezi mainly drains savanna ecosystems, catchment yields are
a lot lower than from the other tropical rivers (Table 2). The
negative yields of particulate matter show how floodplains
can impact the riverine loads in trends opposite to those ob-
served for the whole catchment. Additionally, the high dis-
solved organic matter yields further indicate that floodplains
are intense biogeochemical reactors, which significantly af-
fect riverine transport of organic matter from land to sea.
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5.3 Sources of organic matter
5.3.1 Dissolved organic matter

Based on the export and retention behavior of the two flood-
plains, degradation of floodplain-derived organic matter may
be a large source of DOC in the Barotse Plains during the
wet season. During the dry season, primary production, or-
ganic matter inputs from the floodplain, and sorption of dis-
solved organic phases to particles may have decreased the
DOC concentrations. In the Kafue Flats, degradation of or-
ganic matter on the floodplain contributed to in-stream DOC
during the wet season, whereas during the dry season, simi-
larly to the Barotse Plains, primary production and sorption
of dissolved phases onto particles were lowering DOC and
DON concentrations. The high contribution of DON to TDN
further indicates that the Zambezi and Kafue Rivers are still
in large parts pristine, as anthropogenic activities mainly add
nitrogen in the form of DIN to aquatic systems (Berman and
Bronk, 2003).

The elevated C: N ratio of the dissolved organic matter
was indicative of the terrestrial origin of the organic mate-
rial in both systems. The ITT reservoir did not have a pro-
nounced impact on the dissolved phase (C:N around 23
during both seasons), which has previously been attributed
to a mostly refractory dissolved organic-matter phase (Zur-
briigg et al., 2013). The comparison with the Barotse Plains
revealed a much larger variability in C: N of the dissolved
matter, reaching dry-season values of 166 compared to the
wet-season signatures around 18. While DOC concentrations
were fairly similar during both seasons, the large decrease in
DON concentrations from the wet to the dry season (Fig. 4)
has resulted in this shift in dissolved C: N ratio.

The growth of seasonal vegetation on the inundated flood-
plain resulted in a large leaching potential of dissolved or-
ganic substances during the wet season, showing how pro-
cesses on the floodplain affect the riverine biogeochemistry
in this biogeochemical reactor. The increase in DOC and
DON concentrations during the wet season in the Barotse
Plains compared to the dry season also corresponds to the
general observation that DOC export increases with runoff,
caused by the shallowing of the flow paths through organic-
rich upper soils (Mulholland, 2003; Aitkenhead-Peterson et
al., 2003). Seasonal variability in DOC and DON concen-
trations has been previously shown in Hawaii (Wiegner et
al., 2009) and Congo (Spencer et al., 2010). In Hawaii, flow
paths are thought to change during changing hydrological
conditions, and in Congo seasonal changes were consid-
ered indicative of different sources of dissolved organic mat-
ter, flow paths, and residence times. Runoff from inundated
soils, such as found in the Zambezi River basin during the
wet season, also tend to have higher DON concentrations
(Aitkenhead-Peterson et al., 2003). This (potentially refrac-
tory) source of DON might be responsible for the high DON
concentrations found in the Barotse Plains during the wet
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Table 2. Yields of carbon, nitrogen, and phosphorus in kilograms (C or N) per square kilometer per year from large river basins and floodplain
yields from the Barotse Plains and Kafue Flats. Yields for this study are calculated from the maximum inundated areas mentioned in the
“Study Sites” section, assuming 6 months of dry-season export and 6 months of wet-season export. POC and PN yields from the Kafue Flats
during the dry season could not be estimated due to a lack of measurements at downstream locations, so no yearly yields were calculated.

River POC DOC PN DON DIN
Amazon 29002 52004 5002 3309, 180f 170f
Congo 14002, 400 33002, 1600° 2008 92¢, 5gf 32f
Orinoco 15008 56009, 52008 190 3109, 1908, 170f

Oubangui 180-300P 660-1500°  20-29P

Zambezi 8008  1000-2000f 1002 - 14f, 100-3009
This study:

Barotse Plains —570 4000 -50 300 -0.1
Kafue Flats NA 4600 NA 300 ~15

Sources: @ Beusen et al. (2005), ® Bouillon et al. (2014), ¢ Esser and Kohlmaier (1991), 9 Harrison et al. (2005), © Lewis Jr.
and Saunders 111 (1989), T Mayorga et al. (2010), 9 Hall et al. (1977).

season. For the Kafue Flats, there was no significant seasonal
change in DOC and DON concentrations between the wet
and dry seasons. This might be due to the fact that an increase
in DOC and DON concentration in the upstream catchment
would be diluted and delayed by the presence of the Itezhi-
Tezhi dam, showing after peak flow. With a residence time of
0.7 years, large fractions of organic carbon (£16 %) and nu-
trient loads (50 % N, 60 % P) were trapped in the sediments
of the reservoir (Kunz et al., 2011b). Monthly measurements
showed that the highest TOC concentrations occurred in the
main channel in the floodplain area in May or June after the
peak flow (Wamulume et al., 2011). This could be a delayed
effect of the increased concentrations at higher runoff during
the wet season (November—March).

5.3.2 Particulate organic matter

The higher C : N ratio of the suspended matter in the Barotse
Plains compared to the Kafue Flats indicates a year-round
soil-derived source in the pristine part of the catchment. In
contrast, C: N ratios found in the Kafue Flats during the wet
season were indicative of aquatic production (Zurbriigg et
al., 2013). This could be attributed to the presence of the
ITT reservoir: both sediment trap data (Kunz et al., 2011b)
and surface sediments from the reservoir (Supplementary in-
formation of Zurbriigg et al., 2013) showed a C: N ratio el-
evated from that observed in the Kafue Flats (12.1+0.6),
similar to the numbers found for the suspended matter in
the Barotse Plains. While degradation in the reservoir might
also affect the C: N ratios, this typically leads to an increase.
The observed difference between C : N ratios in the reservoir
and in the river is therefore attributed to different sources.
The presence of the dam significantly affected the chemical
composition of the suspended matter, and while soil-derived
suspended matter settled in the reservoir, mainly photosyn-
thetically produced organic matter from the reservoir surface
waters reached the Kafue Flats and eventually the Kafue—
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Zambezi confluence. The decrease in C: N ratio along the
floodplain in the Kafue Flats during the dry season could
be indicative of gradual organic-matter input from nitrogen-
fixing vegetation. As a consequence of nutrient elimination
in the ITT reservoir, widespread encroachment of N-fixing
woody plants onto the floodplain has been observed (Blaser,
2013).

While the C : N ratio showed little variation throughout the
year in the Barotse Plains, the stable C-isotopic signatures of
the particulate matter further suggest different contributors
to the POC in the river. During the wet season, the partic-
ulate organic matter in the Barotse Plains is *C enriched
compared to the dry season (—26.9 and —28.5 %o, respec-
tively). Organic-matter sources on the floodplain (soils on
average —18 %o, abundant reeds between —12 and —27 %o;
unpublished data) had distinctly heavier §13C signatures than
the permanent vegetation in the area (average of six differ-
ent tree species —28.3 +=1.22 %o; unpublished data). Shifts
to isotopically heavier organic matter during the wet season,
as observed in the Barotse Plains, have been described for
the Tana River in Kenya (Tamooh et al., 2014), the Sanaga
River in Cameroon (Bird et al., 1998), and the Congo River
in central Africa (Mariotti et al., 1991). For all these tropi-
cal rivers, the source of the organic matter transported by the
river changed with inundation. Connectivity of floodplains
during high-water conditions resulted in enriched stable iso-
topic values in the riverine organic matter. During the dry
season, inputs from permanent terrestrial vegetation resulted
in more depleted §13C signatures.

In contrast, the particulate organic matter in the Kafue
Flats was more enriched during the dry season compared to
the wet season (—26.5 and —28.5 %o, respectively). The av-
erage dry-season §12C value for the Kafue Flats should be
interpreted with caution, since there was a clear spatial pat-
tern: values became more depleted towards the edge of the
floodplain. This spatial pattern has previously been attributed

Biogeosciences, 12, 7535-7547, 2015
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Figure 7. Summary of the organic-matter characteristics ($13C, POC : PN, DOC : DON) and oxygen isotopic enrichment along the floodplain
during the wet and dry season in the Barotse Plains and Kafue Flats. Proportional arrows indicate net export from the floodplain to the river
(arrow towards the system) and removal rates of material from the river to the floodplain (arrow away from the system) of POM (POC-+PN)

and DOM (DOC+DON).

to floodplain-derived particulate organic matter, which would
consist of phytoplankton and periphyton material in the per-
manently inundated area in the downstream reaches of this
floodplain (Zurbriigg et al., 2013). In the upstream stretch of
the floodplain that had more typical dry-season characteris-
tics (i.e., no flooded areas), the dry-season value was heavier
than the average reported earlier. Encroaching plant species
have resulted in a vegetation pattern with C4 species occur-
ring close to the river and C3 species growing on the higher
ground that is only seasonally flooded (Blaser, 2013; Ellen-
broek, 1987). The inputs from these encroaching species can
be considered to be terrestrial inputs of permanent vegeta-
tion but as such resulted in a pattern contrasting with that
observed in the Barotse Plains.

The difference in composition and origin between dis-
solved and particulate phases, i.e., DOM (dissolved organic
matter) from terrestrial sources and POM (particulate organic
matter) more aquatically influenced, has previously been de-
scribed for the Amazon (Aufdenkampe et al., 2007; Hedges
et al., 1986) and the Fly-Strickland system in Papua New
Guinea (Alin et al., 2008). We showed that the interaction of
the river with its floodplain is responsible for the changes
observed in organic-matter characteristics and that flood-
plains should be considered as large biogeochemical reac-
tors, which create specific environments that can differ from
the processes occurring at the catchment level.
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6 Conclusions

While the pristine Barotse Plains and dam-impacted Kafue
Flats seem to have similar properties in terms of timing and
dynamics of seasonal flooding, there are several marked dif-
ferences between the two systems with respect to hydrology,
carbon and nutrient dynamics, and the sources of the organic
matter (Fig. 7). Based on an oxygen isotope mass balance,
a larger fraction of water has spent time on the floodplain
at the outflow of the Kafue Flats compared to the Barotse
Plains. The two floodplains have significantly different con-
centrations of dissolved carbon and nutrient species during
both wet and dry seasons. Over an annual cycle, the Barotse
Plains retained particulate organic matter, and both flood-
plains exported more dissolved organic matter than previ-
ously reported for the Zambezi. This illustrates how large
floodplain systems act as large biogeochemical reactors that
behave distinctly differently from the rest of the catchment.
Particulate organic carbon §13C values indicated a larger con-
tribution of floodplain-derived organic matter in the Barotse
Plains than in the Kafue Flats during the wet season and the
reverse situation during the dry season. However, the Kafue
Flats have a reversed vegetation pattern as a consequence of
woody encroachment towards the river, which was first ob-
served after dam closure. Currently, permanent C4 vegeta-
tion is found close to the river, whereas the seasonal growth
has larger C3 inputs; this is responsible for the seemingly
contrasting patterns in particulate organic carbon §2C sig-
natures. Both floodplains transported floodplain-derived ma-
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terial during the wet season and inputs from permanent veg-
etation during the dry season.

Differences between the two systems can be attributed to
the presence of the Itezhi-Tezhi reservoir upstream of the Ka-
fue Flats, which altered the inputs to the particulate organic-
matter pool in the Kafue Flats. Besides the effect of woody
encroachment on the stable carbon isotopic signature, sea-
sonal inputs of aquatic primary production in the upstream
reservoir lowered the reactivity and POC : PN ratio in the Ka-
fue Flats during the wet season. By contrast, soil material
was transported during the dry season and year-round in the
Barotse Plains. In summary, river-damming-induced vegeta-
tion changes in the floodplain towards more woody plants
and phytoplankton production added nitrogen-rich organic
matter to the river system downstream.

The Supplement related to this article is available online
at doi:10.5194/bg-12-7535-2015-supplement.
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