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Earth Surface Processes and Landforms

ABSTRACT: Water erosion provides major links in global cycles of carbon (C), nitrogen (N) and phosphorus (P). Although
significant research on erosion mechanisms has been done, there is still little knowledge on C, N and P fluxes across landscapes
to the ocean and their controlling factors in subtropical climates. A four-year study quantifying and comparing particulate and
dissolved C, N and P from multiple scales (microplot, plot, microcatchment, subcatchment, catchment, sub-basin and basin) was
performed in Thukela basin (=30 000km?), South Africa. The basin climate was largely subtropical-humid [mean annual
precipitation (MAP) > 980 mm yr'], but temperate (MAP >2000 mm yr™') on the highlands. Open grassland, cropland and bushland
were the major land uses. On average, 65, 24 and 4g m?yr' C, N and P were displaced from original topsoil positions, but only
0.33, 0.005 and 0.002 mg m2yr' were, respectively, exported to the ocean. The fluxes decreased by 95, 97 and 84%, respectively,
from plot to microcatchment outlet; and decreased further in downstream direction by >99% from microcatchment to basin outlet.
The hillslope (microplot to microcatchment) fluxes correlated strongly with rainfall parameters. Particulate contributions dominated
hillslope fluxes at 73, 81 and 76% of total annual C, N and P, respectively. Although particulate C dominated in the microcatchment-
catchment reach (55%), N (54%) and P (69%) were dominated by dissolved forms. The lower basin zone was dominated by
dissolved flux contributions at 93, 81 and 78% for C, N and P for the sub-basin outlet. These results suggested spatially varying
drivers of C, N and P losses from the landscape to the ocean, via the river network. Deposition was envisaged the dominant hillslope
level loss process, which gradually gave way to mineralization and biotic uptake in the river network as flux contributions shifted
from being predominantly particulate to dissolved forms. Copyright © 2017 John Wiley & Sons, Ltd.
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based, while non-hydropower sources are also in use across
the world.

Soil erosion by water is a natural process often accelerated
by climate and land-use changes (Mullan, 2013) with
detrimental effects on ecosystems through e.g. loss of soil

Introduction

The erosion of soil and constituent elements from landscapes to
the sea, through river networks, provides a critical link in the
global cycle of carbon (C), nitrogen (N) and phosphorus (P).

These elements are liberated from the atmosphere (C and N)
and rocks by weathering (P), fixated through photosynthesis
(Lenton and Watson, 2000; Berner, 2003; Filippelli, 2008) to
soils where they become available to plants and erosion
processes. Production and use of artificial fertilizers by humans
has resulted in mobilization of N and P in top soils (Seitzinger
et al., 2005) over natural background levels. Humans have also
altered hydrological systems in pursuit of food and energy
production, and other economic activities, e.g. through
construction of dams for irrigation and hydropower generation.
However, global food production remains largely rain fed

fertility, water pollution and greenhouse gas emissions to the
atmosphere. However, different land uses have also been used
by humans to mitigate soil erosion (Lépez et al., 1998;
Wijitkosum, 2012). Water erosion drives most pollutants from
landscapes into river networks across the world (Chapman
et al., 2013). The transfer of C and nutrients across the
landscape boundaries is initiated and sustained by detachment,
dissolution and transportation to nearby stream channels and
downstream to the ocean. Particulate C and nutrients are
attached to light (organic and clay) materials (Kunz et al.,
2011), which are preferentially detached and transported
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(Rodriguez-Rodriguez et al., 2004; Berhe and Kleber, 2013)
downstream to areas where negative cumulative effects
(Sanders et al., 2014) or dilution by clear water (Triska et al.,
2007) may occur. Unlike particulate forms, dissolved C and
nutrients are transported via surficial and subsurface flow
systems (Bouwman et al., 2013). While the understanding of
process chains involved in water movement, detachment,
transportation, deposition as well as biogeochemical reactions
in the landscape to ocean continuum has improved over the
years (Lal, 2003; Jacinthe et al., 2004; Cole et al., 2007; Regnier
et al., 2013), a lot is still not well known about the spatio-
temporal scale effect on C, N and P fluxes.

Many studies considering the relationship between unit-area
sediment loss, together with associated C and nutrients, and
catchment area compared results from erosion plots and
drainage basin outlets (e.g. Chaplot et al., 2006; Verbist et al.,
2010). Their results pointed to general decrease of yield with
area. However, integrated analyses of multi-scale sediment, C
and nutrient loss analyses are generally lacking. The yields vary
spatially and temporally, while the elements also change forms
(Bloschl and Sivapalan, 1995; Dent et al., 2001; Ernstberger
et al., 2004; Battin et al., 2008; Gentine et al., 2012). Past
elucidation of yield-area relationships involving multiple
scales relied, mostly, on data from different environments (De
Vente and Poesen, 2005; Nadal-Romero et al., 2011;
Vanmaercke et al., 2011; Hoffman et al., 2013). De Vente and
Poesen (2005) presented results where sediment vyield
increased with catchment area to a peak before decreasing
gradually with further increase of area.

Sediment loss depends on all dominant erosion processes
operating within a catchment scale. The processes evolve with
scale from splash to interrill, rill, gully, mass movement and
bank erosion (De Vente and Poesen, 2005; Syvitski et al.,
2005; Nadeu et al., 2012). Splash and interrill dominate at fine
scale and the yields are generally low due to poor connectivity.
The yields increase with area due to better connected active
erosion processes as surface flow concentrates into rills and
gullies. The development of rills and gullies requires the flow
to gain shear stresses exceeding thresholds which are
dependent on slope gradients (De Vente and Poesen, 2005).
Thus, the yield can be expected to reach maximum points at
critical contributing areas, where sediment production is
counterbalanced by deposition. Deposition increases in
response to favourable conditions e.g. emergence of vegetation
patches and soil surface roughness (Cammeraat, 2004; Mayor
et al., 2011). More deposition takes place at hillslope scale, in
hollows, parcel areas and footslopes. Amount of sediments that
subsequently enters the stream network is dependent on
hillslope-channel connectivity (Boix-Fayos et al, 2017).
Progressively more sediments are deposited, e.g. on footslopes,
concavities and alluvial plains, when moving in a downstream
direction, while sediment production stagnates or even
decrease due to decreasing slope gradients.

It is not only important to evaluate sediment and particulate
and/or dissolved forms of soil chemical elements, but to also
quantify fluxes of several elements together because some
studies have demonstrated the significant effect of element
ratios on, for instance, aquatic biota (Turner et al., 1998).
Therefore, long-term multi-scale research coupling land and
river networks is necessary in the collective evaluation of C,
N and P fluxes to better understand the driving processes and
controlling factors, and to help in reducing prediction
uncertainties in models.

A four-year multi-scale study was performed in subtropical
Thukela Basin, South Africa, with the objective of quantifying
and comparing particulate and dissolved C, N and P fluxes
from different hierarchically nested catchments ranging from

Copyright © 2017 John Wiley & Sons, Ltd.

runoff plots (microplots: 1x1m? and plot: 2x5m?) on a
hillslope to nested catchment outlets in a river network; namely
microcatchment ~ (0.23 km?),  subcatchment  (1.20 km?),
catchment (9.75km?), sub-basin (253 km?) and basin (29
038km?). These catchment scales were selected to better
understand the impact of contributing area and associated
erosion mechanisms on the fluxes. It was hypothesized that
erosion mechanisms evolve from raindrop detachment-splash
transport (RD-ST) to raindrop detachment-raindrop induced
flow transport (RD-RIFT), raindrop detachment-flow transport
(RD-FT) and, finally, flow detachment-flow transport (FD-FT)
(Kinnell, 2001) as area increases from fine to macro-scale.
RD-ST occurs at fine spatial scales during the early stages of
events; soil particles are detached by raindrop impact and
translocated by splash effect. This process diminishes over time
as a cushioning water layer builds on the soil surface. RD-ST
gives way to RD-RIFT, as the water layer forms, and the
raindrop detached particles translocate with forming lateral
flow. When raindrop is completely cushioned and flow fully
developed, the flow becomes the only means for moving the
detached particles. Later and over bigger areas, and with all
raindrop detached particles moved, concentrated flow
becomes the sole means for particle detachment and
transportation.

Biogeochemical reactions were also hypothesized to change
with dominant erosion mechanism. The microplot and plot
scales catered for local mechanisms, while microcatchment
integrated all mechanisms and reactions at the hillslope level.
The microcatchment-catchment and catchment-basin reaches
catered for first and higher order river network mechanisms,
respectively. This study provides the best estimates of C, N
and P fluxes at different scale sizes covering a landscape and
river network discharging into an ocean within a subtropical
climate. Very little similar work has been performed using
consistent sampling and analytical methods.

Materials and Methods

Study basin, nested catchment set-up and overland
flow measurements

The four-year multi-scale study was conducted in the 30
000km? Thukela Basin (28.97-31 A3°E, 27.42-29.40°S),
located in KwaZulu-Natal province, South Africa (Figure 1).
The main river flows 502 km eastward, from Drakensburg
Mountains to the Indian Ocean. The Drakensburg Mountains
can rise above 2500 m above sea level (a.s.l.) in altitude; while
some areas in the valley region are 300m a.s.l. or lower, and
the coastal area averages O m a.s.l. The basin is characterized
by a diversity of land uses, but open grassland (51% of basin
area), bushland (21%) and cropland (14%) are the major ones
(NLC, 2000). There are significant water bodies and wetlands
in the basin making up to 0.7% of the total surface area
(Schulze et al., 2007). The basin is also home to more than
two million people living in numerous towns and on the
country-side. The country-side people are involved in
agricultural activities on more than 15% of the total basin area
(Schulze et al., 2007). The main topographical features and
land-use classes for the different spatial scales used in the study
are summarized in Table I. Its climate largely varies from
subtropical humid [long-term mean annual precipitation
(MAP) > 980 mm yr''] to semi-arid (MAP <550 mm yr "), with
a narrow stretch of a temperate highland (MAP >2000 mm yr’
" (Schulze et al., 2007). The main rainfall season, when
>80% of the annual rainfalls are received, is the summer
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Figure 1. Combo-map showing locations of South Africa, Thukela River basin, major towns in Thukela basin and the gauging/sampling sites.

[Colour figure can be viewed at wileyonlinelibrary.com]

months between October and March (Schulze, 1997).
However, the coastal region is relatively wet throughout the
year with up to 30% of its annual rainfall coming in winter
(Schulze et al., 2007).

The experimental design was based on a hierarchical
nested catchment approach with runoff plots located in a
microcatchment at the basin headwaters. Such a design helps
to improve the understanding of hydrological process
changes with spatial scale. Outcomes from several studies
that used multiple scales (Bloschl and Sivapalan, 1995; Dent
et al.,, 2001; Cammeraat, 2004; Chaplot and Poesen, 2012)
suggest that such a conceptual framework is, indeed, a
powerful tool to understand the spatio-temporal dynamics of
water, sediments, C and nutrients in terrestrial and aquatic
systems. The set-up of observation points, i.e. runoff plots
(microplots:  1x1m? and plots: 2x5m?) and nested
catchments  (microcatchment: ~ 0.23km?;  subcatchment:
1.20km?; catchment: 9.75km?; sub-basin: 253 km?; basin:
29 038km?), used in this study, was described in detail by
Mutema et al. (2015). The microcatchment is an overgrazed

Copyright © 2017 John Wiley & Sons, Ltd.

hillslope (Dlamini et al, 2011; Mchunu et al., 2011) at
Potshini, 10 km west of Bergville town. Potshini climate is
classified as sub-tropical with long-term annual rainfall,
temperature and potential evaporation of 684mm yr', 13°C
and 1600 mm yr', respectively (Schulze, 1997). The hillslope
soils are shallow (< 0.1m) and deep (~2m) at the mid and
bottom positions, respectively (Deckers et al., 1998), with
the topo-sequence exhibiting successive recharge, interflow
and responsive characteristics (Van Tol et al.,, 2013). The
microplots and plots were replicated three and two times,
respectively, at five slope positions representing different
soils, geology, levels of degradation, topography and soil
surface conditions (Oakes et al.,, 2012; Orchard et al,
2013). While surveying several hillslopes within the river
basin could have been the most appropriate approach, low
human capacity and financial constraints made it impossible.
Moreover, the selected microcatchment represented
intermediate  geological, land-use and topographical
conditions between the upper and lower Thukela basin.
The microplots were demarcated by galvanized metal sheets

Earth Surf. Process. Landforms, (2017)
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Table 1.

Main topographical features and land-use classes for the different spatial scales (m: microplot, 1x1m?; p: plot, 2 x5m?; mc:

microcatchment, 0.23 km?; sc: subcatchment, 1.20 km?; c: catchment, 9.75 km?; sb: sub-basin, 253 km?; b: basin, 29038 km?) used for the study

in Thukela Basin, KwaZulu-Natal province, South Africa

m p mc sc C sb b
Topography
Area (km?) 1x107° 1x107° 0.23 1.2 9.75 253 29038
Perimeter (km) 0.004 0.014 2.86 5.49 15.6 85.5 1293.7
Mean Slope (%) 1.7 12.1 14.0 12.5 8.1 6.1 5.7
Altitude of outlet (m a.s.l.) 1414 1414 1360 1312 1223 1082 33
Slope/channel length (km) 0.001 0.005 1.2 2.3 6.3 36 563
Land uses
Grasslands (%) 100 100 87 29 16 21 53
Croplands (%) 0 0 0 32 43 49 14
Forests (%) 0 0 0 0 7 4 2
Bushland (%) 0 0 0 0 28 7 21
Shrubland (%) 0 0 0 5 4 13 0.2
Water /wetlands (%) 0 0 13 3 1 2 1
Built-up (%) 0 0 0 22 1 1 1
Bare (%) 0 0 0 9 4 4 1.6
Other (%) 0 0 0 0 0 0 6.2

Note: After NLC (2000).

inserted 10 cm into the ground, leaving another 10 cm above
to eliminate runon water. Runoff and sediments generated
from microplots and plots were directed into protected
gutters fitted with pipes leading to high-density polyethylene
(HDPE) plastic reservoirs located 1.5 m downslope. Microplot
reservoirs collected all runoff and sediments, but plot
reservoirs collected small proportions of the runoff and
sediments to avoid frequent overtopping. At each slope
position, one plot was equipped with a divisor to split flow
and sediments into five parts with only one part being
collected. The other plot was fitted with a tipping-bucket in
addition to the divisor and only one-tenth of runoff and
sediments was collected. Flow depth in each reservoir was
measured using a graduated tape and converted to volume
using a calibrated formula for each reservoir. Total flow and
sediment output from plots fitted with divisors and tipping-
buckets was obtained by multiplying the measured quantity
by 5 or 10. The reservoirs and gutters were emptied and
cleaned after every runoff producing storm event.

The microcatchment outlet (29.36°E, 28.82°S; 1360m a.s.l.)
was an H-flume equipped with a pressure transducer (for
monitoring stream stage and discharge, Q) and an automatic
sampler (ISCO Model 2900), both coupled to a data logger
(CR200) for storing data on date, time, stream stage, incidence
of sampling and Q. The sampler was calibrated to collect more
frequent samples during high than low flows. The
subcatchment outlet (29.37°E, 28.82°S; 1312 m a.s.l.), located
in a subsistence farming area, was another H-flume equipped
in a similar way. The catchment (29.40°E, 28.81°S; 1223 m a.
s.l.), located immediately below two dams, and sub-basin
(29.10°E, 28.79°S; 1082 m a.s.l.) outlets which were located
in a commercial agriculture area were bridge culverts. There
was another pressure transducer at the catchment outlet, but
flow measurements at the sub-basin outlet were performed
manually using a tape and then converted to Q. Flow data for
the basin outlet (31.39°E, 29.14°S; 33 m a.s.l.; Gauging station
no: V5HO002) was obtained from an online database
(Department of Water Affairs, Republic of South Africa). The
basin outlet was located 1km upstream of Thukela outlet to
avoid sea intrusion. Stream channel outlet flow depths were
also measured manually, during visits, for checking and
recalibrating of equipment in cases of failure and/or error
reading. Flow was divided by contributing area to get unit-area
flow per day (g, in | m2day™).

Copyright © 2017 John Wiley & Sons, Ltd.

Rainfall measurements

A tipping-bucket rain gauge at Potshini (29.51°E, 28.92°S,
1322 m a.s.l.) was used to measure rainfall for the headwater
catchment. The rain gauge was connected to a data logger
(CR200) and that made it possible to characterize rainstorms
in terms of total rainfall (Rainfall, in mm day’1), duration (Dur,
in minutes), average (I, in mm h™") and maximum six-minute
rainfall intensity (MaXeminl, in mm h™). Antecedent three-day
(PreRain-3, in millimetres) and cumulative rainfall since the
onset of the main rain season (RainC, in millimetres) were also
computed. Rainfall data from Bergville (29.35°E, 28.73°S;
1150 m a.s.l.; Station No: 02996144) and Roseleigh (29.55°E,
28.61°S; 1145 m a.s.l.; Station No: 03000673) were used for
the study; but only Rainfall, Prerain-3 and RainC were
computed. Only rainfall parameters were used in the analyses
as environmental factors with direct control on water, soil, C
and nutrient fluxes because they were dynamic and easy to
measure during rainfall seasons. While soil cover by vegetation
was also dynamic, its change over short time periods and small
spaces was difficult to measure.

Sampling procedure and sediment concentration
measurements

Microplot and plot water samples were collected from
undisturbed water in the reservoirs each day following runoff
producing rainstorms. Water collected in (auto-sampler) HDPE
plastic bottles at microcatchment and subcatchment outlets
was also sampled in undisturbed state. In addition to the
auto-collected water, grab samples were also collected from
the running stream. Sediment concentration (SC, in g I'") of
water in reservoirs and bottles was measured in situ using a
calibrated portable turbid-meter (TSS Portable HACH) after
thoroughly stirring the water-sediment mixture, but stirring
was not necessary for grab samples. SC levels at the basin (29
038 km?) outlet were below detection limit of the turbid-meter
and were assumed to be 0.01g I" during the entire study
period. Calibration was performed in line with guidelines for
turbidity measurement (HACH DOC023.53.90050 User
Manual 06/2012, Edition 3), using at least three replicates to
generate observation point specific calibration curves (C-DS1

Earth Surf. Process. Landforms, (2017)
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and C-DS2 for small and large container, respectively). SC for
the calibration samples were validated in the laboratory and
the acceptable error of estimation was maximum 5% for all
observation points. SC was used in computing total sediment
(soil and all elements present in it) loss (SL, in g m?day™) at
each scale (Equation (1)). SL assumed uniform losses from all
points of the contributing areas.

SL = gxSC (1)

where SL =unit-area sediment flux (in g m?day™'), g=unit-
area overland flow flux (in | m?day"), and SC=average
sediment concentration (in g I'").

After the SC measurement, the sediments were allowed to
settle at the bottom of the containers and then all visible organic
materials (e.g. grasses, leaves, dead rodents and reptiles)
removed by hand. The sediment samples were collected in
500 ml HDPE plastic bottles. Since basin outlet SC was below
detection limit, no sediment samples could be collected.

Laboratory analyses of C, N and P in samples

On the day of sample collection and while still in the field, the
water and sediment samples were preserved from biological
degradation by adding two drops of 50mg I"" mercury(ll)
chloride (HgCl,) solution to each sample. The samples were
kept cold in cooler boxes stocked with ice-blocks during
transportation from the field to the laboratory. Upon arrival at
the laboratory, the water samples were immediately filtered
through 0.45 um glass fibre filters and refrigerated at 4°C. If
filtration was not possible upon arrival, the samples would
immediately be refrigerated at 4°C and filtered within 24 hours.
Within 24 hours following filtration, each filtered sample was
divided into two; (i) for determining total dissolved C content
(DC¢) using a Shimadzu TOC-5000 analyser with ASI-5000
auto-sampler and Balston 78-30 high purity gas generator
(Parker Hannifin Corp., Haverhill, MA), and the other one (ii)
for determining dissolved N (DN¢) and P (DP¢) using an
automated discrete-photometric Thermo Scientific Gallery.
Total DN¢ was a sum of dissolved nitrate N (NO3-N) and
ammonia N (NH4-N). The detection limit for the Shimadzu
TOC-5000 analyser was 4 ug I'' C, while that for the Gallery
was 7.3 and 1.3 pg I' N for nitrate and ammonia, respectively,
and 0.8 ug I"" P for phosphates.

Upon arrival at the laboratory, the sediment samples were
dried in an oven at 60°C until constant weight was attained.
When immediate drying was not possible, the samples were
refrigerated at 4°C and dried within 48 hours. A temperature
of 60°C was used to minimize organic matter degradation.
Each dry sediment sample was ground and divided into two;
for measurement of (i) particulate C (PC¢) and N (PN¢) using
a LECO CNS-2000 Dumas dry matter combustion analyser
(LECO Corp., St Joseph, MI), and (ii) particulate P (PPc). PPc
measurement involved dissolving the sediments in digestion
solution prepared from a mixture of selenium (Se), lithium
sulphate (Li,SO,), hydrogen peroxide (H,O,) and concentrated
sulphuric acid (H,SO,4) (in the ratio 0.42g Se:l4g
Li,SO4:350 ml H,0,:420 ml H,SO,) to extract P, following
the Robinson (1994) procedure for soils. A 0.2+0.001g
subsample of each ground sediment sample was first cold
digested for three hours in 4.4ml of the digestion solution,
followed by two hours of heat digestion at 360°C, under a
fume-hood, until a transparent mixture was obtained. Distilled
water was then added to the cooled transparent mixture to
make a 100 ml volume, from which an aliquot was drawn for
P content (DgeyPc) determination in the same way as the water

Copyright © 2017 John Wiley & Sons, Ltd.

samples, using the Thermo Scientific Gallery. The DgeqPc was
converted to particulate P content (PP¢) using Equation (2):

PPC = DsedPCx(V/W) (2)

where Dg.qPc =concentration of P in the solution (in ppm),
V=volume of final diluted digestion solution (100 ml), and
W=weight of sediment sample digested (in grams). All the
laboratory analyses were performed at the Soil Science
Department, University of KwaZulu-Natal, South Africa.

Calculations and statistical analyses

After the evaluation of particulate (i.e. PCc, PN¢ and PP¢) and
dissolved contents (i.e. DCc, DN¢ and DP) in sediments and
water, the respective fluxes were obtained by coupling the
particulate contents to SL (Equations (3)—(5)) and dissolved
concentrations to g (Equations (6)-8).

PC. = PCcxSL (3)
PN = PNcxSL 4)
PP = PPcxSL (5)
DC, = DCcxR (6)
DN_ = DN¢xR (7)
DP. = DPcxR (8)

where PC_, PN, and PP, (in mg m™day™") are daily particulate
fluxes of C, N and P; and DC;, DN, and DP, (inmg m 2day ")
the daily dissolved fluxes of C, N and P respectively; PCc, PN¢
and PP¢ (%) are particulate contents of C, N and P in SL, and
DC¢, DN¢ and DPc (in mg I'") the dissolved concentrations
of C, N and P in g, respectively. The value R is the total surface
runoff volume collected in a reservoir on the hillslope per day,
or measured at the catchment outlet in one day. Total fluxes
(per day) were obtained by summing together the respective
particulate and dissolved fluxes (e.g. Total carbon flux per day
TC_=PC_+DC)). Since SL and g assumed equal contributions
by all points within a catchment, the same applied to the C,
N and P fluxes. All the fluxes were based on element (C, N
and P) weights. Particulate (C, N and P) losses at the river basin
outlet were very low and very close to zero.

Summary statistics (number of measurements, minimum,
maximum, mean, standard error of mean, coefficient of
variation %) of particulate (PC¢, PN¢ and PPc) and dissolved
(DC¢, DN¢ and DP¢) concentrations at the different spatial
scales were computed first, and the average values tested for
significance of differences by t-test at p < 0.05 using Statistica
10 (StatSoft Inc 1984-2011). Coefficients of variation (CV %)
were used to assess variability of the observed datasets, while
normality tests were performed using Kurtosis and Skewness
values. The Kurtosis and Skewness values were non-zero in
all cases, which confirmed non-normality; hence Spearman
rank correlations were used to evaluate the strengths of one-
on-one relationships between (i) rainfall characteristics, unit-
area runoff, sediment concentration and unit-area sediment
loss versus element weight-based particulate/dissolved carbon
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concentration (PC/DC), and (ii) rainfall characteristics versus
fluxes (using Statistica 10; StatSoft Inc 1984-2011). The
concentration ratios and fluxes at scales from microplot to
catchment, sub-basin and basin outlet were correlated with
Potshini, Bergville and Roseleigh rainfall, respectively. The
correlations and differences between mean values were
considered significant at p< 0.05.

Results

Rainfall, runoff and sediment fluxes during the
study

All rainstations were characterized by decreasing annual
rainfall from the first to the second season, followed by an
increase in the third season (Figure 2). However, only Potshini
showed a further increase in the final season to 802 mm yr’,
which was greater than long-term average of 684 mm yr' for
nearby Bergville (Schulze et al., 2007). The final season rainfall
of 804 and 728mm yr' for Bergville and Roseleigh,
respectively, were lower than the calculated long-term basin
average of 881 mm yr' (Schulze et al., 2007). In general, the
first and third season was wetter than average at all rainstations,
while the second season was drier. Only Roseleigh received
lower than long-term average annual rainfall in the final
season. Overall, the four-year period was wetter than long-term
average at Potshini and Bergyville, but lower at Roseleigh.

The changes of average g (in | m™? day™) and SL (in g m™ day”
') fluxes with contributing area were described in greater detail
by Mutema et al. (2015). The g decreased by 24% between
microplot and plot scale, followed by a steeper 76% decrease
from plot to microcatchment scale (Table 1l) and further
decrease in a downstream direction, by 4.3 fold from
microcatchment to subcatchment, and by over 99% from
subcatchment to catchment level. However, g increased two-

fold from catchment to sub-basin before decreasing by 10-fold
between sub-basin and basin outlets. The change of q between
microplot and plot scale was accompanied by 1.5% increase of
SL, not significant at p< 0.05. However, SL decreased by
~99% from plot to microcatchment outlet, and by 10 folds
between microcatchment and subcatchment outlets. The SL
decreased further in the downstream direction, by 25 000-fold
from subcatchment to catchment and by 10-fold between
catchment and sub-basin outlet.

Variability of C and nutrient content and fluxes with
increasing scale size

Mean values of particulate and dissolved C, N and P
concentrations at the different spatial scales are compared in
Table 1ll. Also compared in Table IIl are total fluxes of C, N
and P on daily (mg m?day™) and annual (g m2yr") bases.
Variations of daily particulate and dissolved fluxes, at the
different spatial scales, are presented in the forms of box-plots
(Figure 3). The mean annual particulate and dissolved fluxes
are compared in Figure 4.

The results suggest similar daily particulate flux levels
between microplot and plot outlets, followed by a sharp
decrease to the microcatchment outlet. In term of median
values, PC, decreased by only 6% from microplot to plot level,
but PN, and PP, increased by 51 and 27%, respectively
(Figure 3). The particulate fluxes decreased by >99% between
plot and microcatchment level. There were further decreases
of >99% in downstream direction from microcatchment to
catchment outlet. However, there were increases of 2.8-, 13.0-
and 6.2-fold for PC;, PN, and PP, respectively, between the
catchment and sub-basin outlets, followed by decrease to
negligible values at the basin outlet. DC, and DN, decreased
by 56.0 and 72.8%, respectively, from microplot to plot; but
DP, increased by 36.9%. However, all the dissolved fluxes
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Comparison of daily and annual rainfall from (a) Potshini, (b) Bergville and (c) Roseleigh in Thukela basin from 2010 to 2014.
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Table Il.  Summary statistics (n: number of measurements, Mean, SEM: standard error of mean; Min: minimum; Max: maximum; CV: coefficient of
variation) for daily unit-area flow () and sediment losses (SL) at different spatial scales (m: microplot, 1 x 1 m?; p: plot, 2 x 5 m?; mc: microcatchment,
0.23 km?; sc: subcatchment, 1.20 km?; c: catchment, 9.75 km?; sb: sub-basin, 253 km?; b: basin, 29038 km?) in Thukela basin for the period 2010—
2014

Scales n Mean SEM Min Max CV%
Annual mean®

q(m ?day’) aldm?yr’)
m 259 5.67 0.38 0.05 40.55 109 369 %59
p 259 4.59 0.32 0.01 36.31 113 298 £47
mc 1430 1.1 0.06 8x107° 18.87 191 402 £105
sc 1430 0.26 0.02 1x1077 4.69 230 9525
c 1430 1x107* 2x10°° 2x10°° 3x10°° 65 0.04+0.003
sh 458 2x107* 4x107° 1x107* 3x107° 50 0.07
b 1430 2x107° 4x1077 1x107* 2x10°° 9 0.01

SL (g m? day” 7) SL (g m? yro h)
m 200 34.19 5.17 5x10° 778.03 244 2230+ 467
p 200 34.70 5.32 1x1072 884.07 248 2263 +462
mc 110 0.50 0.08 8x1077 65.29 597 306+ 44
sc 90 0.05 0.02 1x107° 17.22 1338 20+12
c 45 2x10°° 2x1077 1x10°8 8x10° 293 0.29 +0.004
sb 12 2x107° 3x10°° 1x10°° 6x10* 434 0.06
b 12 1.4x10°° 1.5x10°8 12x10°° 1.7x10°° 11 0.00

“The values in the final column are the annual average + standard error of mean values for the study period; however, annual value for one year only.

Table Ill.  Comparison of mean particulate (mg g™ and dissolved concentrations (mg 17", daily (mg m~*day™') and annual losses (g m ™2 year™ ') at

the different spatial scales (m: microplot, 1 x 1 m?; p: plot, 2 x5 m?; mc: microcatchment, 0.23 km?; sc: subcatchment, 1.20 km?; c: catchment,
9.75 km?; sb: sub-basin, 253 km?; b: basin, 29 038 km?) in Thukela basin during the period 2010 to 2014

Concentrations Mean SEM Min Max CV%
Annual losses
PCc(mgg ') DCc(mgl™) TC, (mgm™*day™')
m 21.9£1.7 0.51+0.14 1001 243 0.18 46141 391 65+32
p 15.1+1.7 0.14+0.04 621 189 0.13 43966 490 40+9
mc 15.9+1.9 0.05 +0.01 5.3 0.8 6.4x10°° 626 606 1.9+0.3
sc 20.9+5.8 0.08 £0.02 0.15 0.03 33x107° 31 874 0.05 +0.02
c 105.8 0.0 0.04 +0.01 7.5%x107° 1.7x107° 8.0x1077 1.6 851 27x10°2£1.6x107°
sh 88.8 0.10+0.03 0.03 1.9%x10° 25x10°* 0.65 170 7.6%x10°+25%x10°
b 0 0.09 +0.06 9.1x10"* 2.7%x107° 1.6%x10°* 33x107° 110 33x10 *«£1.7x10*
PNc (mg g " DN¢ (mg ) TN, (mg m? day” " TN, (g m? yrfl)
m 11.4+2.0 0.51+0.14 371 59 0.09 7256 256 245
p 113+2.1 0.14+0.04 399 65 0.02 11196 261 26+7
mc 26+03 0.05 +0.01 2.1 0.38 25x10°° 324 710 0.76+0.26
sc 47+1.8 0.08+0.02 0.19 0.04 8.2x1077 35 814 0.07 +£0.03
c 7.5+0.0 0.04 +0.01 1.5%x10° 8.0x10* 1.1%x1077 1.1 2038 53x10 *+3.5x10*
sb 10.3 0.10+0.03 1.4x107° 3.6x10°* 1.5x10°° 0.12 612 41x10 *+2.8x107*
b 0 0.09+0.06 13%x10°° 8.8x10°° 7.4%x10°° 1.8x10° 26 47x10 °£54%x10"7
PP-(mgg ') DPc(mg ") TP, (mg m “day ) TP (gm “yr )
m 1.7+0.2 0.08+0.02 57 9 0.01 1273 244 3.7+0.8
p 1.6+0.2 0.17+0.05 56 9 42x107° 1457 250 3.7+0.8
mc 1.8+0.1 0.07 £0.02 1.6 0.3 7.6x107° 372 746 0.57+0.15
sc 1.6+0.9 0.16 £0.06 0.14 0.03 46x107° 29 819 0.05+0.03
c 0.7 0.05+0.02 2.7x107* 0.0001 33x10°® 0.09 1426 9.5x10°£6.0x10°
sb 1.6 0.03 +0.01 2.0x10°* 49%x10°° 6.0x107° 0.02 596 29%x10°£2.5x107°
b 0 0.04+0.03 54x10°° 13x1077 1.5x10°° 1.4x107° 94 1.9%x10 °+9.1x1077

PCc, DCc: particulate and dissolved carbon concentration, respectively
PNc, DNc: particulate and dissolved nitrogen concentration, respectively
PPc, DP¢: particulate and dissolved phosphorus concentration, respectively
TC,: sum of unit-area particulate (PC,) and dissolved carbon losses (DC,)
TNL: sum of unit-area particulate (PNy) and dissolved nitrogen losses (DN,)
TP : sum of unit-area particulate (PP,) and dissolved phosphorus losses (DP,)

decreased sharply, by 97.6-99.8%, between plot and to the basin was also steep (89.3-98.9%), but the basin outlet

microcatchment outlet. Similar to particulate fluxes, the
dissolved fluxes decreased by >99% in the downstream
direction from microcatchment to catchment outlet. They also
increased from catchment to sub-basin outlet; but by 491-, 41-
and 17-fold for DC_, DN and DP,, respectively. The decrease

Copyright © 2017 John Wiley & Sons, Ltd.

fluxes were significantly greater than at the catchment level.
Annual particulate fluxes were also stable between microplot
and plot scale, followed by a significant decrease at
microcatchment outlet (Table 1lI, Figure 4). The local (microplot
and plot) scale fluxes averaged 51.6g C m2yr', 24.8g N m’

Earth Surf. Process. Landforms, (2017)
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Box-plots showing median, 25-75% and non-outlier ranges of daily (a) PC,: particulate carbon, (b) DC,: dissolved carbon, (c) PN:

particulate nitrogen, (d) DN, : dissolved nitrogen, (e) PP, : particulate phosphorus, and (f) DP, : dissolved phosphorus fluxes at different spatial scales
(m: microplot, 1x1 m; p: plot, 2 x 5m?”; mc: microcatchment, 0.23 km?; sc: subcatchment, 1.20 km?”; c: catchment, 9.75 km?; sb: sub-basin,
253 km?; b: basin, 29 038 km?) in Thukela basin for the period 2010-2014. The y-axes are in logarithm scale.

2yr" and 3.6g P m?2yr' for PC,, PN, and PP, respectively,
followed by 84-97% decrease at the microcatchment scale,
and >99% decrease in the downstream direction from
microcatchment to catchment outlet. The catchment and sub-
basin outlet fluxes did not differ significantly at average
1.7mg C, 0.4mg N and 0.06mg P m?yr" for PC,, PN, and
PP, respectively. Annual DC; and DN, decreased steeply by
97 and 89%, respectively, from microplot to microcatchment
outlet. However, DP, increased significantly by 88% from
microplot (28 mg P m?2yr™") to plot level, followed by a non-
significant  46%  decrease, and litle change from
microcatchment to subcatchment outlet. DC; decreased
steadily by a cumulative >99% from microcatchment to
catchment outlet. DN and DP, decreased by 41-58% from
microcatchment to subcatchment, but very steeply by
>99.9% from subcatchment to catchment outlet. The dissolved
fluxes increased significantly by 4.7-47.2-fold from catchment
to sub-basin, before decreasing by 76-89% at the basin outlet.
The basin outlet DC; and DN, annual fluxes were significantly
greater than at catchment level.

Relative contributions of particulate and dissolved
forms to total fluxes

Particulate C contribution to total C increased from average
77% at microplot to 87% at plot, before decreasing steeply to

Copyright © 2017 John Wiley & Sons, Ltd.

55% at the microcatchment level (Figure 5a). Particulate N
contribution exhibited a similar pattern by increasing from 93
to 99% and before decreasing to 51% (Figure 5b). However,
particulate P contribution was stable between microplot and
plot scales (average 92.5%), but deceased sharply to 53% at
the microcatchment level. The particulate contributions
showed different trends in the river network. Particulate C
increased to 66% at subcatchment level before decreasing at
catchment (45%) and sub-basin (7%) outlet. In contrast,
particulate N decreased from microcatchment to subcatchment
(36%), and then increased at the catchment outlet (49%).
Particulate P contribution also decreased from microcatchment
to subcatchment level (26%), but then became stable in the
downstream direction to average 24% between subcatchment
and sub-basin outlets. However, all particulate contributions
were negligible at the basin outlet.

Correlations between rainfall parameters and the
fluxes

Rainfall parameters tended to correlate significantly and
negatively with  PCo/DCc at microcatchment and
subcatchment scales (Table V). However, the correlations were
generally weak. Rainfall amount indices (Rainfall and Dur)
correlated positively with microplot scale PC/DCc, but soil
moisture indices (PreRain-3 and RainC) had negative

Earth Surf. Process. Landforms, (2017)
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nitrogen, (e) PP: particulate phosphorus and (f) DP,: dissolved phosphorus fluxes at different spatial scales (m: microplot, 1x1m?; p: plot,
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Table IV.  Spearman rank correlation coefficients of controlling factors (rainfall characteristics: Rainfall, Dur, I, Maxgminl, PreRain-3 and RainC; R:
unit-area runoff; SC: sediment concentration; SL: unit-area sediment loss) and particulate/dissolved carbon content ration (PC/DC¢) at the
different spatial scales (m: microplot, 1 x1 m?; p: plot, 2 x5m?; mc: microcatchment, 0.23 km?; sc: subcatchment, 1.20 km?; c: catchment,
9.75km?; sb: sub-basin, 253 km?) in Thukela basin for the period 2010-2014

PC(/DCC at:
Controlling factors
m p mc sc C sb
Rainfall characteristics Rainfall 0.21* 0.12 —0.29* 0.33* 0.07 0.01
Dur 0.19* 0.12 —-0.14 0.28* 0.03 n.d.
I —-0.07 —-0.10 —0.34* 0.32%* 0.01 n.d.
Maxegminl ~0.07 -0.10 —0.34* 0.21* 0.01 n.d.
PreRain-3 —0.22* —-0.27* —0.18* —0.36* 0.01 0.00
RainC —0.05 —-0.13 —0.47* —0.06 0.00 0.00
R m —0.02 0.12 —0.47* 0.00 0.01 0.01
p —-0.12 0.05 —0.47* 0.00 0.02 0.01
mc —0.11 0.01 —-0.07 0.26* 0.02 0.01
sC —0.32* —0.16* —0.38* —0.08 0.00 0.01
C —-0.07 —0.25* —0.38* —0.23* 0.00 0.01
sb 0.00 0.00 0.00 0.00 0.01 —0.03
SC m 0.29* 0.42* —0.20* —0.15* 0.00 0.00
p 0.16* 0.26* —0.16* —0.21* 0.01 0.00
mc 0.03 0.11 0.01 0.44* 0.01 0.00
sC —-0.13 0.02 0.06 0.39* 0.01 0.00
C —0.01 0.12 —0.02 0.25* 0.02 0.00
sb 0.01 0.03 0.00 0.07 0.01 0.02
SL m —0.02 0.17* —0.17* —0.19* 0.03 0.00
p —0.03 0.09 —0.17* —0.16* 0.01 0.00
mc —0.39* —0.43* —0.30* 0.16* 0.01 0.00
sC —0.82* —0.64* —0.82* —0.19* 0.01 0.00
C 0.32* 0.04 —0.67* —0.76* 0.00 0.00
sb 0.05 0.00 0.01 0.02 0.00 0.01

*Significant at p < 0.05.

correlations. The correlations between R and PC/DC¢ were
also weak. Local scale SC correlated positively with PCc/
DCc, but negatively at stream channel outlets. Stream channel
ry tended to decrease with contributing area. Correlations
between the rainfall parameters and fluxes tended to decrease
with contributing area (Table V). Unlike in the case of PCc/
DCg, the soil moisture indices correlated significantly with river
network fluxes and the r; tended to increase with contributing
area.

Discussion

Sources and outputs from Thukela basin relative to
other environments

The high variability of C and nutrient fluxes observed at each
catchment outlet in the study (Figure 3) agrees with findings
from other studies (e.g. Lewis and Grant, 1980; Boyer et al.,
1997; Sickman et al. 2001) where variability was attributed to
changes in annual climate. The changes of fluxes with
contributing area were also consistent with results from other
studies worldwide where, for example, river network C and
nutrients were explained to come from spatially varying
terrestrial and aquatic sources (e.g. Williams et al., 2001; Scott
et al., 2007). Williams et al. (2001) explained that aquatic
sources can actually contribute as much as 50% of total C
and nutrients in river networks. Studies indicate that
headwaters are dominated by terrestrial sources, while aquatic
sources dominate downstream reaches (Hood et al., 2005;
Kunz et al., 2011; Medeiros and Arthington, 2011).

The annual particulate losses from the study hillslope
(0.23 km2) averaged 1.9, 0.7 and 0.5g m2yr' for C, N and P,

Copyright © 2017 John Wiley & Sons, Ltd.

respectively, while particulate exports to the ocean were
negligibly smaller and ignored because sediment samples
could not be collected at the basin outlet. The dissolved C
exports to the ocean, averaging 0.33g C m? yr'], compared
well with estimates from the Orange basin also in South
Africa (0.36g C m? yr'"). However, these C exports were lower
than from other climates, e.g. 3.15g C m2yr"' for Zaire in the
tropics (Ludwig et al., 1996) and 1.58g C m~2yr~' for the
pan-Arctic (Holmes et al., 2012). In general, Thukela basin
annual outputs, ranging 0.16-0.50, 0.004-0.006 and 0.001-
0.003 g m2yr' for C, N and P, respectively, were 79, 91 and
47% lower than for the cold pan-Arctic region reported by
Holmes et al. (2012). However, our study results still agreed
with global trends where more dissolved than particulate C
forms enter the ocean (Ludwig et al., 1996); but the DC/PC¢
ratio could be much greater than the global average of 1.2
because the computed average for our sub-basin was 3.9.

The impact of environmental factors on C and
nutrient fluxes

The significant and positive correlations between rainfall
amount indices (Rainfall and Dur) and microplot scale PC¢/
DCc (Table 1V) suggested a depletion or dilution of dissolved
C with increasing rainfall amount. However, it was surprising
that rainstorm erosivity indices (I and Maxgminl) did not have
significant impact on PC/DCc at local (microplot and plot)
scale, but this could mean that raindrop impact had equal
effect on translocation of particulate and dissolved C forms.
Negative correlations at microcatchment scale could be
indicative of increased C-rich baseflow into streamflow. Past
studies reported high baseflow contribution to streamflow at

Earth Surf. Process. Landforms, (2017)



CARBON AND NUTRIENT FLUXES AT DIFFERENT SPATIAL SCALES

Table V.  Spearman rank correlation coefficients of rainfall parameters and fluxes of particulate (PCy: carbon, PN, : nitrogen, and PP,: phosphorus)
and dissolved (PC,: carbon, PN, : nitrogen, and PP, : phosphorus) fluxes at different spatial scales (m: microplot, 1 x 1 m; p: plot, 2 x5 m?; mc:
microcatchment, 0.23 km?; sc: subcatchment, 1.20 km?; c: catchment, 9.75 km?; sb: sub-basin, 253 km?; b: basin, 29 038 km?) in Thukela basin

for the period 2010-2014

Rainfall Dur Maxgminl / PreRain-3 RainC

Scale (mm) (min) (mmh™" (mmh™" (mm) (mm)

PC.(mg mfz) m 0.76* 0.69* 0.59* 0.56* 0.07 0.10
p 0.77* 0.72%* 0.56* 0.53* 0.10 0.09

mc 0.56* 0.55* 0.36* 0.36* 0.18* 0.37*

SC 0.33* 0.32% 0.23* 0.25% —0.04 0.42%*

C 0.16* 0.16* 0.08 0.07 —0.20* 0.42*

sb 0.26* n.d. n.d. n.d. 0.39* 0.57*

b 0.00 n.d. n.d. n.d. 0.00 0.00

PN (mg mfz) m 0.84* 0.77* 0.67* 0.65* 0.00 0.02
p 0.86* 0.80* 0.64* 0.62* 0.06 0.02

mc 0.52% 0.51* 0.37* 0.36* 0.12* 0.51*

SC 0.43* 0.42%* 0.27* 0.27* 0.10* 0.40*

[¢ 0.15* 0.15* 0.07 0.06 —0.20* 0.44*

sb 0.60* n.d. n.d. n.d. 0.33* 0.48*

b 0.00 n.d. n.d. n.d. 0.00 0.00

PP (mg mfz) m 0.85* 0.77* 0.67* 0.65* 0.04 0.04
p 0.86* 0.80* 0.65* 0.62* 0.07 0.01

mc 0.52* 0.51* 0.38* 0.38* 0.11* 0.49*

sC 0.42* 0.41* 0.25* 0.26* 0.11* 0.38*

C 0.12* 0.12* 0.04 0.03 —0.19* 0.40*

sb 0.10* n.d. n.d. n.d. 0.12* 0.50*

b 0.00 n.d. n.d. n.d. 0.00 0.00

DC(mg mfz) m 0.87* 0.80* 0.66* 0.64* 0.09 0.09
p 0.84* 0.78* 0.62* 0.60* 0.12* 0.11

mc 0.31* 0.31* 0.24* 0.24* 0.37* 0.67*

SC 0.10* 0.09* 0.11* 0.13* 0.35* 0.65*

C —0.18* —0.18* —0.06 —-0.07 —0.12* 0.49*

sb 0.54* n.d. n.d. n.d. 0.39* 0.36*

b 0.02 n.d. n.d. n.d. —0.05 0.73*

DN (mg m72) m 0.81* 0.75* 0.62* 0.60* 0.06 —0.04
p 0.90* 0.84* 0.68* 0.65* 0.09 0.06

mc 0.50* 0.50* 0.41* 0.39* 0.53* 0.52*

sC 0.11%* 0.11* 0.10* 0.11* 0.38* 0.63*

[¢ —0.04 —0.03 —0.05 —0.06 0.07 0.73*

sb 1.00* n.d. n.d. n.d. 0.50* 0.33*

b 0.04 n.d. n.d. n.d. 0.01 0.34*

DP (mg mfz) m 0.91* 0.84* 0.70* 0.68* 0.06 0.04
p 0.80* 0.75* 0.61* 0.59* 0.04 0.05

mc 0.56* 0.55* 0.44* 0.44* 0.54* 0.43*

sC 0.14* 0.13* 0.12* 0.14* 0.41* 0.61*

C —-0.27* —0.26* —0.18* —0.19* —0.25* 0.37*

sb 0.10* n.d. n.d. n.d. 0.03 0.54*

b 0.01 n.d. n.d. n.d. —0.08 0.18*

*Significant at p < 0.05.
Note: n.d., not determined due to lack of or inadequate data.

this outlet (Chaplot and Ribolzi, 2014; Mutema et al., 2015).
Once the dissolved C joins the open streamflow system, it
mineralizes rapidly but the relatively stable particulate C
remains in transit and that explains positive correlations at
subcatchment and other downstream outlets.

The fact that high streamflow is normally dominated by PCc
and that baseflow is dominated by by dissolved organic carbon
content (DOCc) (Jeong et al., 2012) suggests that the outlets
exhibiting positive correlations could have been dominated by
surface flow while baseflow dominated at the outlets showing
negative correlations. The other explanation could be that
microplots and plots collected water from surficial soil layers
containing labile organic carbon (OC) while stream channel
outlets collected less C concentrated water from deeper soil
layers. On the basis of the foregoing explanation, PreRain-3
may be regarded a significant driver of DCc in the
microcatchment-subcatchment reach due to its influence on

Copyright © 2017 John Wiley & Sons, Ltd.

baseflow. Negative correlations for the subcatchment-catchment
reach also suggest higher baseflow than surface flow inputs to
the stream in that reach. However, dilution by clean rainwater
input (Arreghini et al., 2005) gives similar results. Positive
correlations between local scale SC and PC/DC¢ also signified
strong associations between sediments and particulate C.

The strongly positive correlations (24<ry<91) between
rainfall parameters (except PreRain-3 and RainC) and
microplot-microcatchment fluxes (Table V) confirmed that rain
events were major drivers of C and nutrient losses from the
hillslope. The r, value decreased with contributing area
indicating the localized effect of rainfall parameters on the
fluxes, which is similar to results from other studies elsewhere
(e.g. Chamizo et al, 2012). The correlation coefficients
decreased from rainfall amount to erosivity and to soil moisture
(PreRain-3 and RainC) indices at any spatial scale at the
hillslope level, which suggested that rainfall amount was the
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most dominant factor. However, erosivity indices still exhibited
high correlations (r;>0.53), meaning that they were also strong
drivers of the fluxes. The soil moisture indices correlated
significantly with stream channel fluxes implying that soil
moisture was only an important driver of the fluxes at larger
contributing areas because soil moisture drives baseflow into
streams. While the study elucidated rainfall parameter effects
on the fluxes, other environmental factors (e.g. land uses,
ecological and geomorphological characteristics of the basin)
also require appraisal to help in the determination of best
empirical regression models for predicting the fluxes.

The impact of spatial scale on C and nutrient fluxes

Microplot to plot scale

The change of fluxes from microplot to plot scale can largely be
explained by change of dominant erosion mechanism from
splash to interrill. The microplot scale, with a short slope length
(T-m in our case), was dominated by RD-ST erosion mechanism
where soil particle (and/or aggregate) detachment and
translocation is mainly by raindrop impact and splash effect,
respectively (Kinnell, 2001, 2009). Since RD-ST is a transport
deficient process, RD-RIFT system transported significant
fractions of the raindrop detached particles as water layers
formed on plot surfaces with time and available slope lengths
elongated beyond the microplot scale but probably not longer
than the plot scale slope length. The fact that plot scale unit-
area sediment yield was greater (Table 1) suggests the available
slope length (5-m) and other local conditions favoured
development of the RD-FT (Kinnell, 2001, 2008) process,
where the raindrop detached particles were transported
laterally by sheet wash. This latter process was essentially the
more transport efficient interrill erosion mechanism.

Particulate C and nutrient losses did not change significantly,
but dissolved forms changed significantly (Table Ill, Figures 3
and 4). Studies demonstrated that breakdown of soil aggregates
by raindrop impact exposes the constituent soil (C, N and P)
elements (Zhou et al.,, 2013) to preferential removal and
transportation (Lal, 2003; Wang et al., 2013) by water erosion.
The lack of significant change in particulate fluxes with
contribution area from microplot to plot scale confirms the
close association between particulate C and nutrient forms with
the sediments. The short slope length difference between the
two scales (only 4-m) was not adequate to induce any
significant depositional losses of sediments and constituent C
and nutrients. However, dissolved fluxes changed significantly
(Table 1lI, Figures 3 and 4) with DC; and DN, decreasing while
DP, increased. The significant decrease of DC; and DN, can
largely be explained by biogeochemical reactions. Several
studies reported similar losses and attributed them to
mineralization (Smith et al., 2013; Ran et al., 2014). Our results
suggest the small slope length difference between microplot
and plot scale was still long enough for mineralization of labile
C and N forms to emit gases into the atmosphere. The fact that
DN, decreased steeper than DC| (e.g. 53% versus 77% for
annual DC¢ and DN, respectively) means dissolved N forms
were more labile and reactive than dissolved C.

In contrast, DP_ (Table Ill, Figures 3 and 4) increased
significantly from microplot to plot scale, which suggest
mobilization of dissolved P forms as contributing area
increased. Several studies pointed to the existence of relatively
stable dissolved P forms (e.g. Puustinen et al., 2007; Sharpley
etal., 2008), which are held in transitory sites by e.g. vegetation
patches. These P forms tend to get remobilized by next
rainstorm events (Walling and Fang, 2003; Kirkby, 2010;
Roberts et al., 2012). Our results suggest vegetation condition

Copyright © 2017 John Wiley & Sons, Ltd.

at the study site, especially the lower hillslope position close
to the stream channel, favoured remobilization of P.

Plot to microcatchment scale

The operation of several erosion mechanisms was evident at
the hillslope scale where local level splash and sheet erosion
mechanisms gave way, over time and space, to linear erosion
mechanisms. Over time and space, surface flow tends to
concentrate into channels and gather adequate shear stress
and traction for detaching and transporting sediments (FD-FT).
The steep gradient and poor soil cover by grass favoured the
escalation of rills and channels into gullies (Boix-Fayos et al.,
2006), prevalent at the backslope of the microcatchment.
While the transition from non-linear to linear erosion processes
is associated with increasing sediment detachment; vegetation
patches, storage depressions and surface roughness reduced
sediment transport to result in low microcatchment level
outputs (Table Il). In general, sediment deposition increases
with contributing area due to the emergency of physical
barriers such as vegetation patches, storage depressions and
surface roughness (Cammeraat, 2004; Darboux et al., 2004;
Mayor et al., 2011). The slope increased from 5 m at plot scale
to >75 m at the microcatchment level.

Deposition is a selective process where, by Stocke’s Law,
heavier materials settle before lighter ones. Therefore, selective
deposition explains the increased PCc and PP¢ in transported
sediments at the microcatchment level (Table IIl), which agreed
with results from other studies (e.g. Starr et al., 2000; Lal, 2003;
Chaplot and Poesen, 2012; Boix-Fayos et al., 2015). Similar
behaviour of PC¢ and PP¢ was expected because C and P are
strongly associated (Quinton et al., 2001; Carter et al., 2003;
Schiettecatte et al., 2008; Li et al., 2012). However, the
particulate fluxes decreased due to decreasing unit-area runoff
and sediment yield (Table Il). There were greater opportunities
for C and nutrient flux losses at microcatchment than local
level because the available slope length (> 75m) was much
longer than at local scale (4 m). Sediment deposition at the
study hillslope was also reported by other studies (Orchard
et al., 2013; Chaplot and Ribolzi, 2014) and the footslope soils
are much deeper than elsewhere on the hillslope. The
particulate C losses were greater than N losses (e.g. 94% versus
52% for annual DCc and DNc, respectively) suggesting that
most of the available N was already lost between microplot
and plot scales.

The sharp decrease of fluxes at the hillslope was consistent
with results from several studies worldwide (e.g. Zhang et al.,
2006; Zehetner et al., 2008; Rumpel and Kogel-Knabner,
2011; Roberts et al., 2012) where mineralization, stabilization
and deposition (Nadeu et al.,, 2012; Hoffman et al., 2013;
Chaplot and Ribolzi, 2014) were proffered as the main loss
processes. Other loss processes requiring interrogation include
biogeochemical reactions and deep infiltration (Chaplot et al.,
2005; Wohl et al., 2012) and mixing of C and nutrient rich
hillslope sediments with deeper soil layer (gully and streambed)
sediments which are impoverished in C and nutrients (Boix-
Fayos et al.,, 2009; Nadeu et al., 2011). The contribution of
wetlands (13% of the catchment area, Table I) to C and nutrient
fluxes may also need to be evaluated in future studies.

Microcatchment to catchment scale

The general decrease of fluxes from microcatchment to
catchment outlet (Table Ill, Figures 3 and 4) corresponded with
decreasing percentage of area under grasslands (Table I). This
decrease of fluxes also followed a trend similar to unit-area
runoff and sediment losses (Table Il) suggesting close
associations between C and nutrient fluxes on the one hand
and the water and sediment fluxes on the other hand. The study
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did not investigate slope—channel connectivity, but direct
inflow of sediments and constituent C and nutrients was
expected to be low despite increasing percentage area under
cropland (Table 1) because the bigger part of it was under
commercial farms with adequate soil conservation works.
Gully erosion was less evident compared to the
microcatchment, suggesting sediment generation was also
lower. In addition, more sediment was trapped in the two
reservoirs upstream of the catchment outlet. Therefore,
deposition on the streambed and in reservoirs (Balakrishna
and Probst, 2005) could explain the particulate flux losses,
which was particularly high between subcatchment and
catchment outlets. The shallow sediment depths on the stream
also suggest significant quantities of deposited particulate C
and nutrients could have been lost through decomposition
(Mouret et al., 2010; Van Oost et al., 2012; Boix-Fayos et al.,
2015). Other loss processes might include biotic-uptake within
the reservoirs (McDowell et al., 2004; Scott et al., 2007). Biotic-
uptake might have been particularly important for dissolved
load losses, which also decreased sharply from subcatchment
to catchment outlet. While losses by decomposition or
mineralization are widely accepted, especially for elements
that go into gaseous state, Wollheim et al. (2006) argued that
biotic-uptake cannot be regarded as permanent loss because
the elements are soon released during decomposition. Never-
the-less, the prevalence of algae in the two reservoirs suggests
that biotic-uptake was still an important loss process, especially
for dissolved N and P fluxes because N and P are the main
water pollution agents contributing to algae blooms (Seitzinger
et al., 2005; Abdel-Raouf et al., 2012). Increasing percentage
area under croplands (Table I) did not seem to result in
significant nutrient inputs into the stream network. In addition,
Mchunu et al. (2011) had reported that communal farmers at
Potshini use very little to no chemical fertilizers pointing to
limited sources of dissolved N and P.

Catchment to sub-basin scale

Mutema et al. (2015) cited subsurface water and sediment input
from other tributaries, and also sediments from the riparian
zone (Pinay et al., 1992; Belnap et al., 2005), to be the reason
for more runoff and sediments at the sub-basin than catchment
outlet (Table 1l). Coincidentally, particulate (except C) and
dissolved fluxes were also significantly greater at the sub-basin
than catchment outlet (Table Ill, Figures 3 and 4) which, in
addition to association with water and sediment inputs
(Mutema et al., 2015), may also be explained by increased
agricultural activities (Sanchez-Vidal et al.,, 2013). The sub-
basin was dominated by commercial crop production. Dairy
and beef cattle production was also a significant activity in
the sub-basin. Hence, both animal refuse and chemical
fertilizers were also potential sources of the C and nutrients
within this zone. Input from human settlements (Zhang et al.,
2015) can also not be discounted. Instream production (Hood
et al.,, 2005; Kunz et al.,, 2011; Medeiros and Arthington,
2011) might also have contributed significantly because the
channel length from catchment to sub-basin outlet was quite
long (> 16 000 m) with numerous meandering points which
provided sites for potentially high biotic activities. It was
difficult, without any complementary investigation, to explain
the decrease of particulate C content yet particulate N and P
increased, from catchment to sub-basin outlet.

Sub-basin to basin scale

The basin outlet was characterized by lower unit-area runoff
and sediment (Table II) and the associated C and nutrient fluxes
(Table IIl, Figures 3 and 4) than at the sub-basin outlet, which
suggests deposition and dilution by inputs from tributaries of

Copyright © 2017 John Wiley & Sons, Ltd.

different geochemical characteristics to be the main potential
loss processes. Rivers generally lose their traction in a
downstream direction due to, amongst other reasons, loss of
slope gradient (Table 1), emergency of flow barriers (e.g. plants
and reservoirs) and water losses through e.g. infiltration
(Goodrich et al., 1997) and evaporation (Pilgrim et al., 1988;
Wallace and Batchelor, 1997; Camacho et al., 2015). Dilution
by water from tributaries with low C and nutrient
concentrations (Arreghini et al., 2005; Triska et al., 2007) and
sediments from deep river banks impoverished in C and
nutrients, mineralization and biotic uptake were less plausible
loss processes because dissolved concentrations (Table I11)
showed no significant change from sub-basin to basin outlet.
However, more complex control processes requiring further
investigation, might still have compensated any flux losses
along the way. For example, input from autochthonous
sources, human waste from towns and rural communities, more
agricultural lands close to the main water courses and more
tributaries draining different parts of the basin might have been
significant sources of C and nutrient inputs to the river network
balancing out any losses occurring on the main Thukela River.

Conclusions

Our findings elucidated the impact of spatial scale on C, N and
P fluxes in Thukela River basin, South Africa. The results
showed that C, N and P fluxes decreased by 84-97% and
29-96% for particulate and dissolved forms, respectively, on
a hillslope at Potshini. The hillslope fluxes correlated very
strongly with all rainfall parameters, except for soil moisture
indices (PreRain-3 and RainC). Particulate C and nutrient forms
dominated contributions to the hillslope fluxes; hence their
losses were largely attributed to redistribution and deposition
at landscape level. The fluxes decreased further in a
downstream direction in the stream channel. The fact that
dissolved form contributions increased in the downstream
direction, suggested sedimentation might also have diminished
and given way to other loss processes such as mineralization,
biotic uptake and dilution as the area of contribution increased
in the downstream direction. However, other control processes
such as change of dominant erosion mechanisms and land use
with contributing area, stabilization and deep infiltration also
require further appraisal. Further research integrating more
observation stream channel outlets, environmental factors
(e.g. ecological, lithological and geomorphological
characteristics of the basin) and the role of subsurface flow is
recommended for a better understanding of the sources and
fate of C, N and P during transportation as a precondition to
determine best empirical regression models for predicting the
fluxes.
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