
Phosphorus seasonal sorption-desorption kinetics
in suspended sediment in response to land use
and management in the Guaporé catchment, Southern Brazil

Mohsin Zafar & Tales Tiecher & José Augusto Monteiro de Castro Lima &

Gilmar Luiz Schaefer & Maria Alice Santanna & Danilo Rheinheimer dos Santos

Received: 19 April 2016 /Accepted: 14 October 2016 /Published online: 28 October 2016
# Springer International Publishing Switzerland 2016

Abstract Phosphate sorption-desorption parameters
like maximum phosphorus (P) adsorption capacity
(Pmax), equilibrium phosphorus concentration
(EPC), water desorbable P (α), potentially bioavail-
able P (β), and mobility index (α/β ratio) were deter-
mined in order to understand the sediment source-
sink nature in Guaporé catchment in southern Brazil
during summer and winter 2013 and 2014. The result
showed a significant (p = 0.05) variation across sed-
iment site or seasons and revealed the most sorption-
desorption parameters (Pmax, α , β) with the

increments following the order urban sediments >
intensive agriculture under CT > intensive agriculture
under NT > low agriculture sub-catchments (sub1
and sub2) > native forest. In the main river points,
these parameters decreased along the river (P1 to P5).
The results were more obvious in winter than the
summer season. In contrast, the low values of λ and
α/β ratio in the sediment from native forest and
relatively less polluted catchment (sub1) during sum-
mer season show the quick P desorption when com-
pared to specific Fe and Al oxides bound to stable P
in intensive agriculture sediments. These findings
clearly indicated that agricultural practices, sediment
characteristics, and hydrological factors have a major
impact on seasonal sediment P bioavailability and
mobility. The urban untreated discharges may be a
single major P source and, if it is not wisely managed,
proves a major threat to water quality. These results have
serious implications for the river ecosystem and will be
of great importance to improve the environmental and
economic performance of agricultural practices aiming
to reduce soil-based P legacy to surface waters.
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Introduction

Eutrophication of fresh waters is mainly linked to
upstream anthropogenic activities in the catchment
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like overfertilization and untreated urban and or
industrial sewage discharge containing high
amounts of dissolved nutrients, which pose a seri-
ous threat to the ecological environment (Sharpley
et al. 2013; Withers et al. 2015). Non-point phos-
phate reaching to fresh water rivers and streams is
more difficult to manage as it is bound to sedi-
ments and organic materials. However, due to
land-use change, catchment geographical features
like rainfall and runoff, seasonal pH and dissolved
oxygen (DO) shifts, and sediment chemical compo-
sition, this sediment-bound P could be released into
surrounding water by ion exchange (Withers and
Jarvie 2008; Upreti et al. 2015). The sorption-
desorption P balance considerably contributes to
the final tropic level of water bodies (Jarvie et al.
2006; Zhang et al. 2014).

It is a fact that the P adsorption capacity to a larger
extent is dependent on the sediment composition.
Therefore, the most reactive sites for phosphate in-
teraction are those minerals such as Fe and Al
oxyhydroxides and surface hydroxyl groups that
could be exchanged by phosphate anions on these
sites of sediments. These variations are more obvious
under highly weathered ferralsol under subtropical
environments like most of the Southern Brazil. The
high affinity of these soils for P adsorption has been
reported in recent studies (Bortoluzzi et al. 2015;
Tiecher et al. 2015; Fink et al. 2016). Their results
have shown that these soils are predominant in Fe
and Al sesquioxides, kaolinite clay, and 2:1 clay type
with interlayer hydroxy-Al (Caner et al. 2014).

Furthermore, particle physical characteristics like
size distribution are linked to the total surface area and
must be considered while determining P retention.
Results from the previous studies (Zhang and Huang
2007; Bortoluzzi et al. 2015) have shown that the P
adsorption increases exponentially with decreasing par-
ticle size i.e., increasing clay fraction. Consequently, the
sediment originating from these acidic soils facilitates
the P sorption preferably via bidentate binding with
active Fe and can contribute to as much as 50 to 70 %
of total adsorbed P in sediment (Kim et al. 2011; Jan
et al. 2015).

The determination of sediment-bound total phospho-
rus (TP) to predict either they act as source or sink in the
river is ambiguous, as only some P is desorbed and
become biologically available. For a better understand-
ing of the sediment P mobilization, maximum

phosphorus adsorption capacity (Pmax) and equilibrium
phosphorus concentration (EPC) have been used to
estimate river-sediment P dynamics. Several mathemat-
ical models have been developed and reported in litera-
ture (Lopez et al. 1996; Rheinheimer et al. 2000; Tu
et al. 2002) for this purpose, but the superiority and wide
adoption of nonlinear model of Langmuir have already
been reported in many studies to describe the best P
adsorption (House and Denison 2000; Bubba et al.
2003; Guardini et al. 2012). However, when the sedi-
ment has a considerable amount of native desorbable P
(Q0), it affects the Langmuir model validity to quantify
accurately the P adsorption, as a fact that water
desorbable P also participates in the adsorption equilib-
rium and, therefore, it must be accounted. To overcome
this situation, several modifications in Langmuir model
have been proposed depending on the sediment type
(Zhu et al. 2011); however, the modification introduced
by Koski-Vahala and Hartikainem (2001) is more prac-
ticable as it visually separates the P desorbed in distilled
water (Q0).

In freshwater river sediments, both total P (TP)
and bioavailable P (BAP) contents also vary accord-
ing to land-use heterogeneity and catchment charac-
teristics and are not clear indicators of the eutrophic
state of water. All P adsorbed into the sediment can
be thermodynamically desorbed (Barrow 1983), yet,
the determination of P adsorption capacity and EPC
does not fully reveal the P release at the sediment-
water interface. However, McKean and Warren
(1996) proposed first-order kinetics equation which
allows to estimate the instantaneous particulate bio-
available P (α), potential particulate bioavailable P or
P buffering capacity (β), and desorption rate constant
(λ) sediment-water interface and is used in many
recent studies (Rheinheimer and Anghinoni 2001;
Rheinheimer et al. 2008; Pellegrini et al. 2010;
Bortoluzzi et al. 2013).

So far, few studies focusing on water and
sediment-bound P transportation have been conduct-
ed in Southern Brazil and were limited to field/plot or
small catchment scale to understand the land use
(Pellegrini et al. 2010), rain event basis (Bortoluzzi
et al. 2013), high-intensity cropland (Capoane et al.
2015), successive slurry application under no-till soil
management (Guardini et al. 2012), and sediment
source finger printing (Tiecher et al. 2015); yet, a
comprehensive catchment scale temporal study inte-
grating all these aspects is lacking.
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The main objectives of current study were (a) to
determine whether the surface sediments act as sink or
source for river water, (b) to predict the particulate
bioavailable P (algal bioavailable) and sediment P buff-
ering capacity in response to the land use and manage-
ment for each monitoring site, and (c) to assess and
differentiate the overall seasonal variations in P
adsorption-desorption kinetics based on geochemical
composition in order to refine the upstream fertilization
plan and soil management in the Guaporé catchment
which is currently under highly anthropic and intensive
agriculture region in Southern Brazil.

Materials and methods

Description of Guaporé catchment

The study area Guaporé catchment is located at
coordinates 28°54′41″S and 51°57′10″W in the
south of the Brazil. The basin altitude varies from
40 to 800 m from south to north (Fig. 1). The
climate of the region is humid subtropical climate
with average annual rainfall from 1400 and
2000 mm and well distributed throughout the year,
but high winter rain events are frequent from August
to October months, and the average annual temper-
ature is 17.4 °C. It has a total basin area of over
2000 km2 with areas under representative land uses
for cropping pattern and fertilization management.
The basin has high heterogeneity in soil geology and
lithology, and many soil classes like Entisols,
Luvisol, Cambisol, Oxisol, Ultisol, Chernosol are
present due to specific pedo-climatic variations
(Didoné et al. 2014). The region is characterized
with intensive agriculture and high anthropic activ-
ities including rapid expansion in dairy and poultry
industry over past 30 years. Therefore, surface water
reservoirs are under threat of severe impairment due
to high rainfall, sloppy landforms, high water ero-
sion and sediment loads, and increased P discharges
either from intensive agriculture lands or untreated
urban sewage reaching to headwater streams
(Didoné et al. 2014). It is a major source of drinking
water for Marau town and a population of over 0.5
million residing in Guaporé region and have great
importance for livestock, fisheries, and recreation in
the region. Being a tributary of river Taquari, and a
key contributor to the regional hydrographic of

Guaíba Lake, the high sediment production and as-
sociated P drain to the Atlantic Ocean near Porto
Alegre city, Rio Grande do Sul Brazil. The Guaporé
catchment thus has a great importance both for re-
gional and international water resource management.

Sediment samplings

To collect representative suspended sediment sam-
ples, a total of 11 monitoring stations, of which 6
were installed on sub-catchment scale and 5 moni-
toring stations on the main river, were selected after
analyzing the land use and geographical location
with the help of a digital elevation model originat-
ing in mapping mission of Earth relief–SRTM
(Shuttle Radar Topography Mission) using the soft-
ware ArcGIS 10 (ESRI 2011), and maps were de-
veloped. Suspended sediments were collected from
summer (early February) and winter (late July)
during 2013 and 2014 with the time-integrated
suspended sediment samplers (Maier 2013). The
samples were taken into acid-washed 20-L gallon
and brought to soil and water chemistry laboratory
of Federal University of Santa Maria, Brazil, and
then oven-dried at 50 °C, gently disaggregated
using a rubber head pestle and mortar, and sieved
through a 63-μm mesh before chemical analysis. A
set of original oven-dried sample was passed
through 2-mm mesh and kept for particle size
analysis.

Sediment characterization

Sediment (<63-μm) TP was determined with H2SO4

and H2O2 digestion in the presence of saturated MgCl2
(Olsen and Sommers 1982), while the organic P (OP)
was estimated by ignition at 550 °C for 6 h and subse-
quently determined by colorimetry (Murphy and Riley
1962). The inorganic P (IP) was calculated as the differ-
ence of OP to TP. The total organic carbon (TOC) was
analyzed by wet oxidation with K2Cr2O7 and H2SO4

following Walkley and Black method (1934).
Amorphous Fe and Al were extracted with
0.2 mol L−1 ammonium oxalate at pH 3 in the dark
(Feox and Alox), as described by Schwertmann (1964).
The crystalline forms of Fe oxyhydroxides (Fedcb) and
Al (Aldcb) were estimated in dithionite–citrate–bicar-
bonate (DCB) extraction as explained by Mehra and
Jackson (1960). The particle size distribution was
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determined in 2-mm sediment by the laser particle size
analyzer (Muggler et al. 1997) after oxidation of soil
organic matter with H2O2 and subsequent dispersion
with 6 % NaOH solution.

Phosphorus sorption study

To determine the P adsorption behavior, only sum-
mer sediments were selected, and 0.5 g of powdered
suspended sediment (<63 μm) was weighed into
15 mL polypropylene centrifuge tube. Thereafter,
10 mL of 0.01 M L−1 CaCl2 solution containing 0,
2, 5, 10, 20, 50, 100, 200, 400, 800, 1200, and
1600 mg L−1 of equivalent P concentration from
KH2PO4 was added, respectively. The samples were
shaken for 16 h on an end-over-end shaker at
33 rpm at 25 °C, and subsequently the samples were

centrifuged and P concentration was colorimetrically
measured in the supernatant (Murphy and Riley
1962). The amount of adsorbed P was calculated
as the difference of quantity added to P remaining
in the solution at equilibrium. The sorption data was
fitted to Langmuir equation with modification of the
Koski-Vahala and Hartikainem (2001) and given as
follow:

Psorbed ¼ Pmax � Psolution

1þ km� Psolution
−Q0 ð1Þ

where
Pmax is the maximum P adsorption capacity

(mg kg−1); km is the P concentration in the solution that
allows half of the maximum P adsorption (mg L−1);
Psolution is the equilibrium P concentration in solution

Fig. 1 Geographical location of the study catchment Guapore in Rio Grande do Sul State, Southern Brazil. The right map summarizes the
location and land use of each monitoring station while dotted black line indicates demarcation of sub-catchments
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(mg L−1); and Q0 is water desorbed P (mg L−1). The
EPC was calculated by the expression:

EPC ¼ Q0 � kmð Þ
Pmax � Q0ð Þ ð2Þ

Desorption kinetics study

Bioavailable particulate phosphorus in suspended sedi-
ments was estimated by a single extraction with anion
exchange resin (AER) strips (AMI-7001S; Membranes
International Inc., NJ) as described by Rheinheimer
et al. (2000). Briefly, 0.5 g of powdered suspended
sediment (<63-μm) and 10 mL of distilled water were
taken in 15-mL falcon tube. Then 0.5 mol L−1 NaHCO3-
saturated anion exchange resin strip was added
(Gatiboni et al. 2005), and the tubes were shaken for
16 h on an end-over-end shaker at 33 rpm and 25 °C.
The anion resin membrane was removed and washed
with water before transferring into a 15-mL glass tube
with 10 mL of 0.5 M L−1 HCl. After leaving for 2 h, the
tubes were shaken on an oscillating agitator for further
30 min and P concentration was determined on an
aliquot of the solution by Murphy and Riley (1962)
method, and this P concentration is considered as bio-
available particulate P. To attain the cumulative amount
of P sorbed, the successive extraction was carried out for
13 days in the same sediment samples until the P con-
centration in extract became constant and reached zero.

To estimate P desorption parameters, the first-order
kinetic model proposed by the McKean and Warren
(1996) in Eq. 3 was employed.

Pdes ¼ β β−αð Þe−λt ð3Þ
where

(Pdes) is amount of P desorbed; (β), potentially bio-
available particulate P; (α), instantaneous bioavailable
particulate P; (λ), desorption rate constant, and (t), ex-
traction time in minutes. The P mobility index was
calculated as = (α × 100/β).

Statistics

One-way analysis of variance (ANOVA) followed by
Scott-Knott test (p < 0.05) was conducted using Sisvar
statistical software (version 5.3) to determine the signif-
icant differences between seasons and sampling stations
(Ferreira 2011). The correlation coefficient was

determined, and principal component analysis between
a pair of means of P sorption-desorption parameters and
sediment characteristics was also performed.

Results

Sediment characteristics

Under the acidic environments, the sediment P re-
tention is closely related to and or influenced by
metal oxides (Al and Fe) and clay contents. In this
study, the seasonal variation in Fe and Al oxides is
presented in Tables 2 and 3 while particle size dis-
tribution is shown in Fig. 2. The rank order of the Fe
and Al oxides and most of chemical components con-
centration for the sediments generally followed a pattern
as highly anthropic sediments (sub5) > intense agricul-
ture under Ct (sub3) > agriculture under no tillage (NT)
(sub4) > low agriculture sub-catchments (sub1, 2) > na-
tive forest. The main river sediments (P1 to P5) showed
a descending order along river continuum for most of
the chemical characteristics. Average across four sea-
sons and 11 monitored locations, the sediment Feox
ranged (4.4 to 7.4 g kg−1), Fedcb (33.7 to 53.6 g kg−1),
Alox (1.1 to 2.2 g kg−1), Aldcb (2.8 to 5.9 g kg−1), TOC
(18.2 to 33.7 g kg−1), and clay (43.3 to 137.7 g kg−1).

Individually, the sediment amorphous Fe (Feox) con-
centration collected in 2013 was higher during winter for
agriculture sub-catchments (sub1 < sub2 < sub3 < sub4)
and in the summer for main river sediment (P1 to P5);
whereas, during 2014, most of the sediments from all
monitoring stations showed higher Feox concentration in
the summer. The relative increase in Feox content varied
from 8.5 to 49.2 % summer and 37.8 to 113.5 % winter
during 2013 and from 37.2 to 93 % summer and 59.5 to
110.8 % winter during 2014, over control (forest). The
crystalline Fe (Fedcb) was higher in summer sediments
than winter during both years, and higher concentration
for highly anthropic followed by the both CT and NT
intensive agriculture sediments was observed over the
rest of the locations. The relative increase in Fedcb
due to land use or seasonal changes ranged between
31 to 94.5 % and 16.5 to 30.9 % (summer and
winter 2013) and between 22.4 to 71.1 % and 16.6
to 39.8 % (summer and winter 2014) over the refer-
ence forest site (Table 1).

The Alox did not showed much variation either for
seasons or among sampling sites and differed between 1
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and 2 g kg−1Alox for most of the sediments except
highly anthropic (sub5) which showed as much as
3.37 g kg−1 Alox. However, Aldcb showed a significant
difference, and a relative increase lies between 12.2 to
109 % and 20.9 to 88.1 % (summer and winter 2013)
and 18.3 to 189 % and 7.6 to 96.6 % (summer and
winter 2014) over the forest site (Table 1).

The TOC content was higher in most of winter sed-
iments for both years, except a relatively higher TOC
content in main river sediments during summer 2013.
The relative increase in TOC content over the forest
varied between 4.6 to 248.9 % in summer and 5.8 to
80.6 % in winter during 2013, and from 7.2 to 78.4 %
and 10.6 to 308.9 % during summer and winter 2014,
respectively (Tables 2 and 3).

The particle size distribution of different sedi-
ments collected over four seasons is presented in
Fig. 2. The silt fraction appeared as the major pro-
portion in the sediments, and it accounts for 50 to

70 % of the total while the clay showed a small
contribution, accounting for 4 to 15 % of the total.
The seasonal trend revealed that the high clay and
sand proportion was recorded for intensive sub-
catchment under CT (sub3) during winter period in
both 2013 and 2014.

Sediment organic, inorganic, and total phosphorus
fractions

The seasonal variations in OP, IP, and TP concentra-
tions showed significant differences according to
Scott-Knott test (p < 0.05) for 11 monitored sites
and four seasons and are summarized in Tables 4
and 5. Along different land uses, the OP contents
followed an order: intense agriculture under NT
(sub4) > intense agriculture under CT (sub3) > highly
anthropic sediments (sub5) > low agriculture sub-
catchment (sub2) > native forest > sub1. The main
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Fig. 2 Particle size distribution of suspended sediment samples during summer 2013 (a), winter 2013 (b), summer 2014, and winter 2014
(d) across 11 different monitoring sites in Guapore catchment, Southern Brazil

643 Page 6 of 20 Environ Monit Assess (2016) 188: 643



T
ab

le
1

G
en
er
al
ch
ar
ac
te
ri
st
ic
s
of

th
e
m
on
ito

ri
ng

lo
ca
tio
ns

in
th
e
G
ua
po
re

ca
tc
hm

en
t,
S
ou
th
er
n
B
ra
zi
l

M
on
ito

ri
ng

lo
ca
tio

n
A
re
a

(k
m

2
)

C
oo
rd
in
at
es

D
om

in
an
t

so
il
ty
pe

b
Fa
rm

in
g
sy
st
em

an
d
la
nd

us
ec

L
an
d
us
e
(%

)

E
S

W
at
er

bo
di
es

A
ra
bl
e

Fo
re
st

Pa
st
ur
e

S
ilv

ic
ul
tu
re

U
rb
an

Fo
re
st

0.
99
8

39
3,
47
5

6,
81
4,
06
3

A
lf
is
ol
s

Fo
re
st
,w

ith
fe
w
pa
st
ur
e
an
d
m
in
im

um
an
th
ro
pi
c
di
st
ur
ba
nc
e

–
–

68
.4

29
.5

2.
2

–

Su
b1

a
3.
29

38
9,
99
8

6,
82
0,
26
0

U
lti
so
ls

N
ew

ly
es
ta
bl
is
he
d
lo
w
ar
ab
le
w
ith

m
ai
ze

un
de
r
C
T
S,

no
sw

in
e/
po
ul
tr
y

–
34
.5

57
.9

7.
0

0.
7

–

Su
b2

99
.0
4

39
1,
86
1

6,
81
2,
45
8

A
lf
is
ol
s

L
ow

ar
ab
le
w
ith

to
ba
cc
o
an
d
C
T
S,

er
va
-m

at
e
pl
an
ta
tio

n,
lo
w
m
ai
ze

an
d

to
ba
cc
o,
fe
w
po
ul
tr
y,
be
ef

an
d
sw

in
e

0.
1

34
.6

50
.0

11
.1

3.
0

1.
2

Su
b3

14
4.
68

40
1,
07
1

6,
80
9,
79
0

O
xi
so
ls

In
te
ns
iv
e
ar
ab
le
w
ith

to
ba
cc
o
an
d
C
T
S,

lo
w
po
ul
tr
y
+
be
ef

0.
1

49
.6

37
.0

4.
6

8.
7

0.
0

Su
b4

26
9.
39

37
7,
26
0

6,
84
6,
10
3

O
xi
so
ls

In
te
ns
iv
e
ar
ab
le
w
ith

so
yb
ea
n
un
de
r
N
T
S,

sl
ig
ht

be
ef

an
d
po
ul
tr
y

1.
9

70
.7

17
.4

4.
2

5.
1

0.
8

Su
b5

25
7.
23

37
8,
25
7

6,
84
5,
04
9

U
lti
so
ls

Po
in
ts
ou
rc
e,
hi
gh
ly
an
th
ro
pi
c,
ci
ty
ef
fl
ue
nt

be
in
g
di
re
ct
ly

ad
de
d
to

ri
ve
r,
m
ed
iu
m

in
te
ns
ity

ar
ab
le
,s
oy
be
an

un
de
r
N
T
S

0.
13

69
.1
2

20
.0
7

5.
66

1.
77

3.
24

P1
53
2.
43

37
7,
78
6

6,
84
4,
23
6

O
xi
so
ls

D
if
fu
se

so
ur
ce

re
ce
iv
in
g
ci
ty

ef
fl
ue
nt

an
d

in
pu
ts
fr
om

N
T
S
(m

ai
n
ri
ve
r
up
st
re
am

)
1.
0

69
.9

18
.8

4.
9

3.
4

2.
0

P2
10
42
.8
1

38
9,
00
8

6,
83
2,
78
5

O
xi
so
ls

D
if
fu
se

w
ith

in
te
ns
e
sw

in
e
pr
od
uc
tio

n
ar
ea
s

0.
6

68
.7

21
.3

5.
6

2.
6

1.
2

P3
14
41
.3
8

39
4,
74
4

6,
82
1,
78
2

A
lf
is
ol
s

D
if
fu
se

w
ith

m
ix

la
nd

us
e
an
d

da
ir
y
+
po
ul
tr
y

0.
5

66
.2

24
.2

5.
8

2.
3

0.
9

P4
16
97
.6
7

40
0,
74
9

6,
80
9,
18
7

E
nt
is
ol
s

D
if
fu
se

w
ith

to
ba
cc
o
un
de
r
C
T
S

0.
5

61
.5

28
.5

6.
2

2.
4

0.
9

P5
20
29
.9
1

40
7,
17
0

6,
80
1,
39
0

E
nt
is
ol
s

D
if
fu
se
,c
at
ch
m
en
to

ut
le
tr
ec
ei
vi
ng

al
l

up
st
re
am

co
nt
ri
bu
tio

n
0.
5

58
.5

31
.2

5.
9

3.
2

0.
7

a
Su
b
su
b-
ca
tc
hm

en
ts
(t
ri
bu
ta
ri
es
),
P
m
ai
n
ri
ve
r
m
on
ito

re
d
lo
ca
tio

ns
b
IU

S
S
W
or
ki
ng

G
ro
up

W
R
B
(2
01
5)

c
C
TS

co
nv
en
tio

na
lt
ill
ag
e
sy
st
em

,N
TS

no
-t
ill
ag
e
sy
st
em

Environ Monit Assess (2016) 188: 643 Page 7 of 20 643



river sediments (P1 to P5) showed descending trend along
the river downstream except P4, which showedmaximum
values for OP over rest of the main river sediments. The

relative increase in OP of disturbed sediment over native
forest varied from 6.2 to 98.8 % in summer and 70.6 to
129.0 % in winter during the year 2013, while from 35.3

Table 2 Seasonal changes in Feox and Fedcb of suspended sediments from different land uses in Guapore catchment, Southern Brazil

Stations Feox (g kg
−1) Fedcb (g kg

−1)

2013 2014 2013 2014

Summer Winter Mean Summer Winter Mean Summer Winter Mean Summer Winter Mean

Forest 5.9k 3.7h 4.8H 4.3k 3.7h 4.1I 34.8e 34.6d 34.7E 32.1d 33.2f 32.6F

Sub1 6.4j 6.9d 6.6G 5.9j 6.3f 6.1H 47.8d 41.1c 44.5D 39.3c 44.7b 42.1D

Sub2 6.6i 7.4b 7.1F 6.2i 6.3f 6.2G 56.7c 43.7b 50.2C 43.2b 38.7e 41.0E

Sub3 8.6b 7.5b 8.1B 7.1f 5.9g 6.5F 61.5b 43.1b 52.4B 44.5a 44.1c 44.3B

Sub4 7.6h 7.8a 7.7C 7.8c 6.7c 7.3D 53.6c 44.8a 49.2C 44.9a 46.1a 45.4A

Sub5 8.4d 7.9a 8.1A 8.3a 6.6d 7.4C 67.7a 45.3a 56.5A 55.1a 46.4a 45.7A

P1 8.5c 7.2c 7.8C 8.1b 7.8a 7.9A 55.7c 44.8a 50.2C 44.4a 42.9d 43.7B

P2 8.1f 5.8f 7.0F 7.3e 7.4b 7.4C 46.7d 40.3c 43.5D 43.6b 43.7c 43.7B

P3 8.0g 6.6e 7.3E 6.8h 6.4e 6.6E 46.5d 43.0b 44.7D 44.1a 42.1d 43.1C

P4 8.2e 6.7e 7.5D 6.9g 6.3f 6.6E 45.6d 44.4a 45.1D 42.3b 42.2d 42.3D

P5 8.8a 5.1g 6.9F 7.7d 7.8a 7.7B 43.4d 43.6b 43.5D 43.1b 45.7a 44.3B

CV (%) 0.38 2.05 0.92 0.64 0.86 0.64 4.39 1.49 2.42 1.51 1.41 1.08

Lowercase letters in a column show seasonal variation while uppercase letters indicate annual variation and the values followed by the same
letter in a column are not significant at p < 0.05 by the Scott-Knott test

Feox extracted with ammonium oxalate, Fedcb extracted with dithionite–citrate–bicarbonate, CV Coefficient of variation

Table 3 Seasonal changes in Alox, and Aldcb of suspended sediments from different land uses in Guapore catchment, Southern Brazil

Stations Alox (g kg−1) Aldcb (g kg
−1)

2013 2014 2013 2014

Summer Winter Mean Summer Winter Mean Summer Winter Mean Summer Winter Mean

Forest 1.49b 0.81d 1.15C 1.00e 1.07c 1.03E 2.79d 2.53d 2.66E 3.01e 3.16e 3.08E

Sub1 1.51b 1.14c 1.32B 1.30d 1.52b 1.41C 4.21b 3.33c 3.76B 3.73d 4.26c 4.00C

Sub2 1.40c 1.48b 1.45B 1.37c 1.61b 1.49C 3.96b 4.16b 4.06B 3.90c 4.14c 4.02C

Sub3 1.17d 1.73a 1.45B 1.48c 1.16c 1.32C 3.40c 4.76a 4.08B 4.16c 3.40d 3.78D

Sub4 1.40c 0.65d 1.03D 2.42b 1.73b 2.07B 3.97b 2.16d 3.06D 6.40b 4.76b 5.58B

Sub5 2.18a 1.27b 1.73A 3.37a 1.98a 2.68A 5.83a 3.66b 4.75A 8.70a 5.36a 7.03A

P1 1.36c 1.37b 1.37B 1.52c 1.01c 1.26D 3.86b 3.90b 3.88B 4.26c 3.00e 3.63D

P2 1.11d 1.68a 1.40B 1.27d 1.52b 1.40C 3.26c 4.63a 3.95B 3.66d 4.26c 3.96C

P3 1.05d 1.23b 1.15C 1.23d 1.62b 1.43C 3.13c 3.56b 3.35C 3.56d 4.50b 4.03C

P4 1.09d 1.03c 1.06D 1.26d 1.28c 1.27D 3.23c 3.06c 3.15C 3.63d 3.66d 3.65D

P5 1.05d 1.34b 1.20C 1.29d 1.69b 1.49C 3.13c 3.83b 3.48C 3.70d 4.66b 4.61C

CV (%) 5.32 8.95 5.40 6.75 8.85 6.14 4.52 7.45 4.54 5.85 5.62 4.79

Lowercase letters in a column show seasonal variation while uppercase letters indicate annual variation and the values followed by the same
letter in a column are not significant at p < 0.05 by Scott-Knott test

Alox extracted with ammonium oxalate, Aldcb extracted with dithionite–citrate–bicarbonate, CV Coefficient of variation
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Table 4 Seasonal changes in organic P and inorganic P of suspended sediments from different land uses in Guapore catchment, Southern
Brazil

Stations Organic P (mg kg−1) Inorganic P (mg kg−1)

2013 2014 2013 2014

Summer Winter Mean Summer Winter Mean Summer Winter Mean Summer Winter Mean

Forest 172.1d 172.7b 172.4C 81.2e 151.9c 116.6F 601.8h 691.3h 646.6J 717.7e 600.1d 658.8F

Sub1 152.8d 122.3b 132.6C 72.4e 199.0c 135.7F 747.4g 858.7g 803.1I 807.5d 694.7d 751.1E

Sub2 182.7d 359.3a 271.1B 117.7d 207.0c 162.4E 753.9g 979.0f 866.4H 720.9e 830.9c 775.9E

Sub3 318.8a 356.3a 337.5A 163.2c 308.3b 235.8C 1198.6e 1410.2c 1304.4D 1210.2c 1149.3a 1179.7C

Sub4 315.1a 334.9a 325.0A 61.9e 410.9a 236.4C 1573.1b 1598.1b 1585.6B 1166.4c 954.4b 1060.4B

Sub5 274.6b 294.6a 284.6B 75.4e 364.2a 219.8C 1766.2a 1927.5a 1846.8A 1524.5a 1167.9a 1346.2A

P1 294.7b 322.6a 308.6A 240.5b 319.3b 279.9B 1408.8c 1450.1c 1429.5C 1379.2b 1116.4a 1247.8B

P2 342.2a 274.1a 308.1A 149.9c 296.8b 223.3C 1096.2f 872.5 g 984.3G 1165.7c 1199.1a 1182.4C

P3 276.6b 304.6a 290.6B 123.8d 283.6b 203.7D 1105.1f 1177.5d 1141.2F 1169.1c 1097.4a 1133.2C

P4 289.6b 395.5a 342.5A 375.1a 305.4b 340.2A 1196.3e 1230.5d 1213.4E 1151.7c 1054.9b 1103.3D

P5 223.5c 310.9a 267.2B 109.9d 264.3b 187.1D 1284.9d 1107.5e 1196.2E 1129.9c 976.5b 1053.2D

CV (%) 8.33 16.13 8.98 13.65 11.60 8.13 3.12 3.67 2.46 3.36 6.15 3.54

Lowercase letters in a column show seasonal variation while uppercase letters indicate annual variation and the values followed by same
letter in a column are not significant at p < 0.05 by Scott-Knott test

CV Coefficient of variation

Table 5 Seasonal changes in total P and total organic C of suspended sediments from different land uses in Guapore catchment, Southern
Brazil

Stations Total P (mg kg−1) Total organic carbon (g kg−1)

2013 2014 2013 2014

Summer Winter Mean Summer Winter Mean Summer Winter Mean Summer Winter Mean

Forest 773.9g 864.2g 819.1J 799.0e 752.0e 775.5E 19.5i 24.2f 21.9F 16.7g 12.3f 14.5F

Sub1 900.2f 971.1g 935.7I 880.1e 893.7d 886.8D 20.4i 25.6f 22.9F 19.6e 13.6f 16.6E

Sub2 936.7f 1338.3e 1137.5H 838.6e 1037.9c 938.3D 55.9c 41.3b 48.6B 19.8e 23.3e 21.6D

Sub3 1517.4d 1766.5c 1642.0D 1373.5c 1457.6a 1415.5B 38.5e 43.3a 40.8C 18.3f 43.1b 30.7B

Sub4 1888.1b 1933.1b 1910.6B 1228.4d 1365.4b 1296.9C 24.1h 38.1c 31.1E 22.4c 29.8d 26.1C

Sub5 2040.7a 2222.2a 2131.5A 1599.9a 1332.1a 1566.1A 25.6g 37.6c 31.6E 22.3c 32.9c 27.6C

P1 1703.5c 1772.8c 1738.1C 1619.8a 1435.8a 1527.8A 47.4d 36.2d 41.8C 24.8b 34.9c 29.9B

P2 1438.4e 1146.6f 1292.5G 1315.6c 1496.1a 1405.8B 64.8b 30.6e 47.7B 21.2d 50.3a 35.7A

P3 1381.6e 1482.3e 1431.9F 1292.9c 1381.0b 1337.0C 67.9a 40.3b 54.1A 19.4e 35.4c 27.4C

P4 1485.9d 1626.1d 1556.1E 1526.8b 1360.4b 1443.6B 30.6f 35.2d 32.9D 29.8a 29.5d 29.6B

P5 1508.5d 1418.5e 1463.5F 1239.9d 1240.8b 1240.4C 38.5e 43.7a 41.1C 17.9c 34.6c 26.2C

CV (%) 2.73 4.87 2.81 3.87 6.35 3.64 1.49 2.83 1.78 2.05 5.36 3.5

Lowercase letters in a column show seasonal variation while uppercase letters indicate annual variation and the values followed by same
letter in a column are not significant at p < 0.05 by Scott-Knott test

CV Coefficient of variation
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to 361.9 % in summer and 31.0 to 170.5 % in winter
during 2014 was recorded.

The highest IP content was 1927.5 mg kg−1 in urban
sub-catchment during summer 2013, while a minimum
of 600.1 mg kg−1 was found in the native forest during
winter in 2014 (Tables 2 and 3). A higher IP in sub-
catchment with intensive agriculture under CT (sub3)
was observed in the winter season in both years. The
intensive agriculture sub-catchments (sub3 and sub4)
showed relatively higher IP values during winter 2013
while higher IP contents were recorded in summer 2014.
A similar trend for main river sediment (P1 to P5) was
also observed. Across different sediment locations, the
relative increase in IP contents varied between 24.2 to
193.5 % and 24.2 to 178.8 % (summer and winter 2013)
and from 0.4 to 112.4 % to 15.8 to 99.8 % (summer and
winter 2014) over the forest sediments (Tables 4 and 5).

A high TP during winter period was detected during
both years and anthropogenic activity almost tripled the
TP (2222.2 mg kg−1) in urban sub-catchment when com-
pared to the reference forest sediment (864.2 mg kg−1) in
winter 2013. The intensive agriculture site either under
CT (sub3) or NT (sub4) also showed the higher 1642.0
and 1910.6 mg kg−1 during 2013, and 1415.5 and
1296.9 mg kg−1 TP during 2014 over the rest of sedi-
ments and the winter months retained higher TP in both
years. The percent relative increase over forest site varied
from 16.3 to 163.7 % (summer 2013), 12.4 to 157.7 %
(winter 2013), 5.0 to 102.7 % (summer 2014), and from
18.8 to 98.9 % in winter 2014, respectively.

Phosphorus adsorption

The P adsorption behavior of suspended sediment was
carried on sediments collected during the summer period
for both 2013 and 2014. The time was selected since
there are low flow conditions in the Guaporé River during
this period, and it is also considered as an ecologically
sensitive period. The land uses and seasonal changes
showed a significant effect on the P sorption parameters
(i.e.,Pmax, km,Q0 and EPC) according to Scott-Knott test
(p < 0.05), and the results are presented in Table 6. Across
the sediment origin, the highest values for sorption pa-
rameters were recorded for the intensive agriculture sub-
catchment (sub3) under CT (Pmax = 4032 and
2342 mg kg−1), (km = 29.9 and 13.6 mg L−1), and
(Q0 = 2.4 and 2.2 mg L−1) during 2013 and 2014,
respectively. The low agriculture catchment (sub2) also
showed increasing trend for P sorption and Pmax (3258

and 2608 mg kg−1), km (27.40 and 15.68 mg L−1), and
Q0 (0.70 and 2.08 mg L−1) were recorded in both years.
The main river sediments (P1 to P5) showed the second
highest category for the Pmax, km, and Q0, followed by
the highly urban sub5, then by the NT (sub4), and least in
sub1 and forest, respectively (Tables 4 and 5).

The sediments have finite P retention capacity and
when saturated with P will reach the environmental limit,
and the EPC estimation can differentiate this limit. The
results indicated that in forest control sediments, the EPC
was 2.73 and 3.01 μg L−1 during 2013 and 2014, respec-
tively. The intensive agriculture sub-catchment under CT
during both years (2013–2014) showed highest EPC
(17.2 and 12.5 μg L−1), while low agriculture sub-
catchment showed only high EPC (12.5 μg L−1) during
2014. Similarly, the sediments from highly punctual urban
P source showed high equilibrium concentration (5.5 and
6.7 μg L−1) when compared to the forest. The sediments
collected on the main river showed lower EPC concen-
tration when compared to the highly impacted catch-
ments. However, the intermediate P2 and P4 showed
higher value over rest of the three points (Tables 4 and 5).

Phosphorus desorption kinetics

Results regarding seasonal P desorption kinetics from
different land uses in Guaporé region are presented in
Figs. 3, 4, 5, and 6. Individually, across the four seasons,
the highest (96.3 mg kg−1) instantaneous bioavailable
particulate P (α) was recorded for highly anthropic
urban site during winter 2013, followed by the intensive
agriculture site under CT with the (57.8 mg P kg−1)
during winter 2014.While on the main river points from
P1 to P5, a descending trend in α content was observed.
The relative increase in α of disturbed sediment over
native forest ranged from 19.6 to 175.3 % in summer
and 8 to 235.5 % in winter during 2013, while it ranged
from 53.2 to 165.8 % in summer and 15.1 to 123.2 % in
winter during 2014 (Fig. 3).

Similarly, the potentially bioavailable P (β) ex-
hibited varied response and showed an order in land
use as highly anthropic sediments > intense agricul-
ture under CT > intense agriculture under NT >low
agriculture sub-catchments (sub1 and sub2) > native
forest. The main river points (P1 to P5) showed
relatively higher amount than agriculture treatments
due to receiving highly diffused P inputs but follow-
ed the descending order along the river continuum
(Fig. 4). The relative increase in potentially
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bioavailable P varied from 19.6 to 146 % in summer
and 31.4 to 312.2 % in winter during the year 2013,
and during 2014 from 39.6 to 148.3 % in summer
and 31.3 to 110.9 % in winter. Among seasons,
winter sediment considerably showed higher values
than the summer at sub-catchment scale, while a less

clear difference in the main river sediments was
observed.

The results of the desorption rate constant (λ)
revealed that the highest values were recorded for
downstream main river sediments (P3 and P4) dur-
ing winter 2013. The less anthropic sediments

Table 6 Phosphorus adsorption parameters of suspended sediments collected during summer 2013 and 2014 from Guapore catchment,
Southern Brazil

Stations Pmax (mg kg−1) km (mg L−1) Q0 (mg L−1) EPC0 (μg L−1)

2013 2014 Mean 2013 2014 Mean 2013 2014 Mean 2013 2014 Mean

Forest 1694g 1497f 1596I 7.11d 5.86c 6.48D 0.65e 0.77f 0.71F 2.73c 3.01d 2.87D

Sub1 1093i 1802e 1448J 3.52e 8.15c 5.84D 0.62e 0.93d 0.77F 2.00c 4.21c 3.10D

Sub2 3258b 2608a 2933B 27.40a 15.68a 21.54A 0.70e 2.08a 1.39C 5.88b 12.50a 9.19B

Sub3 4032a 2342c 3187A 28.99a 13.62b 21.31A 2.40a 2.16a 2.28A 17.25a 12.55a 14.90A

Sub4 1308h 1512f 1410J 3.20e 3.56d 3.38E 0.93d 1.33b 1.13D 2.21c 3.12d 2.67D

Sub5 1791f 2524b 2157F 5.36d 12.08b 8.72C 1.84b 1.39b 1.62B 5.50b 6.65b 6.08C

P1 2403d 2355c 2379E 3.76e 4.47d 4.11E 0.62e 0.59f 0.61G 0.97c 1.12e 1.04E

P2 2380d 2524b 2452D 11.60b 12.08b 11.84B 0.54f 1.39b 0.97E 2.63c 6.65b 4.64C

P3 2108e 1914d 2011G 9.16c 7.93c 8.54C 0.46f 0.74e 0.60G 2.00c 3.07d 2.53D

P4 2639c 2497b 2568C 13.30b 12.06b 12.68B 1.32c 1.04c 1.18D 6.65b 5.02c 5.83C

P5 1830f 1814e 1822H 1.86e 1.99d 1.92E 1.39c 1.14c 1.27D 1.41c 1.25e 1.33E

CV (%) 1.15 1.29 1.18 16.35 18.23 16.60 6.13 6.99 6.33 27.10 16.24 19.53

Pmax is the maximum P adsorption capacity (mg kg−1 ); km (mg L−1 ) is the P concentration in the solution which allows half of the
maximumP adsorption,Q0 is water desorbed P (mg L

−1 ), and EPC0. is the zero equilibrium P concentration in solution (μg L−1 ). Lowercase
letters in a column show yearly variation while uppercase letters indicate mean variation, and the values followed by same letter in a column
are not significant at p < 0.05 by Scott-Knott test

CV Coefficient of variation
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Fig. 3 Changes in the readily desorbable P (α, bioavailable P) of
suspended sediment samples during summer-winter of 2013 and
2014 across 11 different monitoring sites in Guapore catchment,
Southern Brazil. Lowercase letters on each bar show seasonal

variation among different land use, while uppercase letters indi-
cate annual variation within monitoring site and the values follow-
ed by the same letter are not significant at p < 0.05 according to the
Scott-Knott test
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(forest, sub1 and sub2) showed lower λ values when
compared to the intense agriculture and highly an-
thropic sediments (Fig. 5). To estimate the sediment
eutrophication hazard, the ratios between α and β
have been used as a useful tool to describe the P
mobility index. Averaging across seasons, among
the monitored sites, the sediments from low anthrop-
ic sub-catchments have higher values for α/β ratios
(forest = 26.4 %, sub1 = 29 % and sub2 = 25 %)
than the highly anthropic sub5 (23.9 %). The sedi-
ments from the main river showed higher value of P
mobility index than the native forest but they did not

follow the upstream-downstream phenomena
(Fig. 5).

The cumulative P release revealed that the different
sediments showed a clear desorption behavior for all
four seasons during the 2013 and 2014 (Fig. 7). To attain
the nearly complete removal of sediment-bound P from
all sediments, 13 successive (192 h) AER extractions
were performed to reach nearly a constant P concentra-
tion, although the sediment of low anthropic activity
(forest, sub1, and sub2) attained this level between 7
to 10 extractions. Figure 7 indicates that in each season,
the successive resin extraction resulted in maximum of

Forest Sub1 Sub2 Sub3 Sub4 Sub5 P1 P2 P3 P4 P5
0

100

200

300

400
summer 
winter 

hA
fA gA

eA fB

cA

cA
dB

bA

dB

aB

aA

cA
cA

dB

bA

eC

bA

eC

bA

fA
eA

Forest Sub1 Sub2 Sub3 Sub4 Sub5 P1 P2 P3 P4 P5
0

50

100

150

200

250

eA eA

cA

dA

dB

bA
cB

bB

dC

cB

aB

aC bA

bB
bB

bB
bB

bC

bB

cC
dA

dA

P
ot

en
tia

lly
 b

io
av

ai
la

bl
e 

pa
rti

cu
la

te
 P

 -
β,

 (m
g 

kg
-1

)

Sampling station

(2013) (2014)
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Fig. 5 Changes in the desorption rate constant (λ) of the first-
order desorption reaction of suspended sediment samples during
summer-winter of 2013 and 2014 across 11 different monitoring
sites in Guapore catchment, Southern Brazil. Lowercase letters on

each bar show seasonal variation among different land use, while
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and the values followed by the same letter are not significant
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cumulative P in highly anthropic urban sub5 sediments
while lowest in the native forest sediments.

Principal component analysis and correlations

The principal component analysis (PCA) of P sorption-
desorption parameters and sediment characteristics
helped to identify the main factor that control the P
transformations at the sediment-water interface. The
sum of the first two factors accounted for 70.7 % of
the variance of sediment data (Fig. 8). Factor 1 showed
53.1 % of total variance and was mainly related with
Fedcb, Feox, α, β, IP, and Aldcb. As α and β are the
fractions of IP and ultimately of TP, they are naturally
correlated. Therefore, the important factor that correlates
them under these environments is Fe/Al oxides. This
indicates that the instantaneous bioavailable P and po-
tentially bioavailable P concentration are strongly con-
trolled by Fedcb and Feox. Factor 2 accounting for
17.6 % of total variability and EPC and Pmax was
strongly correlated to clay and TOC contents. The
PCA further revealed that at sub-catchment scale, the
intense agriculture under NT (sub4), highly anthropic–
urban (sub5), and P1 sediment showed the highest
values for P sorption-desorption parameters, while in-
tensive agriculture under CT (sub3) and main river P2
and P4 ranked in the second highest group.

The Pearson correlation revealed that many P
sorption-desorption parameters and sediment character-
istics have a significant correlation. The highest signif-
icant correlation coefficients between α and β with Fe

and Al extracted by ammonium oxalate and dithionite–
citrate–bicarbonate were recorded (r = 0.68 to 0.84).
The Pmax was correlated with clay content (r = 0.65) and
TOC content (r = 0.60), while EPC was only correlated
with clay content (r = 0.67; Table 7).

Discussion

Variation in sediment phosphorus and chemical
characteristics

Phosphorus mainly reaches the river system through
domestic wastes and agricultural runoff; however, sev-
eral biogeochemical factors and landscape hydrody-
namics control this phenomenon. Firstly, the land use
and managements play a key role. The study landscape
showed a great variation in land use and soil manage-
ment. The land cover variations are key contributor, and
a shift from forest sub-catchment (0 % arable vs. 69 %
forest) to intensive agriculture either under CT-sub3
(50 % arable vs. 37 % forest) or under NT-sub4 (71 %
arable vs. 17 % forest) showed direct influence on the
runoff and sediment delivery resulting in higher amount
of TP, IP, and OP transport from these catchments.
Similarly, the urban source (sub5) is directly receiving
untreated city discharges into the river. Recent studies in
the Guaporé catchment have shown high hydrological
inundation, steep slope in CT sub-catchment, and high
sediment production from agriculture catchments even
under the NT management (Didoné et al. 2014; Minella
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et al. 2015). Similarly, Blanc et al. (2014) have
shown a significant variation in the upstream and
downstream river P concentration in urban Brazil.
The landscape geology, geographical heterogeneity,
and hydrological feature have a great control on
the surface erosion and sediment transportation, and
it can also be described that increasing area under
NT can enhance the P export due to P saturation of
top layer as recently reported by Sprague and
Gronberg (2012) and Upreti et al. (2015).

Similarly, particle size distribution is also crucial
while accounting for sediment-bound P. In our study,
the sub-catchments under CTand steep slopes (sub2 and
sub3) showed higher clay content than the NT (sub4)
and urban catchment. The increased clay content in the
CTcatchments could be the result of tobacco cultivation
during the winter months, and soil is thoroughly tilled
andmore vulnerable to water erosion and thus transports
higher amounts of clay in the suspended colloids.
Similar results were found by the Kröger et al. (2012)
with changing land use and geography, while Zhang and
Huang (2007) and Cooper et al. (2015) have reported
that at even a small percentage (16–20) of the total
weight, the clay fraction can account up to 70 % of the
total surface area.

A complex overall situation with respect to defining
P loss arises as a result of the size selective nature of soil
erosion events. The loss of total P in the finer-eroded
fraction would be greater relative to the original whole
soil; however, this more easily transported material may
support a lower solution P concentration compared to
coarser-sized fractions (Scalenghe et al. 2007).

The mineralogical heterogeneity and geochemical
composition, particularly Fe/Al content in the land-
scape, are other key features that regulate the form and
fate of P along the river continuum. In the 1:1 type clays,
specially kaolinite, the aluminum groups strongly attract
proton that is generally protonated (Al-OH2

+), and it can
be easily displaced by phosphate causing strongly bond-
ed specific adsorption with and low equilibrium con-
centration (Chen et al. 1973). The P sorption-desorption
parameters indicate that the iron hydroxides are the
major binding agent of ion phosphate in these soils
(Parfitt 1978; Sposito 2008).

Most soils of the study area are Oxisols/Ultisols, and
these soils have a high content of Fe and Al oxides. The
intensive site under CT (sub3) lies in Ultisols while that
under NT and urban are located under Oxisols. Earlier
studies in the region on many soils and sediments have
shown similar geochemical behavior of P due to their

Table 7 Pearson correlation coefficient (r-value) and significance * between P sorption-desorption parameters and sediment characteristics.

Variables Pmax Q0 EPC0 α β λ OP IP TP TOC Feox Fedcb Alox Aldcb

Q0 0.59

EPC0 0.78** 0.85***

α 0.45 0.47 0.39

β 0.39 0.32 0.21 0.96***

λ 0.06 0.25 0.34 0.21 0.13

OP 0.52 0.31 0.23 0.61* 0.60* 0.08

IP 0.18 0.36 0.07 0.82** 0.84** 0.13 0.72*

TP 0.26 0.36 0.10 0.80** 0.82** 0.12 0.82** 0.99***

TOC 0.60* 0.16 0.20 0.43 0.49 0.05 0.63* 0.43 0.51

Feox 0.30 0.32 0.07 0.72* 0.74** –0.19 0.71* 0.85*** 0.87*** 0.62*

Fedcb 0.34 0.63* 0.33 0.84** 0.83** 0.00 0.52 0.84** 0.80** 0.40 0.88***

Alox 0.02 0.42 0.17 0.69* 0.75** 0.08 0.09 0.65* 0.54 0.05 0.51 0.80**

Aldcb 0.05 0.52 0.17 0.74** 0.78** 0.06 0.17 0.70* 0.60* 0.13 0.61* 0.86*** 0.99***

Clay 0.65* 0.62* 0.67* 0.45 0.29 0.13 0.45 0.32 0.37 0.62 0.57 0.53 0.07 0.16

Pmax maximum P adsorption capacity, Q0 water desorbed P, EPC0 equilibrium P concentration in solution, α, bioavailable particulate P, β
Potentially bioavailable particulate P, λ desorption rate constant, OP organic P, IP inorganic P, TP total P, TOC total organic carbon, Feox
extracted with ammonium oxalate, Fedcb extracted with dithionite–citrate–bicarbonate, Alox extracted with ammonium oxalate and Aldcb
extracted with dithionite–citrate–bicarbonate

* Significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001
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high clay and Fe/Al contents (Bortoluzzi et al. 2013,
2015; Fink et al. 2014, 2016).

Another factor that might influence the P export is the
successive surface application of manure and slurry
under NT over prolonged time on small landholdings
(sub4). This can saturate the surface charges and thus
create a high risk to water quality (Sharpley 2003).
Similarly, the highest OP concentration in NT sediment
explains the evidence of soil OP in the top carbon
stratified layer in the area. Many recent studies have
proved that the fertilization and crop management in
NT accelerate particulate bound P and its desorption
from soils and suspended sediments (Kaiser et al.
2009; Borda et al. 2014; Couto et al. 2015; Fink et al.
2016). On the other hand, under CT, the freshly applied
industrial P fertilizer had great risk to be lost during the
tobacco cultivation. The impact is coincidently acceler-
ated by the high rainfall during the same period (July to
October) as observed in an earlier study (Pellegrini et al.
2010).

Phosphorus sorption

Land-based P enters to the river water mainly found as
particulate P (PP) and often exceeds 80% of the TP, as it
can be stored in sediments via adsorption. Under acidic
subtropical environments, the greater portion of PP is
present as IP and occurs principally as Al-P or Fe-bound
P and also as Ca-P in relatively small proportions. Many
studies have documented that relationship (Némery and
Garnier 2007; Withers and Jarvie 2008; Jing et al. 2012;
Meng et al. 2015).

In this study, we used paired forest (natural) sedi-
ments as a reference for the comparison with
anthropically impacted sediments. The relatively lower
values of Pmax, km, Q0, and EPC in forest sediments are
attributed to the low clay content and low Al/Fe oxides
and the fact that this area was never fertilized with
external P and no anthropic activity. This leads to a very
low release of P when these sediments reach to the river
waters. A similar trend of P release in forest sediment
was recorded by Pellegrini et al. (2010) and Zhu et al.
(2011), and the latter authors found less seasonal vari-
ability in P release from forest sediments as they are
nearly under balanced equilibrium.

Conversely, the sediments coming from intensively
cultivated site under CT (sub3 = 50% arable) located on
steep slope landform and coupled with high rainfall
generating very high erosion (Didoné et al. 2014) with

a higher clay content, and higher amount of ammonium
oxalate and or dithionite–citrate–bicarbonate extracted
Al and Fe. Moreover, this site receives a high dose of
industrial fertilizers and animal waste. Consequently,
the sediments originated yet showed the higher capacity
to absorb free P from the river water. Many authors have
shown the high P retention capacity of the colloids
under 1:1 type clays and where Al and Fe predominance
(Bortoluzzi et al. 2013, 2015; Jan et al. 2015; Fink et al.
2016).

Similarly, the low agriculture catchment under CT
(sub2) is located in the hilly area, and sediment predom-
inantly comes from conventional cultivation areas
(Tiecher et al. 2015). Due to the smaller area under
cultivation in relation to sub3 (35 vs. 50 %), and the
variation in forest coverage (50 % vs. 37 %), it justifies
sediments’ intact nature with lower clay, low Alox, Feox
and Aldcb, Fedcb that leads to lower Pmax, Q0, and EPC
(Tables 4 and 5). The sediments of the sub1, although
with the same percent of the arable area as that cultivat-
ed in sub3 but high coverage with native vegetation,
emphasize the importance of the distribution of arable
and forest vegetation in the landscape ecology (Table 6).
A similar result in earlier studies explaining the connec-
tivity of P source and the river is critical and that
upstream land use is influential and regulates the sedi-
ment P retention (Buck et al. 2004; Withers and Jarvie
2008; Pellegrini et al. 2010).

The sediment originated from intensive agriculture
under NT (70 % arable and only 17 % forest) has low
Pmax, very low km, lower Q0 and especially much
smaller value of EPC in comparison to under CT
(50 % arable and 37 % forest).

This indicates the physical conservation of soil under
NT (low erosion) but higher P loss risk due to increased
fine sediment transportation from top phosphate saturat-
ed soil layer. A similar observation in recent studies has
raised a serious question on the suitability of prolonged
NT (>15 years) in relation to P release and water quality
(Sharpley et al. 2013; Borda et al. 2014; Gatiboni et al.
2015).

Untreated domestic and city discharges are also a
major source of P to rivers. In this study, we can com-
pare two sub-catchments with the same proportion of
arable area (70 %) and are under similar land use and
soil management system (NT-soybean) (sub4 and sub5).
The urban site receives untreated domestic sewage and
agro-industrial discharges of the Marau city (45,000
inhabitants). This induces a high physico-chemical
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variation in sediments’ behavior and affect the sediment
P dynamics over time. The adsorption results reported
here reflect this effect, and many authors have shown
urban P pollution in sediment with higher Pmax, km,Q0,
and EPC0 with lower clay content. Therefore, these
sediments can easily act as a P source in the river system
(Peterse et al. 2003; Jarvie et al. 2012; Blanc et al. 2014).

The overall particle size distribution indicated that
the sediment from intensive agriculture and CT sub-
catchment (sub3) with higher clay content showed
higher values of modified Langmuir parameters i.e.,
Pmax, km, Q0, and EPC0. Earlier studies under the sim-
ilar soil and management system have shown a relation-
ship between clay content and P sorption for high Pmax

value (Agudelo et al. 2011; Bortoluzzi et al. 2013;
Erikkison et al. 2015; Fink et al. 2016).

The main river sediments showed a great vari-
ability along the river continuum for P sorption. As
the diffuse sources are invariable related to the land
use, agriculture, animal production, there are several
individual sources which define the P export poten-
tial of that all upstream drainage area. A better
interpretation of these anthropogenic sources in re-
lation to their runoff and sediment loss can help to
differentiate their rate of P delivery and its compo-
sition (Minella et al. 2015; Tiecher et al. 2015). In
this study, the P1 sediments receiving P input from
the 70 % arable under NT and urban contributions
showed high Pmax and showed a decreasing trend
downstream except P4. This point of the river lies
downstream too much of the conventional cultiva-
tion and receives the similar sediment as of two
neighboring sub-catchment under CT (sub2 and
sub3). Therefore, it was likely obvious that runoff
from these CT sediments showed higher seasonal
values for Pmax.

Phosphorus desorption

The significant variability in AER-extracted P in the
different sediments is a useful tool to predict the instant
bioavailable P and P buffering capacity and has been
used in many soil and sediment P desorption studies
(McKean and Warren 1996; Rheinheimer and
Anghinoni 2001; Pellegrini et al. 2010; Su et al. 2014;
Fink et al. 2016).

P-desorption-based indices require careful cali-
bration for each desorption scenario. Torrent and
Delgado (2001) proposed an index relatively

insensitive to soil type, which makes it potentially
useful in areas with high soil diversity. The low
values of α and β in the forest and low anthropic
sub1 were detected when compared to the intensive
agriculture sub2 and sub3. This indicates that P is
poorly retained in the forest and sub1 sediment than
sub3 and sub4. This phenomenon can be contributed
to the presence of high amount of binding partners
of P in the form of amorphous and crystalline Fe or
Al in intensively cultivated soils. This is also indi-
cated by the higher correlation between α and Feox,
Fedcb and Alox, Aldcb (r = 0.72, 0.84; 0.69, 0.74—
Fig. 8, Table 6) and between β and Feox, Fedcb and
Alox, Aldcb (r = 0.74, 0.83; 0.75, 0.78—Fig. 7,
Table 6). The high potential of bioavailable P and
cumulative desorbed P during winter months can be
attributed to the high rainfall erosivity and increased
sediment production during the tobacco cultivation
(Pellegrini et al. 2010; Didoné et al. 2014).

The higher α and β in urban sediment (sub5) are
directly related to the higher amount of untreated
sewage and P discharges but are variable and are a
combined function of both background agricultural
loads and intensity of urban P export. This trend is
very obvious in sub5 as indicated by the continuous
higher β values (i.e., 396 vs. 96 mg kg−1) than in
forest during winter 2013 as well as overall sub5
which showed highest P buffering capacity in all four
seasons during 2013 and 2014 (Fig. 6). The incon-
sistent pattern of the main river sediment towards the
α and β again shows the ambiguity and overlapping
of several factors contributing to sediment and P
transport. However, when compared to the forest,
all five sediments showed a double increase for α
and β values.

These results imply that at sub-catchment scale,
the intensive agriculture (sub3 and sub4) and urban
(sub5) monitoring locations have specifically
sediment-bound P which is stable and can be
transported over longer distances in the landscape
and or receiving water bodies as later evidenced by
the consistent high values of α and β in the main
river sediments along the river continuum than for-
est. The similar results for P desorption parameters
were found in conditions (Tiessen et al. 1984;
Agudelo et al. 2011).

The relatively higher desorption rate constant (λ)
values in downstream sediment are indicative of higher
organic carbon in these sediments with increasing
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drainage area and to some extent, also, higher surface
runoff during winter months. However, during the sum-
mer season, relatively higher λ values in forest sediment
than agriculture sediments are indicative that forest sed-
iment can rapidly desorb P than the specifically bound P
in agriculture sediment. Similarly, the higher values for
the P mobility index (α/β ratios) both in the reference
forest and relatively less disturbed (sub1) sediments than
those of intensive agriculture (sub3 and sub4) and urban
(sub5) clearly indicate that forest and low anthropic
sediments easily desorb P than the sediments from the
high agriculture and anthropic influence. Our results are
in accordance with the Pellegrini et al. (2010), Guardini
et al. (2012), and Fink et al. (2016) and authors observed
a similar trend for P desorption parameters for low and
high P conditions.

Conclusions

This intra-catchment comparison study has reflected
the seasonal P sorption-desorption potential of sed-
iments in relation to landscape controls using a
range of sediment properties, catchment land use,
and demographic characteristics to estimate P re-
lease potential and improve different upstream land
use and management approaches. The seasonal and
intra-catchment variation in TP and sediment-bound
P release appeared as the combined effect of sedi-
ment mineralogical composition, landscape geo-
graphic features, and land use and management.
However, the TP and IP showed higher correlation
towards Feox concentration. Within the different
monitored sites, the suspended sediment from in-
tensive agriculture site under CT presented higher P
storage (Pmax) which is closely associated with the
high Al/Fe-P complexes. This leads to the lower
EPC values indicating the high P release to the
river waters. The desorption kinetics showed that
urban (sub5) intensive agriculture (sub3 and sub4
including sub2) and P1 to P5 (main river) showed
higher bioavailable P (α) and total desorbed P (β),
which can pose a greater threat to stream waters by
acting as P source during seasonal shifts and oxic-
anoxic variations on sediment-water interface in the
presence of high Fe, Al, and Mn ions. Finally,
desorption rate (λ) and the P mobility index
(α × 100/β) were highest in intensive agriculture
sediment (sub3) as well as in highly anthropic

(sub5), and main river sediment, though less pro-
nounced variation was observed. The results clearly
suggest that improvement in reduction of soil-based
P is required to maintain water quality and imple-
ment the conservation practices to understand eu-
trophication process for wise hydrological source
management.
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