Environ Earth Sci (2014) 72:373-386
DOI 10.1007/s12665-013-2958-y

ORIGINAL ARTICLE

Distributions of total, inorganic and organic phosphorus
in surface and recent sediments of the sub-tropical
and semi-pristine Guaratuba Bay estuary, SE Brazil

Luiz Carlos Cotovicz Junior - Eunice da Costa Machado -

Nilva Brandini - Rafaela Cristine Zem -
Bastiaan Adriaan Knoppers

Received: 15 January 2013/ Accepted: 13 November 2013/ Published online: 26 November 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract This study addresses the distribution of total
phosphorus (TP) and its inorganic (IP) and organic (OP)
fractions, grain-size and organic matter of surface and
recent sediments, coupled to the behavior of total and
dissolved inorganic phosphorus (TP and DIP) of the water
column, of the semi-pristine Guaratuba Bay estuary, SE
Brazil. Surface sediment samples were taken at 43 sites
spread along the estuarine gradient and recent sediments
from 3 short (35 cm long) cores from the upper, central and
lower portions of the estuary, respectively. Highest TP and
IP concentrations of surface sediments were detected
within the upper sector and the transition zone between the
upper and central sectors, all characterized by fine sedi-
ments, low salinities and water depths. In contrast, the
lower sector and its narrow and deep tidal channel, subject
to more intense tidal forcing, exhibited a higher fraction of
sandy sediments with lower TP, IP and OP contents. In
spite of the spatial variability in sediment grain size, IP
corresponded to the major fraction of TP in all estuarine
sectors and both TP and IP correlated significantly with the
fine sedimentary (silt + clay) grain-size fraction. The fine
surface sediments acted as a trap for IP at the fresh water—
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low salinity interface, which also corresponded to the
region of a DIP sink in surface waters. In general, the short
sediment cores showed that TP and IP contents increased
from 15 cm depths to the top layer. Published sedimenta-
tion rates from additional cores taken at the sites of the
short cores of this study, implied that depositional altera-
tions of TP and IP increased during the early 1970s, which
corresponded to the onset of anthropogenic disturbances
from crop plantations in the lowland plains of the river end-
member and urbanization at the estuary’s mouth and along
the adjacent coast.

Keywords Phosphorus - Sediments - Semi-pristine
estuary - Guaratuba Bay - SE Brazil

Introduction

The growing human population along the coastal zone has
contributed to the enhancement of cultural eutrophication
of fresh and marine water bodies set along the land-sea
interface. Human effluent inputs of dissolved and particu-
late matter, inorganic and organic carbon (C), nitrogen
(N) and phosphorus (P) from domestic, agricultural, and
industrial activity, and fuel combustion, are the major
drivers. Changes of the cycles of these bio-essential ele-
ments, primary productivity, dissolved oxygen consump-
tion, flora and fauna biodiversity, fisheries yields and the
deterioration of the water quality and ecosystem health and
its services, correspond to the manifold impacts of cultural
eutrophication upon aquatic water bodies (Vollenweider
1968; OECD 1982; Golterman and Oude 1991; Nixon
1995; Knoppers et al. 1999; Cloern 2001; Alvera-Azcarate
et al. 2003; Huang et al. 2003; Coelho et al. 2004; Cross-
land et al. 2005; Whitall et al. 2007; Chai et al. 2006;
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Martin et al. 2010; Gireeshkumar et al. 2012; Cotovicz
Junior et al. 2013; among manifold others).

Phosphorus, together with C, N, trace metals, vitamins,
etc., corresponds to one of the essential major biogenic
elements necessary for the sustenance of biological growth.
Its main natural sources and release mechanisms from the
watershed include rock weathering, soil erosion, mineral
transport and organic matter degradation. Human activities,
like mining of phosphate rock, P usage as a component of
fertilizers in agriculture, detergents, animal feed supple-
ments and other technical applications, has since the 1950s
more than doubled P inputs to aquatic environments,
affecting their metabolism, trophic state, water quality and
proliferations of nitrogen-fixing cyanobacteria after
exhaustion of dissolved inorganic nitrogenous nutrients
(Tiessen 1995; Rast and Thornton 1998; Mackenzie et al.
1998; Ruttenberg 2005; Russell et al. 2008).

Phosphorus has, traditionally, also been considered as
the prime limiting nutrient for the sustenance of primary
production in fresh waters, in contrast to nitrogen in marine
waters (Vollenweider 1968; Hecky and Kilman 1988;
Nixon 1981; Golterman and Oude 1991). However, many
estuaries and coastal lagoons of the humid tropical girdle
are subject to spatial and temporal shifts between phos-
phorus versus nitrogen limitation. The magnitude and
seasonal uni-modal pattern of freshwater inflow and asso-
ciated suspended particulates, C, N and P composition and
final inputs to the estuary, are related to the nature of wash-
out from the watershed, the residence times of the estuarine
waters and also the interaction between mangroves, the
redox conditions of the upper layers of the sediments, and
the renewal of surface pore waters by density displacement
from advection of tidal more saline waters along the bot-
tom, which may enhance the release of P to the water
column (Knoppers 1994; Knoppers et al. 1999; Fisher et al.
2006; Bouwman et al. 2009).

Estuaries retain and accumulate a fraction of the river-
borne particulates and associated macro and micro bio-
elements by deposition in their sediments (Jennerjahn and
Tttekkot 2002; Machado and Lacerda 2004; Sabadini-San-
tos et al. 2009). Manifold studies have shown that estuaries
may act as important sinks for phosphorus, part of which,
however, may also be gradually transported to the coast by
surface sediment material cascading over longer time
scales and the nature of the tidal regime (Meybeck 1993;
Nixon et al. 1996; Fang 2000; Gireeshkumar et al. 2012).
When dissolved phosphorus species enter an estuary and
come in contact with low salinity waters, particularly
within the ranges of 0-1 and 1-5, they become prone to
intense particle-water interactions due to changes of the
ionic strength operating at the particles surface and also the
nature of their coatings (Bourton and Liss 1976; Morris
et al. 1981; Turner and Millward 2002; Andrieux-Loyer
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and Aminot 2001). Several processes in the oligohaline
salinity zone may act in concert being responsible for the
non-conservative behavior of, in particular, DIP. These
processes include DIP adsorption onto the particle, co-
precipitation with aluminum/iron oxi-hydroxides, inclusion
of particulate P in organic floccules and aggregates, which
eventually deposit on the sediment surface. Depending on
the degree of advection, the particles may also be deposited
slightly further downwards in the estuary. In contrast, P
particle desorption and biological uptake account for the
main processes acting in the less turbid higher salinity
zones of the lower estuary (Bourton and Liss 1976; Morris
et al. 1981; Turner and Millward 2002; Pagliosa et al.
2005).

The importance of sediments as a potential sink and/or a
source of phosphorus has also been highlighted in shallow
coastal areas, also linked to the redox conditions of the
sediment-water interface and the efficiency of surface
porewater wash-out by the process of density displacement
during tidal intrusion of higher density marine waters
(Fisher et al. 1982; Caraco et al. 1990). Furthermore, the
sediment geochemical record can also indicate the quality
and intensity of current and historical impacts on the
aquatic system, as well as, to some degree evaluate
anthropogenic impacts and help to ascertain its potential
influence on the estuary’s nutrient budget (Crossland et al.
2005; Yilmaz and Kog¢ 2012).

This study describes the distribution of P in surface and
recent sediments coupled to the behavior of P in the water
column along the estuarine mixing zone of the semi-pris-
tine Guaratuba Bay estuary, set at the southeastern Bra-
zilian coast. Its watershed and estuary forms part of the
Environmental Protected Area of Guaratuba (APA-
Guaratuba, in Portuguese), which is also inserted in the
Protected State Area of Boguacu and Protected National
Area of Saint Hilaire-Lange, governed by the Brazilian
Environmental Legislation.

Materials and methods
The study area

The estuarine system of Guaratuba Bay (GB), Parana State,
is located in the southeastern coastal region of Brazil (25°
51'80'S, 48° 38'20'W; Fig. 1). The watershed and estuary
are set within the sub-tropical humid coastal zone of SE
Brazil. Its climate is of K&ppen type Aw with warm wet
summers (from October to March) and cold dry winters
(from April to September). The inter-annual precipitation
range varies between 2,000 and 3,000 mm at the lower,
middle and upper premises of the watershed (Marone et al.
2004; Mizerkowski 2011). The estuary is about 15 km long,
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Fig. 1 Map location of the Guaratuba Bay. The black circles are the
locations of the superficial collected samples; the black squares are
the locations of the water/sediment cores collected samples. US upper
sector (median depth 1.6 m); CS central sector (median depth 1.9 m);

area of 48.57 km?, 3.8 m mean depth, surrounded by grass
plains and mangrove forests along its northern margin and
subject to wash-out effects from micro-tidal pumping
(1.5 m range) (Brandini 2008; Sanders et al. 2006). Two
towns are located on opposite sides of the estuary’s mouth,
with Matinhos city (28,000 inhabitants) at the northern flank
and Guaratuba city at the southern flank (30,000 inhabit-
ants). In the summer months of January and February, the
population can reach at 250,000 inhabitants along the coast.
Localized banana and rice cultivation expanded since the
early 1970s within the lowland plains of the main Cubatdo
and Sdo Jodo rivers, which desembouch at the upper estuary
with a combined average annual discharge of approxi-
mately 80 m® s~' (Marone et al. 2004). In spite of the local
demographic expansion at the estuary’s mouth and coast
and subsistence agricultural practices in the river plains,
Guaratuba Bay may be regarded as semi-pristine-estuary. It
also lacks industries, the mangrove system remains untou-
ched and the dense forests of its high relief drainage basin
are protected by environmental law.

Sampling strategy
Surface sediments

The surface sediment samples were collected in June 2005
using cable operated Van Veen grab and GPS positioning

2552.1*

Atlantic Ocean

M Water/Cores Sampling
* Superficial Sampling
Shoals/Intertidal Areas

25 54.7-

LS lower sector (median depth 5.6 m). The shoals/intertidal areas
marked in the map have depths <2 m in the flood tide. The two red
lines separate the sector domains

of the sampling stations (n = 43). The 43 sites covered the
main axis of the estuary and also some tidal plains and river
mouths (Fig. 1). For each sample, 2 cm of the superficial
layer of the sediment was carefully removed with a spatula,
stored in polythene bags and frozen until further analyses
of total, inorganic and organic phosphorus in the labora-
tory. One fraction of each sample was separated (~ 150 g)
and stored in the refrigerator for the immediate analyses of
sediment grain size and organic matter.

Core sediments

Acrylic tubes with a diameter of 7 cm and a length of
21 cm were pre-washed with hydrochloric acid 10 % and
distilled water. These were used to collect short sediment
cores at three sampling stations set at the upper, central and
lower sectors of the estuary, respectively. All the cores
were sliced at intervals of 0-2, 2-5, 5-8, 8-11, 11-16, and
16-21 cm. Sampling was performed in September 2005
(winter, dry season) and March 2006 (summer, wet sea-
son), during low neap tide. At each point, one core was
used to determine physical characteristics, grain size per-
centage and organic material concentration, and two cores
were used to determine the inorganic, organic and total
phosphorus concentration. The cores were transported from
the estuary to the laboratory in vertical position and stored
in a cool room at 4 °C.
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Water

During coring, surface water samples were collected in
order to determine the following variables: temperature
(T), salinity (S), pH, dissolved oxygen (DO), Chlorophyll-a
(Chl-a), suspended particulate matter (SPM), inorganic
dissolved nutrients and total nutrients (nitrate-NQOjs, nitrite-
NO,, ammonium-NHy, phosphate-POy, silicate-Si(OH)g4,
total phosphorus-TP and total nitrogen-TN).

Further information on the distribution and behavior of
pH, S, TP and DIP along the estuarine mixing zone were
obtained from data compilation of an annual cycle per-
formed in the years of 2004, 2005 and 2006 by Brandini
(2008). The figures of the mixing curves for pH, DIP and
N:P ratios are included in the electronic supplementary
material.

Analytical procedures

The phosphorus analyses in sediments were determined
by the procedure described by Aspila et al. (1976). Total
P of the sediment was determined by igniting 0.5 g of
sediment at 550°C in a muffle furnace and henceforth
extracted with 1 N HCI after shaking for 16 h. The
inorganic P was determined by extracting sediment with
1 N HCI after 16 h shaking without the ignition. Organic
phosphorus was determined by the difference between the
total and inorganic fractions. All the wet analysis of
phosphorus was done by using molybdate-reagent toge-
ther with ascorbic acid (Grasshof et al. 1983). The
absorbance was measured by a spectrophotometer, Shi-
madzu model UV-1601PC.

In order to evaluate the reproducibility of the method,
one sample was replicated seven times using the proce-
dures for the extraction of total phosphorus. The average
concentration was 141.94 4 2.81 pg g~' (precision of
2 %). The accuracy of the method was validated utilizing
the certified reference material (PACS 2), in which a
medium (n = 3) of the 893.5 ug g~ ' (accuracy of 7 %)
was obtained.

The grain size analyses were carried out by the pipette
analysis and sieving method according to Suguio (1973).
The sand fraction (>63 pm) was removed by washing the
sample through a 63 pm sieve. The silt (<63 and >2 pm)
and clay (<2 pm) fractions were analyzed by the pipette
method. The average diameter of the grains was calculated
by the method of Folk and Ward (1957). Organic matter
(OM) was measured as loss on ignition after combustion at
550 °C for 4 h (Jensen et al. 1992). The content of organic
matter is obtained by the percentage difference in weight
before and after the oxidation. The reproducibility of loss
on ignition was 2.9 % (one sample was replicated five
times to evaluate the precision of the method).
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Temperature (T), salinity (S), dissolved oxygen (DO)
and suspended particulate matter (SPM) were measured
in situ with a YSI 6600 multiparameter sonde. The SPM
and DO sensors were calibrated by the gravimetric and
Winkler methods, respectively. The results were compared
with the probe readings and SPM and DO values
(# =098, n=8; ¥ =0.92, n=5; respectively). The
water samples for nutrients, Chl-a, TN, TP and SPM ana-
lysis were taken with a Niskin bottle and kept cold until
processing and filtration (GF/F fiber glass Whatman fil-
ters). The water samples were stored in PE bottles and kept
on ice in the dark until further processing in the lab directly
after sampling. The Chl-a extraction followed the proce-
dure of Strickland and Parsons (1972) and the nutrient
analyses as described in Grasshof et al. (1983).

Results
Surface sediments

The grain size distribution of the superficial sediments was
classified into clay, silt, and sand fractions (Table 1). The
sediments in this study mainly consisted of fine sandy
fractions from the central sector seawards along the sub-
aquatic channel. The finer sediments were localized in the
upper and partly the lateral premises of the central sector at
the intertidal plains and close to the mangrove belts. The
fine sandy fractions predominated in the regions with
higher hydrodynamic forcing, like in the central-lower
deep channel, near the oceanic inlet and at the river con-
fluences. The general trend is the decrease of total and
inorganic phosphorus fractions from the upper towards the
central sector and lower sectors (Figs. 2, 3). The upper
sector had higher values (330 & 136.7; 234.8 + 109.9;
95.2 + 30.4 pg g~ '), followed by the central sector
(261.3 £ 146.4; 195.0 + 111.6; 66.3 = 7.8 pg g~ ") and
the lower sector with the lower values (114.9 + 42.7;
91.3 +36.2; 23.6 £ 17 ugg ') for TP, IP and OP,
respectively. IP dominated the surface sediments with
75.1 £ 9 % in comparison to TP. Note that in Fig. 2, the
size of the circle is proportional to the phosphorus con-
centration. The white part of the circle refers to the inor-
ganic fraction, while the dark part refers to the organic
fraction. Figure 4 depicts that the difference between the
organic and inorganic phosphorus increased along the
salinity gradient. The upper, central and lower sectors
presented the percentages of IP and OP to TP in the upper,
central and lower sectors: 70.2 & 5.2; 74.8 & 7.4 and
79.2 £ 11.3 %, respectively.

The organic matter (OM) presented a wide range of
variation with a maximum of 13.7 % in the upper sector,
whereas in four stations the values were <1 %. The
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Table 1 Values of fine fraction percentage (<63 pm; silt 4 clay),
silt, clay, organic matter (OM), total phosphorus (TP), inorganic

phosphorus (IP), organic phosphorus (OP) and GPS position (UTM

geographic coordinate system, Datum WGS 1984) of the superficial
sediments according to the sector of the estuary

Sector  Station Latitude (S) Longitude 1P (0)3 TP oM Silt Clay Fine fraction  Sand
number (W) (gg™) (geg) (egh B (@ R (D) (%)
Upper 1 7136,968.25 728,044.53 124.1 70.9 195.0 3.7 0.0 0.0 0.0 100
2 7136,917.25 728,407.91 140.5 83.3 2239 0.2 0.0 0.0 0.0 100
3 7136,882.28 728,761.87 171.2 90.2 261.5 44 5.1 0.0 5.1 94.8
4 7136,834.52 729,247.46 2474 113.7 361.2 35 7.1 4.0 11.2 89.7
5 7136,302.45 729,850.2 227.5 88.8 316.3 4.2 7.2 4.1 114 89.5
6 7136,656.06 729,846.89  168.9 73.4 242.4 6.8 13.4 7.2 20.6 79.3
7 7137,265.21 729,308.06  232.2 107.3 339.6 22 4.1 2.0 6.1 93.8
8 7136,299.16 730,353.86 118.4 33.1 151.5 1.5 3.0 4.0 7.0 92.9
9 7137,823.9  732,334.8 306.8 120.0 426.9 3.6 23.8 3.1 26.9 73.0
10 7137,775.93 732,838.5 3944 141.7 536.1 11.2 13.5 4.1 17.6 82.3
11 7138,250.55 733,342.54  450.9 123.8 574.8 13.6 11.0 10.0 21.0 79.0
Central 12 7137,799.91 733,342.19 335.1 73.5 408.6 53 8.2 7.2 15.5 84.5
13 7136,656.06 733,346.89  192.8 68.3 261.1 4.5 11.4 5.1 16.6 83.3
14 7136,375.05 733,845.43  138.6 46.1 184.7 1.7 7.0 2.0 9.1 90.8
15 7136,751.36  733,831.45 2194 81.1 300.5 7.4 9.5 10.6 20.1 79.8
16 7137,094.18 733,843.48 381.5 141.6 523.1 10.6 47.8 4.1 52.0 479
17 7137,877.86 733,841.07 2783 1139 392.3 8.1 13.4 10.3 23.7 76.2
18 7137,877.86 734,346.85  403.7 26.2 430.0 10.6 23.1 12.0 352 64.8
19 7136,816.62 734,347.22  208.8 61.3 270.1 3.6 5.1 5.1 10.3 89.6
20 7136,804.62 735,848.07 348.1 202.1 550.2 6.5 14.8 9.5 24.3 75.6
21 7137,656.06 736,846.89  143.1 38.8 181.9 3.1 5.0 1.0 6.0 93.9
22 7138,156.06 737,346.89  123.7 65.6 189.4 33 8.1 9.2 17.3 82.6
23 7137,656.06 737,346.89 162.3 67.2 229.6 2.7 8.2 8.2 16.5 83.4
24 7137,156.06 737,346.89 171.9 59.4 231.4 2.3 2.0 3.1 5.1 94.8
25 7136,156.06 737,346.89  124.0 50.5 174.6 5.1 9.0 7.0 16.0 83.9
26 7136,358.93 737,844.49 97.4 29.9 127.3 12.5 39 3.0 6.9 93.0
27 7136,477.68 738,343.23 459 15.6 61.6 1.6 2.0 1.0 3.0 96.9
28 7136,430.63 738,846.19 51.2 7.7 58.9 1.1 1.0 1.0 2.0 97.9
Lower 29 7138,200.58 739,818.04 83.7 432 127.0 3.2 4.1 4.1 8.2 91.7
30 7137,480.00 740,345.63 75.3 41.8 117.1 13 5.1 6.0 11.2 88.7
31 7137,156.06  740,346.89 69.4 24.2 93.6 2.0 4.0 4.0 8.1 91.8
32 7136,156.06 740,846.89 72.2 51.8 124.0 3.8 4.1 4.1 8.2 91.7
33 7137,156.06 740,846.89 62.2 15.0 77.3 42 3.0 2.0 5.0 95.0
34 7137,656.06 740,846.89 71.7 32.8 104.6 2.8 3.1 1.0 4.1 95.8
35 7137,893.68 741,331.36 91.3 4.8 96.2 1.5 1.0 1.0 2.0 97.9
36 7136,156.06 741,846.89 1654 60.7 226.2 2.6 9.2 2.0 11.2 88.7
37 7136,656.06 741,846.89 84.3 17.6 101.9 0.1 1.0 2.0 3.0 96.9
38 7139,656.06 742,346.89 45.7 16.0 61.7 0.7 0.0 0.0 0.0 100
39 7139,156.06 742,346.89 131.3 13.2 144.6 0.8 1.0 1.0 2.0 97.9
40 7137,958.88 743,329.82  106.9 20.8 127.7 1.9 2.0 1.0 3.0 96.9
41 7137,536.95 743,315.88 435 11.9 55.4 2.5 1.0 0.0 1.0 98.9
42 7137,474.37 743,842.48 1214 9.3 130.8 22 1.0 0.0 1.0 98.9
43 7137,701.01 743,841.79 136.5 10.4 146.9 6.2 0.0 0.0 0.0 100
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Fig. 2 Spatial map distribution of the P in the superficial sediments of the Guaratuba Bay. Note that the full circle represents the concentration of
the Total Phosphorus, the white part is the inorganic and the dark part represents the organic fraction
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Fig. 3 Mean values of concentration of the total (TP), inorganic (IP)
and organic (OP) phosphorus in the upper, central and lower sectors
of the Guaratuba Bay
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Fig. 4 Mean values of the proportion of inorganic phosphorus (IP)
and organic phosphorus (OP) in the upper, central and lower sectors
of the Guaratuba Bay

sediments in the upper and central sectors showed similar
organic matter contents (5.0 + 4.1 % and 2.4 £+ 1.6 %,
respectively), and in the lower sector the organic content
was a smaller percentage (2.4 £ 1.6 %).
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Sediment cores

The distribution of the mean values for the cores collected
in the upper, central and lower sectors of the estuary is
summarized in Table 2. The cores of the upper sector of
the estuary exhibited the highest values for all the vari-
ables. The cores in the central and lower sectors showed
similar characteristics for the grain size, OM, and phos-
phorus concentrations. In general, the total and inorganic
phosphorus concentrations increase from bottom layer to
surface layer in the upper and lower sectors, with maxi-
mum values of 442, 331 and 110 pg g, respectively, for
TP, IP and OP. In the central sector the observed pattern
was different. The organic P fraction showed no vertical
gradient in contrast to the inorganic and total P, with
oscillations along the core. In all cores, the inorganic
phosphorus fraction was higher than the organic one, but in
different proportions if the sector is analyzed, for example:
the upper sector had the higher mean values for the inor-
ganic fraction (73.5 %), followed by the lower sector
(69.9 %) and finally the central sector. Sanders et al. (2006)
calculated the sedimentation rate by the 2'°Pb chronology
at the same core sites of this study. The sedimentation rates
of the upper, central and lower sectors were 4.5, 3.9 and
4.3 mm year™ ', respectively. The bottom layer at 35 cm
depth revealed an average age of approximately 82 years in
the upper sector, 84 years in the central sector and 78 years
in the lower sector.

The sediments showed a predominance of fine sandy
grains, with silt and clay particles composing nearly
27-38 % of sediments from the upper sector, and 11-20 %
of sediments from the central and lower sector. The sedi-
ment cores in the upper sector showed higher percentages
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Table 2 GPS position (UTM geographic coordinate system, Datum
WGS 1984), mean values and respectives standard deviations of fine
fraction percentage (<63 mm; silt + clay), organic matter (OM), total

phosphorus (TP), inorganic phosphorus (IP) and organic phosphorus
(OP) of the sediment cores collected (n = 4 for each sector)

Sector Latitude (S) Longitude Core depth Fine fraction OM (%) TP (ugg™") IP (ngg™h OP (ngg™h
(W) (cm) (%)

Upper sector  7136,756.12  730,415.37 0-2 274 £ 3.1 60+ 19 4421 £ 1152 331.8 £843 1102 £ 384
2-5 319 £ 5.0 7.4+ 04 4205+ 1214 3146 £97.7 1059 £ 259
5-8 385 £ 8.0 74+ 05 378.6 £ 102.7 286.3 £ 83.5 92.3 £ 229
8-11 372 £ 6.1 85+0.7 3733 £ 1040 2665+ 81.1 106.8 £+ 25.6
11-16 29.6 + 11.7 85+24 3526+£927 2722+ 824 80.3 £ 29.9
16-21 328 £ 44 85+ 04 3183+ 168.1 214.5 £ 100.6 103.9 £+ 74.0
Central 7137,946.04 736,230.21 0-2 145 £ 6.1 38+ 1.4 1658 £ 111.2 102.2 £ 57.8 63.5 + 54.1
sector 2-5 16.0 £ 0.5 394+02 21594436 132.0+ 389 839 £ 139
5-8 164 £ 59 45+ 1.1 19724733 129.7 £ 524 67.5 £21.2
8-11 175 £ 29 45+ 0.8 1409 + 288 95.7 £ 21.1 452 + 157

11-16 20.0 £ 0.5 42+ 0.1 1654 +34.8 103.6 + 35.2 619 £ 5.6
16-21 119 £ 0.6 344+05 168.0+ 629 97.5 + 27.1 70.5 + 52.8
Lower sector 7138,143.44  742,306.70 0-2 13.1 £ 0.8 34 4+09 2287+ 1044 166.7 + 67.5 62.0 + 37.4
2-5 11.5£52 30+ 1.4 221.1 £89.9 147.0 £ 78.0 74.0 £ 29.0
5-8 11.3 £33 35+ 05 191.1 +£954 1379 £+ 69.6 53.3 £ 26.0

8-11 13.8 £ 54 32+04 189.1 £69.6 131.5 £ 63.2 57.6 £ 64
11-16 15.1 £ 0.7 43+0.6 1623 +549 1156 +£434 46.7 + 14.8
16-21 199 £ 4.0 6.1 £33 1695+ 506 1147 £+ 36.8 54.8 + 14.7

Table 3 Physico-chemical water properties of the Guaratuba Bay Estuary. The local water sampling collection was the same as of the cores

Sector/ T S DO DO  Chl-a Seston Si(OH), DIP NO, NO; NH, DIN TP TN DIN:DIP TN:TP
period ) (mg/ll) (%) (ng/l)  (mg/L)  (uM) M) (M) M) M) (M) (M) (M) - Ratio ratio
US/Sept 05 17 0 62 932 26 195 10051 039 0.7 949 242 1208 072 1526 3097  21.19
CS/Sept 05 19 9 69 924 38 427 8258 030 0.8 559 062 639 116 1747 2130  15.06
LS/Sept 05 195 24 173 1040 30 435 3391 024 0.4 288 141 443 140 994 1846 7.10
US/Mar 06 28 0 38 579 13 357 12201 004 011 194 196 402 137 949 1005 6.93
CS/Mar 06 285 9 3.5 502 119 399 7629 003 008 019 157 185 198 740 61.67 3.74
LS/Mar 06 285 25 59 83.7 99 427 3553 017 0.09 0.8 096 124 148 853 7.3 5.76

US upper sector, CS central sector, LS lower sector

of fine grain size sediments than those of the central and
lower sectors. Despite some fluctuations, the trend corre-
sponds to a decrease in sediment grain size toward the top
layers in the three sectors of the bay.

Water properties

The physical-chemical properties of the water were prone
to some seasonal differences (Table 3). The temperature
and Chl-a showed higher values in the summer, with a range
between 17 and 28.5 °C and 2.6-11.9 pg L™, recpectively.
The concentrations of PO,4, NO,, NO3, NID and TN were
higher in the winter, with ranges of the 0.03-0.39,

0.08-0.18, 0.18-9.49, 1.24-12.08 uM, respectively. The
spatial gradient was verified for some parameters, with the
inner sector presenting the higher values for Si(OH)4, POy,
NO,, NO; DIN, NT, DIN:PID and TN:TP ratios. TP and
NH, were not subject to marked seasonal differences, with
ranges of the 0.72-1.98 and 0.62-2.42 uM, respectively.

Discussion
The spatial variability of the grain size characteristics of
the sediments of Guaratuba Bay results from a complex

interaction between hydrodynamics, geomorphology and
the estuarine bed. The shallow regions along the lateral
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premises of the estuary, including the influence from
mangroves, were likely formed due to lower physical
forcing. The channel and deeper regions were subject to
stronger advection due to tidal pumping. In accordance to
the hydrological-geomorphological configuration and the
sedimentological characteristic the estuary was divided
into three main sectors; the upper, central and lower sectors
(Zem et al. 2005). The upper sector is governed by fluvial
processes and salinity gradients from about 0-10, the
central sector, harbors the oscillating mixing zone from S
of about 10-25, and is subject to the influence from man-
groves. The lower sector is polyhaline to euryhaline. Ma-
rone et al. (2004), Brandini (2008) and Mizerkowski et al.
(2012) also determined similar extensions of the three
compartments from water property analyses and physical
studies. Generally, the values for grain size fraction and the
estuary depth decreased from downstream to upstream,
showing lateral variations. The OM content in the sediment
showed spatial variation, following the general pattern of
particle size distribution of sediments, with the highest
levels related to the fine fraction localized at the lateral
depositional banks of the estuary, tidal flats (at the edges of
the bay) and shoals (in protected areas of ebb tide condi-
tions, mainly near small islands). These areas are charac-
terized by shallow (<1 m) and poorly sorted sediments
composed primarily of silts and very thin sands.
Pearson’s correlations were calculated for the surface
sediment parameters (Table 4). The total and inorganic
phosphorus were correlated with the fine fraction (r = 0.75
and 0.76, respectively; Fig. 5), whereas the organic phos-
phorus and organic matter showed minor correlations with
the fine grain size (r = 0.62 and 0.65, respectively).The
inorganic phosphorus fraction was significantly correlated
with total phosphorus (r = 0.98; p < 0.001) (Fig. 6).The
spatial distribution of total and inorganic phosphorus con-
centrations in superficial sediments of Guaratuba Bay is
governed by the grain size of the sediment. The particle
size, in turn, is governed by the local hydrodynamics. The
sediments in the area with high hydrodynamics have
coarser grains, and are regions generally deeper and/or
nearly the mouth of rivers and areas with greater influence
of tides (near the mouth), where phosphorus levels are
lower. The locations with lower hydrodynamics tend to
adsorb phosphorus compounds. Finer grains with high
specific surface areas-to-weight ratio have greater pollutant
adsorption capacity, and sediments with higher portion of
clay and silt grains have larger capacity to adsorb more P
(Andrieux-Loyer and Aminot 2001; Frankowski and
Bolatek 1997; Frankowski et al. 2002; Zhu et al. 2012).
However, Borges et al. (2009) demonstrated that sediments
with high anthropogenic disturbances lacked correlations
between the TP concentration and the fine grain size
fraction. This is due to the higher variability and magnitude
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of phosphorus inputs whereas grain size remained quanti-
tatively stable and with similar grain size.

Zhou et al. (2007), studying the sediments of the Yan-
gtze Estuary in China, encountered no TP variation in
relation to the grain-size distribution. The authors dis-
cussed that the phosphorus in the sediments was mostly in
the form of IP, with 80 % calcium-bound phosphate
(Ca-P), 1. e., the apatite inorganic phosphorus (AIP) and 20 %
of non apatite inorganic phosphorus (NAIP), that are con-
trolled by chemisorption on colloidal ferric and aluminum
oxi-hydroxide (Fe/Al-P) coatings adsorbed on the surface
of fine particles. Although Fe/Al-bound phosphate (Fe/Al-
P) are closely related to fine-grained particles, Ca—P is
evenly distributed in various grain-size classes (Andrieux-
Loyer and Aminot 2001). Avilés and Niell (2005), in turn,
encountered correlation between AIP and fine grain size
(r2 = 0.75, the same order of magnitude of this study), and
the NAIP correlation with fine grain size that the authors
encountered was more strong (r2 = 0.94). Ribeiro (2006,
unpublished work) showed that in Guanabara Bay (RJ) a
neat spatial gradient in the concentrations Al and Fe was
present along the fresh- and marine water end members and
the three compartments of the bay itself, showing spatial
gradient distribution similar to P in this study. The net
removal of P and especially DIP in estuaries is typically
driven by particle-water interactions, like adsorption,
flocculation of humic-iron/aluminum complexes and bio-
logical uptake (Fox 1990; Turner and Millward 2002).

The hypothesis that the sediments of the upper sector
trap IP of the water column is corroborated by the water
properties of the system. The composite concentration
salinity plots of the electronic supplementary figures,
exhibits a clear removal of DIP between salinity of 0-38,
being concomitant with a marked increase of pH in the
same range (Electronic Supplementary Material 01).
Morris et al. (1981) reported that the most intense removal
occurs first between S from 0 to 1 and henceforth, between
S from 1 to 5. Furthermore, the composite plot between
DIP and salinity exhibited a typical concave non-conser-
vative behavior down to the lower estuary, increasing again
towards the tidal channel. The total removal of DIP was
also from uptake by phytoplankton as shown by the Chl-
a behavior (Mizerkowski et al. 2012). The higher IP con-
centrations of the sediments in the transition zone between
the upper and central sectors, clearly implies that DIP
adsorption onto fine particles and their subsequent depo-
sition were coupled. Brandini (2008) also confirmed the
non-conservative behavior of DIP along the salinity gra-
dients. The Guanabara Bay exports nutrients to the ocean,
but a large fraction is removed and accumulated inside of
the Bay (Brandini 2008; Mizerkowski et al. 2012). The net
deposition of P in sediments creates a relatively low P
environment (Atkinson 1987). Preservation of phosphorus
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Table 4 Pearson correlation matrix for inorganic phosphorus (IP), organic phosphorus (OP), total phosphorus (TP), organic matter (OM), silt,
clay, fine fractions (silt + clay) and sand in the Guaratuba Bay estuary, Southern Brazil

1P opP TP OM Silt Clay Fine fraction Sand
1P 1.00
OP 0.77* 1.00
TP 0.98* 0.88* 1.00
OM 0.70* 0.48 0.67* 1.00
Silt 0.70* 0.59* 0.70* 0.58* 1.00
Clay 0.59* 0.46 0.58* 0.56* 0.48 1.00
Fine Fraction 0.76%* 0.62%* 0.75% 0.65%* 0.96* 0.71% 1.0
Sand —0.76* —0.62* —0.75% —0.65% —0.96% —-0.71* —1.0% 1.0
N =143

* Correlations are significant at p < 0.001
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Fig. 6 Relationship between the total phosphorus (Total P) and the
inorganic phosphorus (Inorganic P) in the superficial sediments of the
Guaratuba Bay (r = 0.98; p < 0.001)

in sediments depends on several factors including the
nature of phosphorus compounds, sedimentation rate, bio-
turbation, or irrigation by bottom current, bottom-water
oxygen content and diagenetic processes (Aydin et al.
2009). Because these parameters vary in different sedi-
mentary environments, burial flux of phosphorus may vary
depending on the type of depositional environment like the
salinity gradient, closeness of river runoff, hydrodynamic
and geomorphological conditions (Atkinson 1987; Cha
et al. 2005; Aviles et al. 2006).

The N/P molar ratio in the water column was highest in
low saline upper sector. Nitrogen entering the estuary with
high concentrations and IP adsorption and particle depo-
sition must have been responsible for the high N/P ratios
found. As such, this upper low salinity transition zone
could be regarded as limited by nitrogen instead off P.
Brandini (2008) and Mizerkowski et al. (2012) also showed
this pattern, indicating strong limitation of the primary
production by phosphorus in the upper sector (Electronic
Supplementary Material 01). In the lower sector, however,
nutrient limitation shifts towards nitrogen. Spatial and
temporal shifts between P and N limitation has been
reported for a variety of systems, particularly those
set along the tropical girdle (Hecky and Kilman 1988;
Knoppers 1994).

In all samples, the IP concentrations were higher than
OP. The predominance of IP was found in many estuaries
of Brazil and the world (Zwolsman 1994; Liu et al. 2004;
Ashraf et al. 2006; Pagliosa et al. 2005; Marins et al. 2007).
This is one of the most important features differentiating
sediments from soils, in which organic forms predominate
(Gunduz et al. 2011). This predominance of IP is explained
by high rates of mineralization of OP in the water column
without the participation of the sediment. The cycling of
organic P has rapid turnover times, and is driven by
decomposition, mineralization and assimilation by auto-
trophic production (Bouwman et al. 2009). The
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accumulation of organic phosphorus can occur by rapid
phosphorus burial, and a small fraction of OP would be
incorporated into sediments. Another factor, not exclu-
sionary, would be the great efficiency of remineralization
of the OP in sediments.

There is correlation between OP and fine fraction sedi-
ment, but in small proportion if compared to the IP and TP
fractions. Andrieux-Loyer and Aminot (2001) argued that
the lack of the relation between OP and fine fraction sed-
iment might be due, at least partially, to the fact that OP
concentration in sandy sediments is also associated with
larger particles (adsorbed in the form of bacterial films).
Carol et al. (2012) did not encounter a link among the three
fractions (sand, silt, clay) and OM. In summary, OM is a
component that does not explain in a satisfactory way the
presence of P in the system. Other factors seem to govern
the distributions of the OP and OM concentrations in the
estuary sediments. The distribution of OP in the sediments
can be altered by the proximity of organic sources (rivers,
swamps, sewage outfalls) and also by the high productivity
in the water column (Clavero et al. 1999). The shallow
depth of the water column can also favor OP regeneration
(Faul et al. 2005). The higher organic fractions observed at
some sites of the central sector and the lateral flats of
Guaratuba Bay are probably related to additional sources of
organic material such as the lateral input from mangroves
especially along the northern margin of the system, which
is more densely occupied by mangrove swamps than the
southern margin mangrove and rivers. Mizerkowski et al.
(2012) encountered the higher levels of chlorophyll-
a (maximum values about 29 pg Lfl, related to the
increase of the trophic status in the middle area of the
estuary), indicating that this region is the most productive
in the Bay. Brandini (2008) also showed that the central
area is the most productive of the Bay due to the mangrove
contributions, functioning as nutrient sink and organic
matter source.

The concentrations of the IP and TP in sediment cores
increased from bottom to surface in the upper and lower
sectors. This vertical profile pattern reflects the recent
influence from land as a source of sediments (Liu et al.
2004). The phosphorus gradient observed has also been
observed in estuaries subject to urbanization and domestic
effluent discharge (Borges et al. 2009).The results suggest
an increase in the flux of phosphorus from the water col-
umn to the sediment possibly marking an onset anthropo-
genic influence in the sediments of the Guaratuba Bay.
These increases toward the top of the cores are more evi-
dent in cores collected in upper and lower sectors, precisely
the sectors that have some anthropogenic influence; the
upper sector being an area that receives more direct influ-
ences from agriculture runoff (mainly rice and banana
plantations) due to the proximity of the river, and the lower
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sector being the region with the largest urbanization in its
surroundings. Sanders et al. (2006) studied the sedimen-
tation and accumulation rates in the Guaratuba Bay by
219ph profiles and the fluxes of the sediments from the
water to the sediments have increased since the 1950 as a
result of the beginning of anthropogenic activities in the
watershed of the estuary. The authors also pointed that the
local government does not have reliable information about
the extent of the plantations within the lower Guaratuba
Bay basin before the 1990s. Thereafter, the area of banana
and rice plantations has increased steadily at 6 % per year.
It is known that agricultural activity has been steadily
increasing beginning from the second half of the 20th
century. This growing trend appears to be accompanied by
anthropogenic Hg concentrations. According to Godoy
et al. (1997), this tendency in Hg fluxes is an indication of
increasing agricultural practices, which have been using
fertilizers that contain Hg as a sub-product. On the other
hand, only about 45 % of the population of Guaratuba city,
set partially at the estuary’s mouth and spreads further
along the coast, is not included in the sewage treatment
system, and in the last decade the population growth was
17.72 % (SANEPAR 2003).

Mizerkowski (2011) classified the trophic states of
Guaratuba Bay by the ASSETS Model (Assessment of the
Estuarine Trophic Status) (Bricker et al. 2003) and TRIX
index (Vollenweider et al. 1998). The indices classified the
system as being mesotrophic, susceptible to higher anthro-
pogenic input of nutrients and cultural eutrophication pro-
cess, as the system exerts a low potential to dilute and
export nutrients and low oxygen levels in some areas. This
trophic status and assessment of the eutrophication in the
Guaratuba Bay should be taken into account as a warning,
given that the accumulation of the phosphorus in sediments
is increasing. The P concentration ranges in sediments for
other estuaries in Brazil and other countries suggest that the
P concentrations in the Guaratuba Bay sediments were
comparable with those in the regions that exhibit small to
moderate anthropogenic influence (Table 5).

Conclusions

The TP and IP had significant correlations with the grain
size, indicating that the particle size governs the distribu-
tion of P forms in sediments of the Guaratuba Bay. The
shallow and low hydrodynamic regions tend to act as sinks
of P (greater predominance in upper and central sectors),
and appears generating P limitation in these regions (cor-
roborated by high N:P values in this study and others
focusing in the water properties). The OP and OM, in turn,
had lower correlations with the particle size, suggesting
that other processes can govern the organic content in the



Environ Earth Sci (2014) 72:373-386

383

Table 5 Comparison of the total, inorganic and organic phosphorus range concentrations (maximum and minimum values) of the Guaratuba

Bay with other estuaries and coastal regions

System TP (ng/g) 1P (ng/g) OP (ng/ Reference
2
Guaratuba Bay (PR)—Southeast Brazil—semi-pristine estuary 98-546 53-388 30-203  This study
Jaguaribe River Estuary (CE)—Northeast Brazil—semi-arid coast, oligotrophic region 77-157 43-124 25-58 Marins et al.
(2007)
Guanabara Bay (RJ)—East Coast Brazil—highly urbanized and eutrophized 172-1,551 81-1,396  40-241  Borges et al.
(2009)
Coastal sediments from Rio de Janeiro (RJ)—Southeast Brazil—impacted from 370-2,286 243-1,814 127-703 Carreira and
sewage disposal Wagener
(1998)
Continental shelf of the Amazon River (AM)—North Brazil—highly tidal oscillation 46-366 7-301 6-211 Santos et al.
and freshwater influence, oligotrophic (2010)
Cananéia-Iguape estuarine lagoonal system (SP)—Southeast Brazil—moderate 44-935 26-635 15-470  Barcellos and
anthropogenic impact, agriculture and deforestation Furtado (2005)
Continental shelf of Santa Catarina State—Southeast Coast Brazil 38-580 25-406 3-72 Pellens et al.
(1998)
Central region of the Great Barrier Reef continental shelf—Australia 167-576 125-341 53-267  Monbet et al.
(2007)
Southwestern East Sea—1Japan Sea—oceanic deep-water sediments 403-1,100 146-983 112-310 Cha et al. (2005)
Daliao River Estuary—China—temperate monsoonal zone, receiving about 1,200 230-841 131-793 30-204 Wang et al.
million ton of industrial and domestic wastewater annually, contaminated (2009)
Bohai and Yellow Sea—China—region surrounded by areas of high population growth 232-620 173-511 9-217 Liu et al. (2004)
and economic development
Mondego Estuary—Portugal—temperate, large areas of intertidal flats, eutrophic 465-837 - - Coelho et al.
gradient (2004)
Golfo Norte da California—USA/México—high antrhopogenic influence 622-6,679 414-5576 58-551  Daesslé et al.
(2004)
Cochin Estuary—India—Coastal area influenced by the back water sand, growing 526-956  499-810  28-194  Ashraf et al.
population and seasonal variations. (2006)
Hooghly Estuary (Ganges)—India—Industrialized. 258-500  250-476 50-118  Vaithiyanathan
et al. (1993)
estuary, as the prlmary production of the water column, the Acknowledgments The authors thank all the technicians and stu-
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TP and IP showed, in general, a gradient increasing from
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trend of higher concentrations in the upper layers, sug-
gesting an increase in the flux of phosphorus to the sedi-
ment in the last 30 years. The concentrations suggest the
onset of detection of anthropogenic disturbances in the
sediment using phosphorus as a proxy for domestic and
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unknown P behavior in a coastal region that is being
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The phosphorus concentrations found in this study are
within the range of values reported for sediments of
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trophic regions.
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