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Abstract: Aim: The aim of the present study is to evaluate the potential phosphorus (P) release 
from the sediment to the water column of a tropical shallow lake in the northeast of Brazil, based 
on the sediment P fractions and on the flux of P between water and sediment. Methods: We used a 
sequential extraction method to analyse the different P fractions of the sediment of Lake Extremoz. We 
also carried out a 40-day microcosm experiment to analyse the flux of P between water and sediment. 
We did so by flooding 200g of sediment from the lake with 800 mL of 1.2 µm filtered lake water in 
1 L beakers. Every 5 days we analysed: soluble reactive phosphorus (SRP), total phosphorus (TP), 
organic phosphorus (Org-P), dissolved oxygen (DO), temperature, and pH of the water. Results: 
The largest fraction of P in the sediment of Lake Extremoz is Refractory-P, which is non-mobile. The 
main mobile fraction of this lake’s sediment is composed of P bound to Fe and Mn oxides (BD-P) 
which is redox sensitive. During the P flux experiment, the water was always oxic and with nearly 
neutral pH, however the temperature increased by almost 4 °C due to the increase of the temperature 
of the air. SRP, TP and Org-P concentrations in the water had a general decrease in the first 20 days. 
But, on the second half of the experiment, those concentrations increased and the fluxes of P from 
sediment to water, mainly Org-P, were positive. Even with this increase in concentrations, indicating 
a period of P release, overall fluxes were negative. Conclusions: The main mobile fraction of the 
sediment is redox sensitive, therefore it has the potential to be released in case of oxygen depletion. 
Under current conditions, most of the P released by the sediment is in organic forms, indicating that, 
in the presence of oxygen, the balance of P between water and sediment is controlled by the effects 
of organisms on P as well as temperature. 

Keywords: internal loading; oxic conditions; mobile phosphorus; Lake Extremoz.

Resumo: Objetivo: O objetivo deste estudo é avaliar o potencial de liberação de fósforo (P) do 
sedimento para a coluna d’água de um lago raso tropical no nordeste do Brasil, com base nas frações 
de P do sedimento e no fluxo de P entre água e sedimento. Métodos: Nós empregamos um método 
de extração sequencial a fim de analisar as diferentes frações de P do sedimento da Lagoa de Extremoz. 
Também realizamos um experimento de 40 dias para analisar os fluxos de P entre água e sedimento. 
Nós alagamos 200 g de sedimento da lagoa com 800 mL água da lagoa filtrada em 1.2 µm. A cada 
5 dias, nós medimos fósforo reativo solúvel (SRP), fósforo total (TP), fósforo orgânico (Org-P), 
oxigênio dissolvido (DO), temperatura, e pH da água. Resultados: A principal fração de fósforo no 
sedimento da lagoa de Extremoz é P-Refratário, que é considerada não-móvel. A principal fração móvel 
é composta por P ligado a óxidos de Fe e Mn (BD-P), a qual é sensível a condições redox. Durante 
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is the perpetuation of the eutrophic state of the 
system.

Not every form of P in the sediment is likely 
to be released into the water column (Wang et al., 
2013). P in the sediment is divided into fractions 
according to what compounds it is bound to. 
Following the sequential P fractionation proposed 
by Paludan & Jensen (1995), P forms include 
interstitial water and loosely adsorbed P (Water-P), 
redox sensitive P bound to iron (Fe) compounds 
(BD-P), P bound to aluminium (Al) hydroxides 
(NaOH-P), calcium (Ca) bound P (HCl-P), humic 
bound P (Humic-P), and Refractory-P. Of these 
fractions, the mobile pool is considered to comprise 
the sum of the inorganic parts of Water-P and 
BD-P, and the organic parts of Water-P, BD-P and 
NaOH-P. The inorganic parts of NaOH-P, HCl-P, 
Humic-P and Refractory-P are considered to be the 
non-mobile pool (Jensen et al., 2015).

One way of analysing P in the water is to 
divide the total P into soluble reactive P (SRP) 
and organic P (Org-P). SRP corresponds to 
dissolved compounds of inorganic P, specifically 
orthophosphate ions, which are readily available 
to contribute to primary production (Reynolds & 
Davies, 2001). Org-P corresponds to P in organic 
compounds, including particulate such as biomass. 
Part of this form of P can be introduced in the food 
chain when incorporated into bacterial biomass via 
microbial loop.

The P flux between water and sediment is 
influenced by several factors, such as temperature, 
dissolved oxygen concentration, organisms, pH, 
and sediment resuspension (Søndergaard  et  al., 
2003). These factors affect each P form differently. 
For instance, anoxic conditions near the sediment 
cause Fe reduction, which results in the release 
of the BD-P fraction (Zhu  et  al., 2012), thus 
oxygen depletion is often seen as a main enabler 
of P release from the sediment. The presence of 
oxygen, on the other hand, is associated with 
P retention (Olszewska  et  al., 2017), to such a 
degree that hypolimnion oxygenation is regarded 

1. Introduction

Phosphorus (P) is considered a key nutrient 
in the eutrophication of inland water (Carpenter, 
2008) as it is usually a limiting factor for primary 
production. Increased P availability can lead to 
enhanced primary productivity and nuisance 
algae blooms (Heisler  et  al., 2008). Known 
consequences of P enrichment and dense algae 
blooms include increased turbidity, bottom water 
hypoxia, and fish kills. Nitrogen (N) enrichment 
is also a cause of eutrophication, and some argue 
that it should be controlled as well (Paerl  et  al., 
2011). However, the P cycle is simpler and, thus, 
easier to control. Therefore, controlling P is often 
a better approach when dealing with freshwater 
eutrophication (Schindler, 2012). Especially in 
tropical environments, as higher temperatures 
favour the cyanobacteria population growth, and 
total P is more likely to be directly correlated with 
persistent algae blooms (Figueredo et al., 2016).

External nutrient sources are considered the 
main cause of eutrophication, thus the first measure 
to mitigate it is to control external P loading 
(Jeppesen et al., 2007). Sources of allochthonous 
P can be point, e.g. disposal of human sewage, and 
non-point such as rearing livestock and synthetic 
fertilisers. This means that whole catchment 
measures are necessary to control the nutrient 
input, and non-point sources can be quite difficult 
to control. However, in many cases, even if external 
input is greatly reduced, this is not enough to 
achieve the desired restoration of the environment 
as legacy P keeps being released from the sediment 
into the water column (Jeppesen  et  al., 2005; 
Søndergaard et al., 2001; Søndergaard et al., 2013; 
Spears et al., 2012). In tropical regions which have 
dry seasons, P release from the sediment is also 
particularly relevant as the water bodies spend 
several months of the year with very low external 
nutrient input due to the reduced run-off and 
increased water residence times (Braga et al. 2015). 
A consequence of this internal nutrient loading 

todo o experimento de fluxos, as condições nos microcosmos foram óxicas e o pH se manteve próximo 
a valores neutros. No entanto, a temperatura da água aumentou cerca de 4 °C devido ao aumento da 
temperatura atmosférica. As concentrações de SRP, TP e Org-P diminuíram nos primeiros 20 dias. 
Porém, as concentrações de P aumentaram na segunda metade do experimento e houve fluxos positivos, 
principalmente de Org-P. Apesar desse aumento nas concentrações, os fluxos globais foram negativos. 
Conclusões: A principal fração móvel do sedimento é sensível a condições redox, portanto ela tem 
potencial para ser liberada em caso de anoxia. Nas condições atuais, a maior parte do P liberado pelo 
sedimento foi orgânica, indicando que, na presença de oxigênio, essa liberação é controlada pelos 
efeitos da ação de organismos bem como da temperatura. 

Palavras-chave: fertilização interna; condições óxicas; mobilidade de fósforo; Lagoa de Extremoz.
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as a lake restoration method (Beutel & Horne, 
1999; Singleton & Little, 2006). However, in 
oxic environments P can still be released through 
processes other than the classic Fe reduction release 
mechanism, such as mineralisation of organic 
matter, bioturbation and pH or temperature 
induced solubilisation (Søndergaard et al., 2001). 
Temperature is an important factor for internal 
loading, as higher temperatures can increase 
P compounds solubility (Jensen & Andersen, 
1992), as well as affect the biota in both water and 
sediment, which is involved in the P cycling through 
immobilisation of inorganic P and mineralisation 
of organic matter. The pH can influence P release 
as well. Low pH values are related to the release of 
calcium bound P, whereas high pH values induce 
the release of NaOH-P (Jin et al., 2006).

In tropical regions such as the northeast of 
Brazil, there is a seasonality in the precipitation 
regime, which means they are subject to a dry 
season. During this time, there is a decrease in 
water runoff, hence a decrease in external loading 
of nutrients. In this context, the potential P release 
from the sediment can be an important cause of 
eutrophication. This is of particular concern for the 
quality of the water of natural and man-made lakes 
that are used for domestic supply.

Finally, internal loading of P is a complex 
process, and its understanding is not restricted to 
the release mechanisms related to redox reactions. 
The aim of the present study is to evaluate the 

potential P release from the sediment of a tropical 
eutrophic shallow lake, based on the P fractions of 
its sediment and on an experiment measuring the 
flux of P between water and sediment.

2. Materials and Methods

2.1. Study area

Lake Extremoz (05°42’76”S; 35°17’69”O) is a 
natural tropical lake in the Doce River catchment, in 
the Northeast region of Brazil (Figure 1). According 
to Köppen’s classification, the climate of the region is 
As, tropical with dry summer (Alvares et al., 2014). 
The average temperature of the region is of 26 °C. 
It has a wet season that extends from February to 
July, with average precipitation of 184 mm per 
month, and a dry season from August to January, 
with average precipitation of 43 mm per month 
(INMET, 2020). Its maximum storage capacity 
is 11 million m3, it has a surface area of 3.59 km2 
(Rio Grande do Norte, 2015), and average depth 
of 4 m (Pinto & Becker, 2014). The lake’s main use 
is water supply, as it provides water for 60%-80% 
of the population of the north region of Natal, 
Brazil (Araújo et al., 2000), therefore the quality of 
its water is of great importance. It is located in an 
urban area close to industrial plants. There are also 
agricultural, livestock rearing and leisure activities 
in its vicinity. These activities have degraded the 
soil around the lake and compromised the native 
vegetation. In addition, the lake is surrounded 

Figure 1. Location of the Lake Extremoz in the northeast of Brazil.
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by quartzarenic neossols with a low water storage 
capacity, which favours the transportation of 
nutrients and heavy metals through soil leaching 
(De Faria, 2013). The water column is described as 
well-mixed throughout the year (Pinto & Becker, 
2014).

2.2. Water and sediment sampling

We collected samples of the water overlying the 
sediment in August 2018, with the aid of a Van 
Dorn sampler at the sampling point indicated on 
the map in Figure 1. The sampling point is in the 
pelagic zone and at the deepest point of the lake. At 
the time of the sampling, the water column at that 
point was 4 m deep. It is a particularly relevant part 
of the lake as it is close to the point of water intake 
for the supply system. The experiment was expected 
to last roughly 6 weeks and require approximately 
13 L of water. 20 L of water were sampled to give 
a large margin of error. We placed the water in 
large polyethylene bottles for transportation to the 
laboratory.

The sediment was sampled from the lake 
using a manual Kajac corer (50 cm long and 7 cm 
diameter). First, we collected a core and sliced it 
in situ into 2 cm slices: 0-2, 2-4, 4-6, 6-8, 8-10. 
We did this to measure the different P fractions 
at each depth and build the P fractions profile 
of Lake Exremoz’s sediment, as it had never been 
done before. We stored the slices separately in 
transparent polyethylene containers. Near that same 
sampling area, avoiding the previously disturbed 
points, we collected between 5 and 10 samples of 
the most superficial 10 cm of the sediment. We 
used the 10 most superficial centimetres as this is 
the depth range believed to contribute to P release 
from sediment into the water column, and it is 
the depth used when calculating the amount of 
product needed for restoration efforts which focus 
on controlling P internal loading (Wang  et  al., 
2006; Meis et al., 2012; Zhang et al., 2016). These 
samples were stored together in a polyethylene 
container for use in the phosphorus flux experiment. 
All the containers with sediment were transported 
to the laboratory in a thermally insulated box. 
Temperature and dissolved oxygen (DO) near the 
bottom of the lake were measured in situ (Table 1), 
utilising a portable digital dissolved oxygen meter 
(INSTRUTHERM/MO-900).

2.3. Phosphorus fractions in the sediment

For the sequential extraction of phosphorus 
fractions in the sediment, we followed the method 

described by Cavalcante  et  al. (2018). We used 
1 g of moist sediment, which is called a pellet, 
in triplicates. We placed the pellets into 50 mL 
polyethylene centrifuge tubes and extracted the most 
available P fraction (Water-P) with anoxic deionised 
water. We removed the oxygen from the water 
with the addition of nitrogen gas. In the next step, 
we extracted the P associated with Fe compounds 
(BD-P) using bicarbonate-buffered dithionite 
(0.11 M). In the third step, we used sodium 
hydroxide (1 M) to extract both NaOH-P and 
Humic-P, whereupon we separated Humic-P from 
NaOH-P by acidifying the supernatant with sulfuric 
acid. Next, we extracted HCl-P using hydrochloric 
acid (0.5 M). Finally, in the fifth step, we extracted 
the last, least available P fraction, Refractory-P, 
using hydrochloric acid (1 M). Referring back to the 
second step, where we extracted BD-P, we aerated 
the supernatant to remove the excess of dithionite. 
If the excess of dithionite is not completely removed, 
upon acidification a white sulphur precipitate is 
formed in the supernatant. When this happened, 
we aerated the original sample again and allowed 
the precipitate to settle overnight (Lukkari et al., 
2007), so the cloudiness created by the precipitate 
would not interfere with the colorimetric analysis. 
We acidified all the supernatants with sulfuric acid 
(H2SO4, 2M) and then filtered them through a 
0.45 µm membrane. Later, we determined the SRP 
concentrations in each filtered sample following 
Murphy & Riley (1962), and the total dissolved 
phosphorus (TDP) after digestion according to 
Valderrama (1981) and Murphy & Riley (1962). 
Subtracting SRP from TDP, we have the organic part 
of each fraction, namely non-reactive phosphorus 
(NRP), which is calculated for Water-P, BD-P and 
NaOH-P. We performed the fractionation of the 
sediment profile by depth using 3 subsamples for 
each slice.

To measure the TDP of all the supernatants 
of the fractionation we registered the absorbance 
(UV/VIS spectrophotometer, Kasuaki) 2 minutes 

Table 1. Water quality parameters of the water overlaying 
the sediment from Lake Extremoz. 

Parameter Value
DO (mg.L-1)* 6.7

T (ºC)* 26.6
pH 7.37

TP (µg.L-1) 76.0
SRP (µg.L-1) 1.0

DO: Dissolved Oxygen; T: Temperature; TP: Total 
phosphorus; SRP: Soluble reactive phosphorus. 
*measured in situ.
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after the addition of the reagent. We did so as we 
noticed that, for these specific samples, the peak of 
absorbance occurred at this time.

We calculated the mobile P pool in the sediment, 
which is composed by the fractions with higher 
potential to contribute to the internal loading. The 
mobile P pool is comprised of the SRPs of Water-P 
and BD-P fractions, and the NRPs of Water-P, 
BD-P and NaOH-P (de Vicente  et  al., 2008; 
Jensen et al., 2015; Reitzel et al., 2005). The SRP 
of NaOH-P, Humic-P, HCl-P and Refractory-P are 
considered non-mobile.

2.4. Phosphorus flux experiment

Before setting up the experiment, we measured 
the DO and pH of the lake water with a portable 
pH meter (AKSO/AK103). We measured the total 
phosphorus (TP) in the water by digesting the 
samples (Valderrama, 1981) and then employing 
a colorimetric analysis (Murphy & Riley, 1962) 
(Table 1). To measure the SRP, the water sample was 
filtered through glass fibre membranes (0.45 µm), 
and a colorimetric analysis was employed (Murphy 
& Riley, 1962) (Table 1). We filtered the whole of 
the water through a 1.2 µm glass microfiber filter 
(VWR 696) to remove particulate matter and larger 
organisms before the experiment.

We set up the experiment using three beakers 
with 1 L capacity each. All of them received 200 g 
of homogenised wet lake sediment from the top 
10 cm. The sediment covered the bottoms of the 
beakers completely. We filled the beakers with 
800 mL of filtered water from the lake. We covered 
them to ensure a dark environment and placed them 
in a room with no control of temperature. Their 
distribution was random to avoid environment bias.

To allow the sediment and the water to settle, we 
defined that day 1 of the experiment was 24h after its 
setup. We sampled 60 mL of water from each beaker 
on the days 1, 5, 10, 15, 21, 26, 33 and 40 of the 
experiment. On each sampling day we measured the 
TP in water using the method described by Murphy 
& Riley (1962), after digestion (Valderrama, 1981), 
and SRP concentrations in the water following 
Murphy & Riley (1962). For SRP, the water 
samples were filtered through glass fibre membranes 
(0.45 µm). We calculated the concentrations of 
organic P (Org-P) in water by subtracting SRP from 
TP. On each sampling day, the volume of water that 
was removed from the beakers was replaced with 
filtered lake water. The replacement water was kept 
under the same conditions as the experiment units, 
except for the contact with the sediment.

We calculated the flux of P compounds 
(µg.m-2.d-1) between water and sediment according 
to Equation 1 (Schaanning et al., 2006):
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Equation 1 takes into account P concentration in 
the water (µg.L-1) at the beginning (C0) and at the end 
(Ci) of each time interval (ti-t0), the volume of water 
overlying the sediment (L), and the approximate 
area of sediment in contact with the water (m2). We 
calculated the fluxes of SRP, TP and Org-P.

Based on the variation of the P concentrations 
throughout the experiment, we calculated the fluxes 
at two intervals, from day 0 to day 21 (first half ) 
and from day 21 to day 40 (second half ).

3. Results

3.1. Phosphorus fractions in the sediment profile of 
the Lake

The sediment of Lake Extremoz is mostly 
composed of Refractory-P, as it is the largest fraction of 
P in 4 out of the 5 layers (Figure 2). The total amount 
of P decreases with depth from the most superficial 
layer to the 4-6 cm depth range (Figure 2a). In the 6-8 
cm range the total amount of P was almost twice the 
value of the most superficial layer, mostly due to the 
larger amount of refractory P (Figure 2).

The largest mobile P fraction of Lake Extremoz’s 
sediment is iron bound P (BD-P), and its values 
varied from 26.53 to 94.48 mg.kg-1. The total 
mobile P values vary from 39.21 to 135.32 mg.kg-1 
(Figure 2a). The depth with the largest percentage of 
mobile P is 0-2 cm, in which 48.44% is considered 
mobile (Figure 2b). Also, the relative contribution of 
the mobile P pool decreased with increasing depth, 
going from 48.44% in the most superficial layer to 
10.21% in the deepest layer.

3.2. Phosphorus flux experiment

The water temperature varied by up to 4 °C 
throughout the experiment. It started with an 
average of 24.3 °C, then increased sharply between 
the days 15 and 26, finally reaching values of up to 
28.3 °C (Figure 3a). The increase in the temperature 
of the water is due to the increase in the temperature 
of the air during the experiment. On day 0, the 
average air temperature was 24.3 °C, and, on day 
40, it was 27.2 °C (INMET, 2019). The average 
temperature for the whole experiment was 26.6 ± 
1.2 °C. The water remained oxygenated during the 
whole of the experiment, with DO concentrations 
above 4.0 mg.L-1 (Figure  3b), the global average 
was of 5.7 ± 0.7 mg.L-1. At the start, the pH of 

(1)
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the water was neutral to basic (7.37 ± 0.14) and it 
became slightly more acidic over time, reaching a 
final average of 6.65 ± 0.30 (Figure 3c). The global 
average of the pH was 7.1 ± 0.2.

After the settling period, SRP concentrations 
increased, reaching average concentrations of 
27.2 µg.L-1 in the beginning of the experiment 
(Figure  4a). The initial concentration of TP was 

Figure 2.  Content of P forms in the sediment profile (a), and the relative content of mobile and non-mobile pools (b).

Figure 3.  Changes in water temperature (a), dissolved 
oxygen (b) and pH (c).

Figure 4.  Concentrations of P compounds in the water 
overlying the sediment. SRP (a), TP (b) and organic P (c). 
SRP = Soluble reactive phosphorus TP= Total phosphorus 
Org-P = Organic phosphorus.
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76.0 µg.L-1 (Figure 4b) and, after the settling period, 
it increased slightly to 88.8 µg.L-1, while Org-P 
decreased from 75.0 µg.L-1 to 61.6 µg.L-1.

During the first half of the experiment (day 
0 – day 21), all P concentrations showed a general 
decrease (Figure 4). The average concentrations of 
SRP, TP and Org-P reached values of 3.4 µg.L-1, 
23.6 µg.L-1 and 17.6 µg.L-1 respectively. Only SRP 
had a positive flux in the cited period (Figure 5a).

At the start of the second half of the experiment 
(day 21 – day 40) (Figure  4), all of the P 
concentrations increased. However, around day 
26, SRP concentrations decreased (Figure 4a), while 
the increase in TP and Org-P lasted until the end of 
the experiment, reaching average concentrations of 
68.1 µg.L-1 and 67.8 µg.L-1, respectively. The second 
half had positive fluxes of TP and Org-P, however, 
the SRP fluxes were negative (Figure5a).

Although there was an increase in P 
concentrations in the water from the middle to 
the end of the experiment, the overall fluxes were 
still negative (Figure  5b), with average values of 
-2.49 µg.L-1.m-2.d-1 for SRP, -17.68 µg.L-1.m-2.d-1 
for Org-P and -19.31 µg.L-1.m-2.d-1 for TP.

4. Discussion

The largest fraction of P in the sediment 
of Lake Extremoz is Refractory-P, which is 
composed by highly recalcitrant compounds and 
the most unavailable P form of freshwater sediments 
(Wang et al., 2006). This fraction will not contribute 
to P concentrations in the water, even if there is 
a change in environmental conditions near the 
water-sediment interface (Meis et al., 2013). The 
deepest layers of the sediment of Lake Extremoz 
have a total amount of P much higher than the 

most superficial layers, which may indicate that 
a rather large P contribution to the sediment has 
occurred in the past.

The largest mobile fraction in the sediment is 
BD-P, which is redox sensitive and expected to be 
released under anoxic conditions (Smolders et al., 
2006). At the time of  sampling, the bottom of the 
lake was not anoxic, and this lake is characterised by 
a well-mixed water column (Pinto & Becker, 2014), 
thus the BD-P fraction in this sediment is not likely 
to be released. However, this could change, as Lake 
Extremoz is enriched with nutrients, and one of 
the main consequences of eutrophication is oxygen 
depletion (Smith & Schindler, 2009). It had an 
average TP concentration of 30.4 μg.L-1 for 2017-
2018, and the chlorophyll-a average concentration 
was 30.9 μg.L-1 for the same period (Moreira, 
unpublished data), which correspond to values of 
a mesotrophic and eutrophic system, respectively, 
according to the classification proposed by Salas 
and Martino (1991).

The most superficial layers of the lake’s sediment 
have a larger percentage of potentially mobile 
P, which is due to the fact that they are still 
going through processes of release/retention and 
diagenetic transformations, and have a tendency 
to become more recalcitrant with time as they are 
buried (Rydin et al., 2011; Xu et al., 2013).

The general  increase in SRP and TP 
concentrations immediately after the settling 
period of the experiment can be attributed 
to the physical disturbance of the sediment, 
similarly to a resuspension (Huang  et  al., 2015; 
Søndergaard  et  al., 1992). This is an expected 
consequence of setting up the experiment, even 
when the water is added carefully. Org-P, however, 

Figure 5. P fluxes between sediment and water throughout the experiment calculated for the intervals between 
day 0 to day 21, and day 21 to day 40 for SRP, TP, and Org-P (a). Overall P fluxes between the sediment and 
water (b). Error bars represent the standard deviation. SRP = Soluble reactive phosphorus TP= Total phosphorus 
Org-P = Organic phosphorus.
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did not have the same increase at the start. SRP 
and Org-P are parts that constitute TP, so, if the 
total amount of P increased along with its inorganic 
portion, but its organic portion did not, perhaps 
we can assume that mineralisation occurred. This 
could be an indication of possible bacterial activity.

Additionally,  specif ical ly for the SRP 
concentrations, the initial release and positive P 
fluxes can be partially attributed to the initial lack 
of SRP in the water. That is, the concentration of 
inorganic P in the pore water of the sediment, the 
most mobile fraction, was, initially, higher than the 
inorganic P concentration in water overlying the 
sediment. This created a concentration gradient, 
so P was released through diffusion (Golterman, 
2004; Roy et al., 2012).

During the rest of the first half of the experiment, 
the concentrations decreased, and this caused the 
TP flux for the whole of the first half to be negative, 
showing a tendency of the sediment to act as a P 
sink. This is most likely due to the conditions of 
neutral pH and presence of oxygen, favouring P 
deposition from water to sediment. However, at 
the start of the second half of the experiment, all 
of the P concentrations increased and carried on 
increasing until the end of the experiment, except 
for SRP, which had a slight decrease towards the 
end. The P fluxes for the second half indicate that 
there was a release of P from the sediment to the 
water, but it was P in organic compounds rather 
than inorganic (Figure 5a).

Equation 1 does not account for the interference 
in the concentrations caused by mixing the 
experiment water in the beakers with the replacement 
water. As a consequence, the fluxes from the second 
half of the experiment are underestimated by an 
average of 21.6%. We advise readers take this into 
consideration when comparing our results to others. 
This, however, does not change the overall trend.

P can be released under oxic conditions, as 
oxygen deficit is not always the prime cause of 
P release, due to the involvement of multiple 
other factors (Hupfer & Lewandowski, 2008). In 
aerobic conditions, temperature seems to be the 
most important environmental factor influencing 

P release from sediment (Jensen & Andersen, 
1992; Suplee & Cotner, 2002; Wu et al., 2014). In 
this case, it is most likely related to the influence 
of temperature on organisms, because higher 
temperatures increase their metabolism as well as 
favour their reproduction, thus increasing biomass 
and having a larger effect on Org-P (Jiang et al., 
2008). High temperatures can also increase 
solubilisation of P compounds (Jensen & Andersen, 
1992). So, the release that occurred in the second 
half of the experiment was probably influenced by 
the simultaneous increase in temperature.

In the second half of the experiment, Org-P 
increased until the end, while SRP did not. This 
pattern shows that the increase of P in organic 
compounds could have been supported by a release 
of SRP by the sediment, at which point there was 
a SRP uptake from bacteria, as they can consume 
large portions of inorganic nutrients (Kirchman, 
1994). This uptake of SRP by organisms possibly 
resulted in an increased biomass.

We draw attention to the role of organisms in 
the sediment because, even though the water had 
been filtered through a 1.2 μm membrane, it is 
fair to assume that there were still microorganisms, 
such as bacteria, in the water of the lake and also in 
the sediment, as it was not sterilised. In this case, 
the increase in SRP and TP in the water could be 
linked to an increase in bacterial metabolism and 
biomass, as this has previously been shown for dark 
environments (Jiang et al., 2008).

Each system has its own characteristics to be 
considered when it comes to understanding and 
controlling eutrophication. We found an indication 
that P release from the sediment can occur under 
oxic conditions in Lake Extremoz. This can 
contribute to the increase of P concentrations in 
its water and deteriorate the water quality of the 
lake. If we compare the fractionation of P in Lake 
Exremoz with other tropical lakes previously studied 
by Cavalcante et al. (2018), the amount of mobile 
P in the upper 10 cm of Extremoz’s sediment is 4 
times lower than the values that they found using 
the same sequential extraction method (Table 2). 
However, the TP concentrations in the water of 

Table 2. Literature data of P in the sediment of freshwater bodies in the northeast of Brazil.

Location
Rio Grande do Norte, Brazil Ceará, Brazil

Lake 
Extremoz

Gargalheiras 
Reservoir1

Cruzeta 
Reservoir1 R#12 R#22 R#32

P in the sediment (mg.kg-1)
MOBILE P 423.8 1920 2075 625.6 189.7 40.14

NOM-MOBILE P 1151.91 1780 2065 521.04 481.61 262.77
1(Cavalcante et al., 2018) Top 10 cm divided into 5 slices. 2(Moura et al., 2020) Top 5 cm.
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Lake Extremoz was almost 40 times lower than 
that of those reservoirs (Cavalcante et al., 2018). 
Perhaps this is an indication that the sediment of 
Lake Extremoz has enough mobile P to contribute 
to the eutrophication of its water if the conditions of 
the environment favour the release. Lake Extremoz’s 
sediment also has more mobile P than two out of 
the three reservoirs studied by Moura et al. (2020), 
also located in the northeast of Brazil (Table 2).

5. Conclusion

Lake Extremoz’s sediment main fraction is 
P-Refractory, which is non-mobile. Its main mobile 
form is BD-P, showing a potential for release in 
case of oxygen depletion. The lake has a store of 
mobile P, which can be enough to have significant 
impact on its trophic state in the case of a change 
in the environmental conditions to ones which 
favour P release. Under oxic conditions, P balance 
between water and sediment is likely to be largely 
influenced by the balance between mineralisation 
and immobilisation as well as temperature, giving 
particular relevance to organic P forms.
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