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Effects of hydrological dynamics in controlling phosphorus bioavailability in intermittent rivers and implications for estuaries
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Several studies on intermittent rivers and ephemeral streams (IRES) have focused on the ecology of populations and communities, and very few explored the biogeochemistry and bioavailability of key elements, such as phosphorus (P) and nitrogen (N). In this study, we aimed to explore the role of environmental seasonality on P bioavailability in an intermittent river in Northeastern Brazil and the implications for nutrient dynamics to downstream ecosystems, such as the estuaries. The study was performed at the Cruxati River, located in the Litoral Hydrographic Basin on the coast of Ceará State, Brazil. We sampled riverine sediments during three hydroperiods (i.e., dry, rewetting, and flow) according to the theoretical model for research in intermittent rivers. We performed a geochemical fractionation of different P forms and determined the physicochemical parameters, particle size distribution, mineralogy, and total organic carbon of the sediments. Mean values were compared using the Kruskal–Wallis non-parametric statistical test (p-value < 0.05) and by discriminant function analysis. We observed that the predominant fractions of P were associated with Fe-oxides, silicates, and refractory organic matter, but there were no statistical differences among these fractions for all hydroperiods. The exchangeable-P form was higher in the dry and flow periods than in the rewetting period. On the opposite side, P associated with humic acids and carbonates was lower in the dry and flow periods but higher in the rewetting period. We concluded that seasonality influences the bioavailability of P in intermittent rivers, being strongly influenced by the organic fraction, including the humic acid fraction and the refractory organic matter, which are important sources of P in the aquatic system. Furthermore, the IRES may act as a source or a sink of nutrients throughout the cycles of wetting and drying, which may release P from the sediments to the aquatic environment. Hence, IRES plays an important role in transporting nutrients to estuaries and maintaining their ecosystem services.
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1 Introduction

Intermittent rivers and ephemeral streams (IRES) are characterized by drying up their streamflow over the year. These lentic habitats are fragmented during the dry season, forming isolated pools on the river bed. Depending on the rainfall regime and frequency and duration of streamflow, the isolated pools may last from days to months (Acuña et al., 2014; Datry et al., 2014; Bonada et al., 2020; Perez et al., 2020). These environments represent more than 30% of rivers in the world and occur mostly in arid and semi-arid regions (Larned et al., 2010; Datry et al., 2014). Despite their intermittent regime, the IRES provide several ecosystem services, such as habitat for a variety of aquatic and terrestrial species, structuring populations and communities of plants and animals, nutrient cycling, water supply, and fishing (Skoulikidis and Amaxidis, 2009; Larned et al., 2010; Acuña et al., 2014; Datry et al., 2014; Leigh et al., 2015; Acuña et al., 2017).

However, most studies on IRES have focused on the ecology of populations and communities (Farias et al., 2012; Queiroz and Terra, 2019; Rodrigues Filho et al., 2020; Gonçalves-Silva et al., 2022), and very few explored the biogeochemical cycling of nutrients within the IRES (Acuña et al., 2017). Studies that explore biogeochemical processes in IRES were only leveraged at the beginning of the 21st century (Leigh et al., 2015), and few studies focused on quantification and bioavailability of limiting nutrients for primary production, such as phosphorus (P) and nitrogen (N). For these biogeochemical cycling studies, the works of von Schiller deserve special mention (e.g., see von Schiller et al., 2007, 2008, 2009, 2010, 2011, 2015). With work focused on the ecology and biogeochemistry of intermittent rivers (i.e., Sediment respiration pulses in intermittent rivers and ephemeral streams; Nutrient and organic matter dynamics in intermittent rivers and ephemeral streams; Regulation causes nitrogen cycling discontinuities in Mediterranean rivers; A comparison of two empirical approaches to estimate in-stream net nutrient uptake; A round-trip ticket: the importance of release processes for in-stream nutrient spiraling; and Inter-annual, annual, and seasonal variation of P and N retention in a perennial and an intermittent stream), this author has been attempting to elucidate the dynamics of nutrients, primarily N and P, and organic matter in IRES.

The streamflow dynamics across the watershed may impact the biogeochemistry and the living organisms locally and downstream. One of the nutrients that are important for sustaining life interconnected between aquatic and terrestrial is phosphorus (P) (Martins et al., 2007; Attygalla et al., 2016; O’Connell et al., 2018; Horppila, 2019). For instance, when IRES are in a flowing regime, significant amounts of P are carried out across the river and reach the estuarine ecosystems (e.g., mangrove, salt marshes, and seagrass meadows) (Lacerda et al., 2008). Additionally, seasonal effects on fluvial discharge have significant impacts on estuarine ecosystems (Lacerda et al., 2008; Nóbrega et al., 2013). Lower freshwater inputs during drier periods may decrease the concentration of P in estuaries and change primary productivity (e.g., causing a decrease in phytoplankton and affecting upper levels of the food chain) (Barroso et al., 2016).

Moreover, in soils and sediments, the dynamics of P are conditioned by the interaction with the soil/sediments matrix (i.e., clay minerals and organic matter) (Cornell and Schwertmann, 2003; Cavalcante et al., 2018). In the mineral fraction, Fe oxyhydroxides are important for the retention of P because of the different degrees of crystallinity, surface area, and hydroxyl (OH) groups (Cornell and Schwertmann, 2003; Otero et al., 2008; Fink et al., 2016; Queiroz et al., 2021). These interactions are among the most important in regulating the quantity and forms of P within terrestrial and aquatic ecosystems (Fink et al., 2016; Barcellos et al., 2019; Queiroz et al., 2021). Additionally, parameters such as pH, Eh, microbial activity, salinity, and organic matter have an influence on the dynamics of P (Nóbrega et al., 2014; Parsons et al., 2017; Barcellos et al., 2019). Consequently, depending upon the biogeochemical conditions, soils and sediments may act as sinks or sources of P.

In semi-arid regions where most rivers are intermittent, P availability may be limited by the low rainfall and the low river discharge, which results in low P concentrations in the water (Lacerda et al., 2006, 2008; Barroso et al., 2016). In the ecoregion Caatinga Phytogeographic Domain (Moro et al., 2016), in the northeast of Brazil, there is a large semi-arid coast that is occupied mostly by mangrove ecosystems (accounting for 45% of the Brazilian mangrove area) (Brasil, Ministério do Meio Ambiente, 2018), where the upstream P inputs impact the productivity of coastal ecosystems. Although several studies indicated that mangroves in northeastern Brazil receive high loads of P from anthropogenic activities (Nóbrega et al., 2014; Godoy and Lacerda, 2015), there are no studies exploring the natural sources of P, such as the IRES systems impacting P dynamics in estuaries.

Laboratory and field experiments exploring the release of P over “wet” and “dry” cycles are still discrepant. Schönbrunner et al. (2012) studied sediments drying and re-inundation in laboratory settings and indicated that the degree of drying is a determining factor in controlling the release of P to the aqueous phase. According to these authors, upon reconnection of water flow, phosphorus is released in large amounts. In experimental laboratory studies, Attygalla et al. (2016) observed an increase in exchangeable phosphorus content after the drying process and subsequent wetting of sediments. However, other forms of non-available phosphorus associated with minerals did not exhibit significant variations (Attygalla et al., 2016). O’Connell et al. (2018) reported that drying events decreased the amount of organic phosphorus, thus influencing the organic phosphorus mineralization process. Furthermore, the results remain poorly understood due to the influence of other variables such as Eh, pH, amounts of organic matter (Kim et al., 2016), and biological factors (Kong et al., 2021).

In environments with intense seasonality, such as intermittent rivers, studies carried out “in loco” involving nutrient cycling are still scarce. Thus, understanding the cycling of nutrients (especially P) in these rivers is essential for understanding the ecological and biogeochemical processes that structure these ecosystems (Lillebo et al., 2007; Tzoraki et al., 2007; Skoulikidis and Amaxidis, 2009; Larned et al., 2010; Steward et al., 2012; Datry et al., 2014; Skoulikidis et al., 2017). Therefore, this study aimed to investigate the role of hydrological dynamics on P bioavailability in an intermittent river in Northeast Brazil and the implications for nutrient cycling to adjacent and downstream ecosystems.



2 Materials and methods


2.1 Study site

The Cruxati River is located within the Cruxati basin, containing an area of approximately 77 km2 in the State of Ceará, NE-Brazil (Figure 1), flowing into another significant river in the region, the Mundaú River. In this region, the vegetation is diverse, characterized by a complex vegetation typical of the local coastal zone, as well as sub-deciduous tropical rainforest (dry forest), tropical sub-evergreen rain-cloud forest (humid forest), dense shrub caatinga, and open shrub caatinga. The predominant local geology is composed of metamorphic and sedimentary rocks, with the presence of Luxisols, Luvisols, Fluvisols, Planosols, and Regosols (Funceme – Fundação Cearense de Meteorologia e Recursos Hídricos, 2018).
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FIGURE 1
 Study area in the state of Ceará, Brazil, with details of elevation, the Cruxatí river basin area, drainage, monthly rainfall, and evapotranspiration (ETo) distribution along the year and hydroperiods (A). Illustration of sampled site details during the rewetting (B), flow (C), and dry hydroperiods (D).


The region is characterized by a semi-arid climate with a mean annual precipitation of 1,100 mm, an evapotranspiration rate above 1,400 mm, and annual temperatures ranging between 26°C and 28°C (Figure 1; Funceme – Fundação Cearense de Meteorologia e Recursos Hídricos, 2018; Duarte et al., 2021). The highest precipitation regime occurs during the rainy season (February to April), while during the dry season (August to December), precipitation is nearly zero (Porto et al., 2004; Funceme – Fundação Cearense de Meteorologia e Recursos Hídricos, 2018; Duarte et al., 2021). Thus, the Cruxati River dries up for most of the year, with pools of water in some reaches. However, during the rainy season in December, the streamflow gradually increases, pools begin to connect, and a small flow arises that is fed by heavy rainfall in January and February (Figure 1). However, beyond the rainy season (which concludes in June), the high evaporation rates cause the river to flow again, leading it to quickly dry up.



2.2 Sediments and water sample collection

Sediment and water samples were sampled during three campaigns, one in each of the hydroperiods as follows: Dry (October/November 2018), Flow (July 2019), and Rewetting (January 2020; Figure 1). These hydroperiods were previously proposed in studies involving nutrients dynamic in IRES (von Schiller et al., 2007, 2011; Datry et al., 2016, 2017). Accordingly, the dry period can be characterized when the aboveground water dries up completely and becomes disconnected from the groundwater; the rewetting period represents an intermediate phase where the river has no flow and fragments, with a few pools along the river bed; and the flow is established after highly concentrated rainfall periods, and watercourse quickly settles down and the river has a continuous flow of runoff.

Sediment sampling was carried out along 200 m transects distributed at strategic points along the river as follows: upstream, middle, and downstream. Each transect was divided into three sections (beginning: 0 m; middle: 100 m; and ending: 200 m in length). Subsequently, in each section, sediments were randomly collected at a depth of 0–9 cm from the left bank, right bank, and center of the river channel, totaling three samples per section and nine samples per transect. The collection was performed using polycarbonate tubes (0.05 m internal diameter and 0.5 m length) attached to a sediments sampler (Trado Josefina: Soil sampler specially designed for waterlogged soils and sediments). In total, 27 sediment samples were collected for each hydroperiod. Water samples were collected using amber glass bottles previously washed with HCl 10% (v/v) and stored at a low temperature (~ 4°C) to determine total phosphorus and orthophosphate.

Along the sampling, sediments’ pH and redox potential (Eh) values were measured in situ using a glass electrode calibrated with pH standards of 4.0 and 7.0 and a calomel electrode for Eh, while water’s pH and Eh values were obtained directly in situ using a multimeter probe (YSI 7000).



2.3 Particle size, mineralogical analysis, and iron extraction

The particle size distribution (sand, silt, and clay) was obtained using the method proposed by Gee and Bauder (1986). For mineralogical characterization, due to the geological and soil homogeneity along the transects, only one representative sample from each transect was chosen and pre-treated with a sodium hypochlorite solution to oxidize the organic matter and then crushed and sieved (<150 mesh) (Siregar et al., 2005). After separating the granulometric fractions, unoriented slides (powder) were mounted with the clay fraction, and analysis was carried out by X-ray diffraction (XRD) using a Miniflex II Desktop X-ray diffractometer with Cu-Kα radiation at the step of 0.02° 2θ s−1 in the range of 3–60° 2θ (Chen, 1977). The fraction of free or pedogenic iron of high crystallinity was obtained by the dithionite-citrate-bicarbonate method (Mehra and Jackson, 1960), and the fraction of low-crystallinity iron oxyhydroxides was acquired by the acid ammonium oxalate method (Mckeague, 1978). For this analysis, we homogenized the samples and considered a depth of 0–9 cm.



2.4 Sequential extraction of P

Different phases of phosphorus were obtained by an operational geochemical fractionation according to Paludan and Jensen (1995), Paludan and Morris (1999), and Nóbrega et al. (2014) as follows: Exchangeable-P (EX-P), P adsorbed to iron oxyhydroxides (Oxide-P), P associated to phyllosilicates and aluminum hydroxides (Silicate-P), P associated to humic acids (HA-P), P in carbonates/apatite (Ca-P), and P associated with refractory organic matter (Res-P) (Paludan and Jensen, 1995; Paludan and Morris, 1999; Nóbrega et al., 2014). Phosphorus concentrations were determined by the colorimetric method ascorbic acid/molybdenum blue, and absorbance was obtained using a spectrophotometer with a wavelength of 885 nm (Murphy and Riley, 1962). The different P fractions were analyzed in a sequential extraction as follows:

1 (EX-P): extracted with 20 mL of 1 M MgCl2. Samples were shaken for 1 h and centrifuged at 3,500 rpm for 15 min. 2 (Oxide-P): extracted with 20 mL of 0.11 M sodium bicarbonate and sodium dithionite (NaHCO3 + Na2S2O4) solution. Samples were shaken for 1 h and centrifuged at 3,500 rpm for 15 min. 3 (Silicate-P): extracted with 20 mL of 0.1 M NaOH. Samples were shaken for 18 h and centrifuged at 3,500 rpm for 15 min. After centrifugation, the solution was acidified (pH ~1) and filtered. 4 (HA-P): The material isolated from the previous step was submitted at combustion (550°C), and the ashes were boiled in HCl 1.0 M. 5 (Ca-P): The material obtained from centrifugation in step 3 (Silicate-P) was extracted with 20 mL of solution HCl (37%) 0.5 M. Samples were shaken for 1 h and centrifuged at 3,500 rpm for 15 min. 6 (Res-P): extracted with 20 mL of HCl 1 M (in hot), after combustion at 550°C (2 h). (For more details see Nóbrega et al., 2014).



2.5 Statistical analyses

By using the Past 4.03 (Hammer et al., 2001) and R software (R Core Team, 2019), we performed the non-parametric Kruskal–Wallis test (p-value < 0.05) to assess the differences among the hydroperiods for the different parameters. Additionally, we perform a discriminant analysis to explore associations among variables and hydroperiods (Reimann et al., 2008; Gotelli and Ellison, 2013; Manly and Alberto, 2016).




3 Results


3.1 Particle size distribution and mineralogical characterization

The mineralogical composition of the collected sediments, analyzed by XRD, revealed that all transects contained similar mineralogical assemblage, composed mainly of clay minerals–kaolinite (d-spacing: 7.14, 4.36, 3.58, 2.49, and 2.34 nm; Figure 2).
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FIGURE 2
 XRD patterns from the three sampled transects (i.e., upstream, middle, and downstream) through the Cruxati River. Kaolinite (K) and d-spacing (d).


The particle size distribution was predominantly sandy, and no significant differences were observed among the samples. The average contents of sand, clay, and silt were the following: 93 ± 7.18%, 4.36 ± 4.69%, and 2.64 ± 2.93, respectively.



3.2 Fe contents

The sequential chemical extraction of Fe oxides indicates a predominance of crystalline phases (i.e., Fe DCB) compared to low crystalline phases (i.e., Fe OA). Regarding the contents of Fe DCB (Figure 3A), we observed a significantly higher content in the flow hydroperiod (6.7 ± 3.7 mg kg−1) compared to the rewetting (5.0 ± 2.7 g kg−1) and dry periods (3.4 ± 1.3 g kg−1, Figure 3A). On average, the Fe DCB in the flow hydroperiod increased by 34 and 97% compared to rewetting and dry hydroperiods, respectively. On the other hand, although the values of Fe AO were approximately 1.4-fold and 1.2-fold higher during the flow periods compared to the dry and rewetting periods, no significant differences (p-value > 0.05) were observed in Fe AO for all three hydroperiods. The mean values were 0.05 ± 0.04 g kg−1, 0.06 ± 0.04 g kg−1, and 0.07 ± 0.07 g kg−1 for the dry, rewetting, and flow periods, respectively (Figure 3B).

[image: Figure 3]

FIGURE 3
 Fe contents of the three hydroperiods investigated. (A) Crystalline Fe extracted by DCB (Dithionite-citrate-bicarbonate), and (B) Low-crystallinity Fe extracted by AO (Ammonium oxalate). Different lowercase letters above the bars indicate the mean (± standard deviation) for either Fe DCB or Fe AO contents that differ statistically between studied hydroperiods (dry, rewetting, and flow) at the 0.05 level of the Kruskal–Wallis test.




3.3 Sequential geochemical extraction of P

We chose to present the geochemical extraction of P in two ways: showing the most predominant fractions among the hydroperiods and percentages (Figure 4A) and averages at the depth of 0–9 cm, with the statistical results (Figure 5). We observed that oxide-P, res-P, and silicate-P were the predominant fractions of P in all studied hydroperiods, representing on average 37.7, 24.5, and 24.2%, respectively (Figure 4B). For the oxide-P fraction, despite the contents being approximately 1.3- and 2-fold higher in the flow hydroperiod (28.61 ± 21.08 mg kg−1) compared to the dry (21.67 ± 16.43 mg kg−1) and rewetting (14.83 ± 7.38 mg kg−1) hydroperiods, no statistical differences were observed among these three fractions across the hydroperiods (p-value > 0.05; Figure 5B). For silicate-P, we observed contents of 15.56 ± 10.66 mg kg−1 (dry), 14.58 ± 5.86 mg kg−1 (rewetting), and 14.87 ± 18.05 mg kg−1 (flow; Figure 5C). Regarding the res-P, the contents for dry, rewetting, and flow were 13.78 ± 5.92 mg kg−1, 10.36 ± 11.47 mg kg−1, and 15.45 ± 12.45 mg kg−1, respectively (Figure 5D).
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FIGURE 4
 Phosphorus fractionation showing the most predominant fractions among the hydroperiods (A). It can be observed that oxide-P, silicate-P, and Res-P have greater representativeness in the three investigated hydroperiods (B). The P fractions are the following: Exchangeable P (EX-P); P associated with reducible Fe and Mn oxyhydroxides (oxide-P); P associated with silicates (silicate-P); P associated with humic acids (HA-P); P bound to carbonates/apatite (CA-P); and Residual P (Res-P).


[image: Figure 5]

FIGURE 5
 Phosphorus fractionation for the three studied hydroperiods (depth averages 0–9 cm), as follows: (A), Exchangeable P (EX-P); (B), P associated to reducible Fe and Mn oxyhydroxides (oxide-P); (C), P associated to silicates (silicate-P); (D), P associated to humic acids (HA-P); (E), P bound to carbonates/apatite (CA-P); and (F), Residual P (res-P). Different lowercase letters above the bars indicate mean (± standard deviation) P contents in different fractions that differ statistically among the studied hydroperiods (dry, rewetting, and flow) at the 0.05 level of the Kruskal–Wallis test.


However, significant differences were observed for Ex-P, HA-P, and CA-P among the studied hydroperiods (p < 0.001; Figures 5A,D,E). The higher Ex-P contents were recorded in the dry (2.42 ± 0.65 mg kg−1) and flow periods (2.0 ± 0.67 mg kg−1), while no contents were observed in the rewetting period (Figure 5A). Regarding the HA-P, the higher content was observed in the rewetting period (0.33 ± 0.2 mg kg−1), and no contents were observed in the dry and flow periods (Figure 5D). The CA-P contents were significantly higher in the flow (5.94 ± 7.57 mg kg−1) and dry (5.32 ± 6.21 mg kg−1) periods and no contents were observed in the rewetting period (Figure 6).
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FIGURE 6
 Mean (± standard deviation) contents for total-P (A) and orthophosphate-P (B) in water for the Cruxati River at dry and flow hydroperiods.




3.4 Eh, pH, total organic carbon, and dissolved oxygen

The pH and Eh values in sediments and water differed statistically (Table 1) among the hydroperiods (p-value < 0.05). For pH in sediments, we observed higher mean values in the dry hydroperiod, which was approximately 1.2-fold higher than rewetting and flow hydroperiods (Table 1). Additionally, no differences were observed between rewetting and flow hydroperiods (Table 1). Regarding pH values in water, we observed higher values statistically recorded in the dry hydroperiod and lower values in the rewetting. On average, the pH in water in the dry hydroperiod increased by 27.3 and 18.3% compared to rewetting and flow, respectively (Table 1). For Eh values, we observed both sediments and water; lower mean values recorded in the flow compared to the rewetting and dry hydroperiods represented a decrease of 45.3 and 38.0%, respectively, in the sediments, while in water, the Eh values decreased around 7.2 and 17.3% (Table 1).



TABLE 1 Mean values for pH and Eh in sediments and river water among the three studied hydroperiods.
[image: Table1]

We also observed that TOC and DO differed statistically among hydroperiods (Table 2). Higher values of TOC and DO were obtained in the flow hydroperiod, and no significant differences were observed for TOC and DO between the dry and rewetting hydroperiods. Values of TOC in flow hydroperiods were 1.7-fold higher compared to rewetting and dry hydroperiods. For DO, the flow was 1.7-fold higher than rewetting and 1.4-fold higher than dry hydroperiod.



TABLE 2 Mean values for total organic carbon (TOC) in sediments and dissolved oxygen (DO) in water between the three studied hydroperiods.
[image: Table2]



3.5 Phosphorus in water

The contents of total-P and orthophosphate-P in water did not present significant differences between the dry and flow hydroperiods (p-value < 0.05). The means for total-P at dry and flow hydroperiods were 0.12 ± 0.04 mg L−1 and 0.09 ± 0.05 mg L−1, respectively (Figure 6A). Whereas the orthophosphate-P contents were 0.01 ± 0.01 mg L−1 and 0.02 ± 0.01 mg L−1 for dry and flow hydroperiods, respectively (Figure 6B). Due to problems with the equipment, we were not able to analyze total-P and orthophosphate-P in water for the rewetting hydroperiod.



3.6 Discriminant analysis

By performing the discriminant analysis, we were able to observe a clear separation comparing the driest hydroperiod (dry) and both humid hydroperiods (rewetting and flow; Figure 7A). We observed that F1, accounting for 81.95% of the data variability, was primarily composed of pH water, Fe AO, EX-P, Ca-P, silicate-P, and oxide-P (Figure 7B). F2, explaining 18.04% of the data variance, comprised the variables TOC, pH sediments, HA-P, and Eh water (Figure 7B).
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FIGURE 7
 Discriminant analysis (DA) for sediments and water for the three studied hydroperiods. (A): hydroperiods investigated; (B): mensurated variables. Where EX-P: P-exchangeable; Oxide-P: P associated with Fe oxyhydroxides; Silicate-P: P associated with phyllosilicates and Al hydroxides; CA-P: P associated with carbonates; HA-P:P associated with humic substances; Res-P: P associated with refractory organic matter; Fe DCB: Fe associated with high crystallinity minerals; Fe AO: Fe associated with low crystallinity minerals; TOC: total organic carbon; DO: Dissolved oxygen; pH (sediments): pH in the sediments; pH (water): pH in the water; Eh (sediments): Eh in the sediments; Eh (water): Eh in the water.


The positioning of the DO vector toward the flow denotes higher contents of this variable during this hydroperiod, distinguishing it from the dry and rewetting hydroperiods. Additionally, the vector of Eh sediments indicates that it is the second-best variable to distinguish between dry and rewetting, with higher values, and flow, with lower values. The positioning of vectors for HA-P toward rewetting and EX-P, CA-P, oxide-P, and TOC positioned oppositely differentiates between rewetting and flow. pH (water) and pH (sediments) are the best discriminators between dry and flow and, mutually with EX-P, between dry and rewetting.




4 Discussion


4.1 Factors controlling the bioavailability of P

In the Cruxati River, the studied sites were classified as sandy sediments with clay contents below 5%. The Cruxati River basin is geologically characterized by the presence of metamorphic and sedimentary rocks from the Barreiras formation (Nunes et al., 2011). Generally, the soils derived from this formation have low clay content and a mineralogical assemblage consisting of kaolinite and Fe oxyhydroxides (Melo et al., 2002a,b; Correa et al., 2008). Indeed, the XRD analysis indicated a kaolinite predominance (Figure 2), and the extractions of Fe forms [i.e., FeDCB: 5 ± 2.5 g kg−1; FeAO: 0.06 ± 0.05 g kg−1 (Figure 4)]. These values of Fe content are similar to those observed in previous studies investigating the sediments from the Barreiras formation demonstrating low Fe contents as well, ranging from 4 to 43 g kg−1 for Fe DCB and 0.08 to 1.18 g kg−1 for Fe AO (Melo et al., 2002a,b; Correa et al., 2008).

In fact, despite the low clay content in the sediments of the Cruxati River, P was primarily associated with the clay minerals (i.e., oxides-P and silicate-P), representing 38 and 24% of the total P, respectively, in the studied hydroperiods (Figure 5). Therefore, P is predominantly retained on 1:1 clay minerals (e.g., kaolinite) in soil and sediments through processes such as anion ligand exchange (i.e., adsorption), precipitation, and lattice diffusion (Sparks, 2003; Penn and Warren, 2009). Additionally, kaolinite under wetting and drying cycles, which commonly occurs in intermittent rivers, has a low crystallinity because of the Fe3+ present in their crystal structure (Melo et al., 2002a,b; Correa et al., 2008). This low degree of crystallinity increases their specific surface area and their adsorption capacity (Dixon and Schulze, 2002).

Moreover, present in the studied intermittent river, Fe oxyhydroxides have an elevated specific surface area and have been reported to be an important sorbent of P (Darke and Walbridge, 2000; Melo et al., 2001; Da-Peng and Yong, 2010; Queiroz et al., 2021). Additionally, the observed physicochemical conditions (i.e., pH of 6.6 ± 0.3 and Eh of 350 ± 134; Table 1) in the studied hydroperiods indicate a favorable environment for the occurrence and formation of Fe oxyhydroxides (Dixon and Schulze, 2002). The Eh values above +270 mV and pH values circumneutral in sediments in all hydroperiods indicate oxic conditions favorable to Fe oxyhydroxide precipitation (Essington, 2015).

The maintenance and stability of kaolinite and Fe oxyhydroxides under oxic conditions results in long-term sequestration of P in sediments, leading to its low availability in the water column (Baldwin et al., 2000; Melo et al., 2002a,b; Da-Peng and Yong, 2010; Attygalla et al., 2016; Kong et al., 2021). This condition restricts the supply of this essential nutrient to primary producers, higher trophic levels, and nutrient cycling (Martins et al., 2007; Lacerda et al., 2008; Attygalla et al., 2016; O’Connell et al., 2018; Horppila, 2019). Furthermore, the low P content and limited availability contribute to its low exportation to other ecosystems associated with the IRES along the basin (e.g., P transportation toward the estuary).

Among the mineral phases, CA-P is an important fraction controlling the P release under a semi-arid environment (Nóbrega et al., 2013) and ultimately controls its availability in IRES exposed to these dry conditions (Skoulikidis et al., 2017). Our results revealed that P bound to carbonates/apatite represented only 8% of the total P, likely due to susceptibility to dissolution in IRES (Carranza-Edwards et al., 2005; Skoulikidis et al., 2017). According to Kong et al. (2021), in IRES, the wetting and drying cycles regulate the Ca availability and are associated with microbial respiration, which affects the carbonic acid formation, ultimately altering the carbonate mineral formation and dissolution. As a result, the CA-P fraction can serve both as a sink and source of P due to its mineral instability, in contrast to the oxide-P and silicate-P fractions.

However, P associated with organic fractions represents 26% of the total P and may exhibit contrasting dynamics (Figure 4). For example, under oxidizing conditions present in the semi-arid climate, P bound to organic fractions becomes a potential source to the aquatic system because these dry conditions stimulate organic matter decomposition and ultimately the release of organic-bound P (O’Connell et al., 2018). Parallelly, there is an increase in microbial activity in an oxygen-rich environment, which favors organic matter mineralization (Kong et al., 2021). Indeed, the P content associated with organic fractions (i.e., HA-P and Res-P) was significantly lower compared to the P associated with mineral forms (i.e., Oxide-P and Silicate-P) (Figures 5D,F). Furthermore, the lower content of HA-P (on average: 0.33 ± 0.2 mg kg−1), in comparison to Res-P (on average: 13 ± 20 mg kg−1), reflects its higher susceptibility to decomposition for the HA-P fraction (Kelleher and Simpson, 2006; Primo et al., 2011). On the other hand, Res-P is defined as a refractory organic fraction with lower decomposition rates than HA-P (Kelleher and Simpson, 2006). Furthermore, seasonality in a semi-arid climate, which reflects the presence of the three different hydroperiods observed, significantly affects the soil moisture, soil organic matter content, and decomposition, and the P release from soil/sediment to the aqueous phase (Nóbrega et al., 2013, 2014) and dictates the function of IRES ecosystems.



4.2 Role of the seasonality gradient in the bioavailability of P

The seasonality that directly impacts the hydrology of IRES poses an effect on P associated with organic fractions, as presented by the easily decomposable form of organic matter (i.e., HA-P) (Kelleher and Simpson, 2006; Primo et al., 2011). Indeed, HA-P was significantly higher during the rewetting than in the dry and flow hydroperiods, and these latter two were similar statistically in P content (Figure 5D). During the rewetting hydroperiod, the decrease in total P (Figure 4) and the absence of EX-P (Figure 5A) are possibly linked to higher nutrient demand by organisms (Kong et al., 2021). This period emerges as a seasonal hot spot for P mobilization and transport, particularly to coastal ecosystems. Consequently, higher concentrations of HA-P (Figure 5D), coinciding with a minimal water pH (Table 1), suggest hydrocarbonate release from decomposing organic material to flow hydroperiod. Subsequently, the flow hydroperiod showed low sediment Eh values (Table 1), indicating slightly hypoxic conditions (Eh: 274 ± 132 mV; Table 1), likely due to the slowed decomposition of fresh organic material deposited during rewetting. Subsequently, the flow hydroperiod showed low sediment Eh values (Table 1), indicating slightly hypoxic conditions (Eh: 274 ± 132 mV; Table 1), likely due to the slowed decomposition of recently deposited fresh organic material during rewetting. Nevertheless, the rapid replenishment of water flow and freshwater influx within the IRES during the flow hydroperiod promotes elevated DO levels (Gómez et al., 2017; Schreckinger et al., 2022; Table 2). Simultaneously, enhanced hydrocarbonate release during rewetting could dissolve carbonates, resulting in low Ca-P concentration in the sediment (Figure 5) and phosphorus mobilization (Baldwin and Mitchell, 2000). Accordingly, the presence of higher levels of organic compounds and enhanced biological activity increase respiratory rates, leading to elevated CO2 release and carbonic acid formation, and promoting carbonate dissolution and the release of associated P during subsequent hydroperiods (Kong et al., 2021).

On the other hand, the discriminant analysis reveals that HA-P is a determining factor in distinguishing the dry and flow data clusters due to its lower content in the dry period (Figure 7). In this regard, the position of the Eh (water) and Eh (sediments) vectors toward the dry period also indicates that this hydroperiod is marked by more oxidizing conditions which favor greater organic matter decomposition and consequently the release of organic-bound P (Datry et al., 2011; Mariluan et al., 2015; Abril et al., 2016). On the other hand, although the Flow hydroperiod presents lower Eh values (Table 1), this hydroperiod is still characterized by oxidizing conditions (i.e., Eh > 250 mV; Essington, 2015).

In fact, semi-arid regions are characterized by high evapotranspiration rates that promote oxidizing conditions throughout the year (Schaeffer-Novelli et al., 1990; Maia et al., 2005; de Aguiar et al., 2013). The DO vector position toward the flow period also corroborates the higher presence of oxygen and the prevalence of oxidizing conditions. These higher values may be associated with plant activity (Boulton et al., 2017) and lower water temperatures, as we obtained an average of 21.1°C for the flow and 25.6°C for the dry hydroperiods (see Hladzy et al. for more details). Furthermore, in IRES, the flow hydroperiod represents a moment when water flows through the river channel, transporting and exporting suspended materials and dissolved compounds (e.g., organic-bound P) to downstream ecosystems (Tzoraki et al., 2007; von Schiller et al., 2007, 2011; Obermann et al., 2009).

Additionally, we observed that the EX-P, which is the bioavailable P form, was significantly higher in the dry and flow periods compared to rewetting (Figure 5A). This indicates a greater potential of input of P to the aquatic system in the dry and flow hydroperiods. Total-P and orthophosphate-P in water were also similar for both dry and flow hydroperiods. Indeed, the discriminant analysis indicates a significantly inverse correlation between the vectors of HA-P and EX-P (Figure 7), indicating that this organic fraction is the main source of P during dry and flow periods.

On the other hand, the contents of Res-P did not differ significantly among the hydroperiods (Figure 5F), reflecting the recalcitrance and high resistance to the decomposition of this organic fraction (Kelleher and Simpson, 2006). However, the vector Res-P points toward the flow period and points in the opposite direction to the dry period, revealing a separation of these groups due to lower Res-P contents in the dry phase (Figure 7). Consequently, in the dry period, there is a higher decomposition of the Res-P fraction, which acts as a reservoir during periods of drought (Arias-Real et al., 2020; Granados et al., 2022).

Furthermore, the results for the CA-P fraction indicate that during the rewetting hydroperiod, this fraction acts as a source of P, while in dry and flow periods, it acts as a sink of P. In IRES, hypoxic conditions in the rewetting phase may cause rapid release of ammonia and phosphates from sediments (von Schiller et al., 2011; Skoulikidis et al., 2017). This condition may promote the dissolution of carbonates and the release of associated P to them (Kong et al., 2021). In the flow hydroperiod, there is an increasing input of inorganic material from adjacent ecosystems that combined with the low solubility of carbonates promotes the precipitation of CA-P even during wet periods (Dixon and Schulze, 2002; Skoulikidis et al., 2017). On the other hand, in the dry periods, the significantly higher pH values in both water and sediments (Table 1) decrease the solubility Ca and favor the carbonate precipitation, which favors P adsorption (Shen et al., 2011; Kim et al., 2016).



4.3 Phosphorus flux in the coastal ecosystem in response to IRES dynamics

The Cruxati River is a tributary of the Mundaú River, which has an estuarine region that is part of a sustainable use conservation unit created by Ceará State Decree No. 24,414 on 29 March 1999, covering an area of 1,596 hectares (Greentec, 2021). The Mundaú River estuary is a biologically valuable refuge (Greentec, 2021). Similar to other estuaries worldwide, in many tropical semi-arid estuaries, P is a limiting nutrient to primary productivity (Lacerda et al., 2006, 2008; Barroso et al., 2016) and, consequently, for the functioning of the ecosystem.

The total input of P from natural sources in the Mundaú River basin is 122 t year−1 (Lacerda et al., 2008), similar to pristine environments (Golley et al., 1978; Burns, 2004). When compared to other estuaries in the Ceará State (e.g., 26.1 t year−1 for the Pacoti basin; 8.23 t year−1 for the Icapuí basin; and 1.10 t year−1 for the Malcozinhado) (Lacerda et al., 2008), these values are significant and relevant for nutrient loading into the estuaries. These highest values for the Mundaú basin may be attributed to the discharges from the Cruxati River (i.e., which is a tributary of the Mundaú River). The Mundaú River has a mean estimated flow of 15 m3 s−1 during the rainy season, dropping to <1 m3 s−1 during the dry periods (Molisani et al., 2006). Thus, the Crúxati River is an important propellant to water discharge, and P, consequently, in the rainy season, into the Mundaú River and the estuary.

Considering that P is limiting nutrients for primary production in semi-arid estuaries due to the dependence on water input from rivers (Barroso et al., 2016), the dynamics and P inputs from the Cruxati River are important to supply the estuarine region to guarantee the forests development and associated ecosystem services.




5 Conclusion

We investigated the role of hydrological dynamics on P bioavailability in an intermittent river in Northeast Brazil and the implications for nutrient cycling to adjacent and downstream ecosystems. We observed that seasonality influences the bioavailability of P in the studied intermittent river and that P bioavailability is strongly influenced by organic fractions. Seasonality in a semi-arid climate affects soil moisture, soil organic matter content, decomposition, and, consequently, the P release from riverine sediments to the water. Moreover, in river basins where the natural sources of P are predominant, wetting and drying cycles are important for the release and bioavailability of P. Hence, IRES plays an important role in the transport of nutrients across the watershed and reaching the estuaries, and its dynamic hydrological system may influence the nutrient discharge in estuaries, their ecosystem functioning, and the environmental services they provide.
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