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Abstract

:

Information on riverine phosphorus (P) dynamics during typhoon storm events remains scarce in subtropical regions. Thus, this study investigates the spatial and temporal dynamics of riverine phosphorus in a headwater catchment during three typhoon events. Continuous sampling (3 h intervals) of stormwater samples and discharge data were conducted at five locations, which represent the upstream, transitional zone, and downstream areas of the main inflow river. The results revealed that the average event mean concentrations (EMCs) for total dissolved phosphorus (TDP) and particulate phosphorus (PP) in the upstream catchment of Fei-Tsui reservoir were 15.66 μg/L and 11.94 μg/L, respectively. There was at least a 1.3-fold increase in flow-weighted concentrations of TDP and PP from the upper to lower reaches of the main stream. PP and TDP were transported either in clockwise or anticlockwise directions, depending on storm intensity and source. The transport of TDP was primarily regulated by the subsurface flow during the storm event. Soluble reactive phosphorus (SRP) contributes more than 50% of the TDP load in moderate storms, while extreme storms supply a greater dissolved organic phosphorus (DOP) load into the stream. TDP accounted for approximately 50% of TP load during typhoon storms. Mobilization of all P forms was observed from upstream to downstream of the river, except for DOP. A decrease of DOP load on passing downstream may reflect the change in phosphorus form along the river continuum. Peak discharge and antecedent dry days are correlated positively with P fluxes, indicating that river bank erosion and re-suspension of within-channel sediment are the dominant pathways of P during typhoon storm periods.
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1. Introduction


Phosphorus is considered as one of the limiting nutrients to primary production in most freshwater aquatic systems. However, excessive phosphorus (P) in an aquatic system will cause eutrophication, contamination of aquatic sediments, and will lead to deterioration of water quality [1]. Generally, phosphorus is present in freshwater systems in three forms: as soluble reactive phosphorus (SRP), dissolved organic phosphorus (DOP), and particulate phosphorus (PP) [2]. Total phosphorus (TP) is referred to the sum of total dissolved phosphorus (TDP) and PP. Most studies have reported the P concentrations as TP and SRP, due to the easy measurement in water samples [3,4,5], but only limited studies report PP concentration [6]. In fact, SRP generally represents less than 50% of total P export in watersheds [4,7]. At a terrestrial scale, previous estimates of global flows of P transported by rivers are about 18.7–31.4 Tg·year−1 [1,8], of which only a small fraction (2 Tg·year−1) is in dissolved form [9]. Numerous studies have indicated that most P export occurs in surface runoff and soil erosion during high flow periods [10,11,12,13,14,15,16,17,18], although subsurface flow and tile drainage may account for a significant proportion of P loss [19]. At an annual scale, most P is exported in a small number of large storm events [13,16]. Lee et al. [20] found that typhoon runoff contributed about 47–80% to annual P export in Taiwan. Study by Chen et al. [17] also indicated that PP concentrations dominated TP export during periods of high water transport. Generally, the transport of dissolved inorganic phosphorus from terrestrial systems is likely limited without the heavy rain brought by typhoons to generate surface erosion. The phosphorus exists mostly as specific types; less than 5% is washed out, and more than 90% remains in the soil or groundwater [18]. Lee et al. [20] found that the intensive typhoon storm runoff will engender deeper irrigation that flushes out nitrate and phosphate stored in deeper soil into the nearby stream network. These studies have confirmed that typhoon storms are crucial in regulating the absolute amount of phosphorus discharges in the subtropical region.



The transport mechanism of P from catchment to stream during storm events depends on rainfall patterns, stream discharge, the relative importance of groundwater vs. runoff, agricultural practices, antecedent moisture conditions, land management operations, P concentration of eroded soils, and connectivity between source areas and the stream [11,13,21]. These governing factors influence the mechanisms of mobilization, pathways of transfer, and the complex biogeochemical processes occurring along the land–water continuum. PP may be transported via soil eroded from field slopes or channel banks, or re-suspension from stream sediments. Meanwhile, dissolved P may be transported through desorption process from mobilized sediments, surface runoff, and leaching [17]. The interpretation of P transfer mechanisms becomes more complex as the scale increases from the plot/hillslope scale to a larger catchment scale. Understanding the contributing source area and transport pathways of different P forms may be enhanced by studying the discharge-water quality hysteresis relationship during storm events. The hysteresis loop technique has been widely used over the past two decades as a mean of investigating the transport systems of water quality parameters, as well as catchment responses to hydrological events [11,16].



It was found that approximately 70% of extreme rain occurs in the typhoon season from July to October; 20% in the Mei-Yu season (May to June), and the other 10% in the remainder of the year [22]. The 1994–2009 period in Taiwan covered the most extreme rainfall events, and showed an increase in extreme rainfall of 150 mm·year−1 from the previous decadal period [23]. Various rainfall studies have shown a shift in distribution toward more intense rainfall events, i.e., less light rain and more heavy rain [24,25]. Changes in rainfall frequency and intensity are influenced by global warming due to changes in atmospheric water vapor and vertical motion [26]. These storm events significantly contribute to P export from catchment surface to stream and reservoir water body. Runoff mechanisms of phosphorus potentially vary significantly throughout the typhoon period as the storm runoff progresses with sequent peak discharges. The fate and transport of phosphorus, in aquatic environments triggered by storms associated with typhoons, are poorly understood due to difficulty and cost to acquire intensive water samples during events. Better understanding of typhoon impacts on the dissolved and particulate phosphorus will enhance understanding of the underlying mechanisms of P dynamics during prolonged storm events in subtropical regions. This information provides a scientific basis for developing site-specific P management strategies to reduce P loss and protect drinking water resources. Thus, the objectives of this study are to (1) quantify the magnitude of P transport from a headwater catchment during typhoon storm events; (2) investigate the P dynamics along river continuum; (3) and analyze the influence of hydrological factors on riverine P dynamics.




2. Materials and Methods


2.1. Study Site


The Fei-Tsui reservoir (121°34′ E, 24°54′ N) is located in the north of Taiwan, and is about 30 km from Taipei City. The reservoir has a catchment area of 303 km2, and a mean water depth of 40 m (maximum depth: 113.5 m at dam site). This reservoir is well protected from human activities, as it has served as the primary drinking water resource for Taipei City since the 1980s. The long-term mean air temperature was 23 °C (1981–2015), and annual mean rainfall was 3835.5 mm·year−1 (1987–2015), with 70% of extreme rainfall occurring in the typhoon season from June to October. The topography of the Fei-Tsui reservoir basin is steep, with 91%, 63%, and 25% of the land surface exceeding slope gradients of 10°, 20°, and 30°, respectively. The underlying geology is mainly dominated by argillite and slate with sandstone interbeds, while the soils are entisols and inceptisols, with high silt contents [14]. Bei-Shih River is the main inflow river of Fei-Tsui reservoir. The three tributaries of Xia-Keng-Zi, Dai-Yu, and Jin-Gua, discharge water into the Bei-Shih river at the upper catchment. Five sampling sites (S1, S2, S3, S4, and S5) were set up within the upstream catchment of Fei-Tsui reservoir. Some catchments were nested within the larger catchment, as shown in Figure 1. The detailed land use distributions for each monitored catchment are summarized in Table 1.




2.2. Field Sampling and Laboratory Analysis


Rainfall data was recorded using tipping bucket rain gauges (0.2 mm resolution) that distributed across the catchment (Figure 1). Rainfall and hydrological data at the Fei-Tsui reservoir catchment were obtained from Taipei Fei-Tsui Reservoir administration office. The Thiessen polygon method was used to calculate the mean rainfall amount in the catchment. Stream water level was measured at the catchment outlet using sensors. The stream water level was then converted to discharge by using the stage–discharge relationship curve developed from manual discharge measurements taken at the catchment outlet. The base flow water samples were manually collected biweekly at every catchment outlet between May and September 2012. In addition, stormwater samples were manually grabbed at 3 h intervals from five sampling sites along Bei-Shih river during the typhoon induced storm events. Water samples in this study were collected using a US DH-48 depth-integrated sampler. This method allows water from the entire water column to be collected in equal volumes, regardless of the particular velocity at different points in the water column. Traditionally, grab sampling (dipping a bottle into the stream near the surface) was used to get water samples from streams. However, this method has been found to under-represent suspended solids concentrations, because a sample of the entire water column is not collected. Depth-integrated sampling involved inserting a 500 mL plastic bottle into the sampler, and then lowering the sampler off the bridge using a long strap that tied securely to the handle of the sampler. The sampler was allowed to sink slowly to the streambed in one motion to fill the sample bottle. If the sample bottle did not fill in one motion, the sampler was raised and lowered slowly, until full. After that, the water samples were stored in the cooler with ice, and delivered immediately to the laboratory once the sampling was completed. All the collected water samples were analyzed for targeted water quality parameters. The filtered and unfiltered samples were analysed for TDP and TP, respectively, by means of acid digestion [27] followed by colorimetric determination using ascorbic acid and molybdate blue, as described by Murphy and Riley [28]. Particulate P (PP) was calculated as the difference between the TP and TDP concentrations. Aliquots of each sample were filtered (0.45 μm, Whatman GF/F) and analyzed for soluble reactive phosphorus (SRP). Dissolved organic phosphorus (DOP) level was calculated as the difference between TDP and SRP concentrations. In addition, the total suspended solids (TSS) was determined according to the standard method for water and wastewater. Experimental determination of volatile suspended solids (VSS) was performed by measuring the loss of weight of total suspended solids (TSS), after incineration in a laboratory oven at 550 °C. Meanwhile, non-volatile suspended solids (NVSS) was obtained via the subtraction of TSS and VSS.




2.3. Data Analysis


In this study, the P load in storm events was calculated by summing up the products of mean concentration between two consecutive samples, and cumulative discharge for each time interval between two samples. This approach was recommended by Vagstad et al. [29] as the most accurate method for load estimation of particulate materials during storm events. In the P fluxes estimation, P concentration is assumed to be evenly mixed in the entire cross section of the river. The P flux (kg P km−2 h−1) for each storm was calculated by normalized total P load (kg P) by catchment area (km) and duration of storm (h). The flow-weighted mean concentration, also known as event mean concentration (EMC), was calculated for all forms of P and other constituents, by using Equation (1):


   EMC =  C ¯  =  M V  =    ∫ 0 T  Q  ( t )  C  ( t )  dt    ∫ 0 T  Q  ( t )  dt     



(1)




where EMC is event mean concentration (mg/L), C is average flow-weighted concentration (mg/L), M is total pollutant mass (kg), V is total runoff volume (m3), Q(t) is time varying flow rate (m3/s); C(t) is time varying pollutant concentration (mg/L), and T is total duration of runoff (s).




2.4. Hysteresis Loop Analysis


Understanding of the catchment transport pathways activated during storm events can be enhanced by studying the changing relationship between discharge and water quality parameters during an individual storm event. Variations in the concentration of constituents in rivers during storms often result in a hysteresis effect, with different concentrations during the rising and falling limbs of the hydrograph [30]. When plotted, such concentration/discharge relationships result in a circular pattern that is referred to as a “hysteresis loop”. Analyses of concentration–discharge hysteresis have been widely used to discriminate diffuse and in-channel sources of sediments and phosphorus [30,31,32]. Seeger et al. [33] described three basic types of hysteresis loops: clockwise, counter-clockwise, and figure eight. A clockwise hysteresis loop is produced when the concentration is higher on the rising limb, while an anticlockwise loop is produced when the concentration is higher on the falling limb [30]. A figure-eight pattern is a combination of both clockwise and counter-clockwise loops, as shown in Figure 2.





3. Results


3.1. Storm Characteristics


Three storm events induced by typhoons Talim, Soala, and Tembin were monitored at the study area during June to August 2012, and the characteristics of these storms have been summarized in Table 2. Storm events are characterized in terms of total rainfall depth (Rdep), total rainfall duration (Rdur), mean rainfall intensity (I), mean discharge (Qave), peak discharge (Qpeak), antecedent dry day (ADD), and five-day antecedent precipitation index (API5). The monitored rainfall depths range from 34.5 to 922 mm, while intensities vary from 0.51 to 7.9 mm/h. The storms induced by typhoons Talim and Tembin were the moderate storms which recorded mean rainfall of 44.8 mm and 60.2 mm, respectively. The temporal changes in rainfalls and discharges at sampling site S4 during typhoons Talim, Soala, and Tembin, are shown in Figure 3(A1–A3). The storm induced by typhoon Talim was smaller, but longer in duration, than that of typhoon Tembin, and was accompanied by various temporal rainfall and runoff patterns, as shown in Figure 3(A1). The total rainfall depth induced by typhoon Soala was almost 12 times greater than that of typhoons Talim and Tembin. The storm produced a peak discharge of 115.68 m3·s−1 at sampling site S4 during typhoon Soala. All catchments had experienced two to three antecedent dry days before the storms induced by typhoon Talim. All catchments exhibited high values of API5, ranging from 116.5 mm to 227.8 mm, prior to the arrival of typhoon Soala. Catchment S5 has wetter soil conditions, with API5 value of 152.5 mm prior to typhoon Talim, compared to other catchments, with API5 values only ranging from 23.0 mm to 45.1 mm.




3.2. Flow-Weighted Phosphorus Concentrations and Fluxes


Flow-weighted concentrations (EMCs) for phosphorus and other constituents at all sampling sites are summarized in Table 3. The riverine P concentrations varied widely in both P forms and between storm events. The flow-weighted mean concentrations of TP for sites S1, S2, S3, S4, and S5 are 27.56 μg/L, 21.28 μg/L, 25.30 μg/L, 27.69 μg/L, and 27.12 μg/L, respectively. During the base-flow measurements, all P fractions were elevated when compared with the concentrations measured during the typhoon storm events at site S1. On the other hand, the flow-weighted TP and PP concentrations increased 1.2-fold and 2.0-fold, compared to base-flow measurements at site S2. All P fraction concentrations were lower in terms of storm runoff, compared to base-flow concentrations at site S3. In contrast, the TP fraction increased 1.1-fold of base-flow concentration at site S4. Chen and Wu [36] found that the concentrations for TP in the stormwater runoff were 0.86-fold of base-flow measurements at the same sampling site S4, from 1999 to 2000, respectively. Large differences between the P fractions were observed for the main stream site and the major tributaries. These results show the importance of re-suspension of phosphorus along the main stream, in delivering PP to the lowland section of the river. The TSS concentration in the base-flow measurement, is increasing from upstream tributaries to downstream sites. The TSS concentration at S4 was 2 times greater than that in the base-flow at site S1. However, the proportion of NVSS to TSS in base-flow is decreasing from 0.67 at S1, to 0.39 at S4. These results suggest that the volatile suspended solid (VSS) levels increase from upstream to downstream due to re-suspension along the main stream. Interestingly, the flow-weighted TSS concentration was observed to increase from S1 to S3, but decreased to nearly half at site S4. A similar result was observed for NVSS from upstream to downstream. This may explain the retention of TSS at the floodplain along the stream from S3 to S4. On average, the EMCs for TP, TDP, SRP, and PP in the upstream catchment of Fei-Tsui reservoir are 27.6 μg/L, 15.66 μg/L, 3.74 μg/L, and 11.94 μg/L, respectively. There is a 1.3, 1.3, 2.05, 1.3, and 1.25-fold increase in flow-weighted concentrations of TP, TDP, SRP, PP, and TSS, respectively, from the upper to lower reaches of the main stream in Fei-Tsui reservoir.



The phosphorus fluxes (kg·km−2) were calculated for all monitored storm events at every sampling site. The P loads and fluxes showed clearly, the distinctive patterns in both P forms, and between different storms and catchment sites. In P flux estimations, higher fluxes were logically associated with high flow events. TP fluxes at site S2 were varied from 7.94 kg/storm for typhoon Tembin, to 177.36 kg/storm for typhoon Soala. These fluxes were equivalent to phosphorus yields between 0.0007 kg·TP·ha−1/storm to 0.0161 kg TP·ha−1/storm for TP at site S2. Meanwhile, TP fluxes at site S4 were varied from 15.74 kg/storm for typhoon Tembin to 322.73 kg/storm for typhoon Soala. Corresponding TP yields varied between 0.0008 kg·ha−1/storm to 0.0165 kg·ha−1/storm at site S4. PP fluxes at site S2 varied from 2.21 kg·PP/storm for typhoon Tembin to 77.72 kg·PP/storm for typhoon Soala, while PP fluxes at site S1 varied from 8.99 kg·PP/storm for typhoon Tembin to 145.92 kg PP/storm for typhoon Soala, respectively. When TP and PP fluxes were compared between typhoon storm events, larger fluxes were observed for typhoon Soala, mainly due to larger storm runoff volume. The mean TP, TDP, SRP, and PP yields during three typhoon events at the upstream catchment of Fei-Tsui Reservoir were 0.008 kg·ha−1, 0.005 kg·ha−1, 0.001 kg·ha−1, and 0.003 kg·ha−1, respectively.




3.3. Hysteresis Patterns of Phosphorus


The P composition changes with discharge and different patterns exist under varied flow conditions. The discharges and concentrations of different forms of phosphorus (P) over storm periods were plotted, to investigate the dynamics of P in relation to the hydrological conditions. The time series of concentrations for different P forms at sampling site S4 during monitored storm events are shown in Figure 3(A1–A3). All forms of P showed similar patterns of transport mechanisms during typhoons Talim and Tembin, although the changes of SRP at site S4 during typhoon Soala were not significant. The peak of PP and TP concentrations mainly occurred either on the rising limb, or at the peak of hydrograph, and returned to pre-event concentration levels relatively quickly, as discharge decreased. Similar observations have been made in studies by House and Warwick [10] at the lower River Swale, UK. Hysteresis loop analysis was carried out to examine the transport patterns of different forms of P in stormwater runoff during monitored typhoon storm periods. The hysteresis loop patterns for P concentrations at site S4 were plotted as shown in Figure 3(B1–B3,C1–C3). The frequency results of hysteresis patterns for TDP and PP at all sampling sites are summarized in Figure 4. Generally, hysteresis TYPE-1 (clockwise) is the most common hysteresis type for TDP, which occurred seven times among all studied catchments during typhoon events. Meanwhile, the hysteresis pattern of TDP occurred five times for TYPE-3, three times for TYPE-4, and with no occurrences for hystereses TYPE-2 and TYPE-5. For PP, hysteresis TYPE-1 remains the most common hysteresis loop, occurring eight times, once for TYPE-2 and TYPE-4, five times for TYPE-3, and no event for TYPE-5. Basically, TDP and PP were transported in the hysteresis patterns of TYPE-1 and TYPE-3.




3.4. Temporal and Spatial Changes of Phosphorus Fractions


For the two smaller typhoon storms monitored (i.e., typhoons Talim and Tembin, <100 mm rainfall), DOP contributed, on average, more than 50% of the TDP flux, while SRP only accounted for around 11% of TDP flux in typhoon Soala. The percentages of all P forms for three typhoon events at every sampling site are analyzed and presented in Table 4. Our results indicated that SRP only represented a small fraction of TP in stream runoff during large typhoon storm event. For typhoons Talim and Tembin, SRP accounted for 33.4% and 25.1% of the TP flux, respectively, and only 6.1% of the TP flux for typhoon Soala. On the other hand, PP accounted for 36%, 45%, and 49% of the TP flux for typhoons Talim, Soala, and Tembin, respectively. When proportions of DOP to TDP fluxes were compared between small and large storms, DOP flux was generally higher for large storms (typhoon Soala) than for small storms (typhoons Talim & Tembin). The percentage of DOP to TDP flux during the two moderate storms increased from 37–62% to 88.75–89.62% in typhoon Soala. The mean percentages of DOP to TP fluxes are 30.7%, 49.4%, and 25.4% for typhoons Talim, Soala, and Tembin, respectively.



Estimations of the entering and exiting fluxes of phosphorus enable the calculation of an upstream–downstream balance. The balances for different P fluxes at upstream and downstream during typhoon periods in this study are summarized in Table 5. PP balances indicate that mobilization predominates during storm events. Phosphorus loads in the upland catchment were predominantly in both particulate and dissolved forms, but the particulate-bound phosphorus increased toward the lowland reach as the flow progressed.



Mobilization of all phosphorus and TSS loads was observed from site S1 to site S2 in all three typhoon storm events. For example, the TP loading was increased from 0.7 kg at site S1, to 16.0 kg at site S2, during typhoon Talim. This may be due to the sampling site S2 being only 1 km downstream of site S1. However, TSS showed retention from upstream sites to downstream, at site S4, during typhoon Soala. The TSS flux at site S4 showed a reduction of 28%, compared to that observed at the upstream sites. On the other hand, there was a retention of TDP observed at site S4 during typhoons Soala and Tembin. Both typhoon storms produced a retention of TDP of 1% and 19% of the input flux at site S4, respectively.




3.5. Hydrological Factors Controlling P Transport


The relationship between EMCs and fluxes of phosphorus with storm characteristics was analyzed using Spearman correlation analysis, to determine the controlling factors that influence P response at event scales. Analyzed storm characteristics included rainfall depth (Rdep), rainfall duration (Rdur), mean intensity (I), max intensity (Imax), mean discharge (Qave), peak discharge (Qpeak), antecedent dry days (ADD), and five-day antecedent precipitation index (API5). All storm variables showed positive correlations with EMCs of DOP, with significant correlation observed between storm duration and DOP as shown in Table 6. Positive correlations were found for ADD with all P forms, except PP and TSS, with significant positive correlation observed with SRP (r = 0.797, p < 0.01). EMCs of all P forms, except DOP, were negatively correlated with Imax and Qave. Meanwhile, API5 showed positive correlations with TP, TDP, DOP, and PP, but was significantly negatively correlated with SRP. On the other hand, storm duration and Imax were correlated negatively with all P fluxes, except for the positive correlation between Imax and SRP. ADD and Qpeak were positively correlated with the fluxes of all P forms.





4. Discussion


The hysteresis analysis was used to investigate how storm discharge and phosphorus transport varies in relation to catchment hydrogeology, rainfall intensity and duration, antecedent conditions, and land use and management. TDP showed the anti-clockwise (TYPE-3) hysteresis pattern, which may suggest that the source of TDP could be from subsurface flow. On the other hand, PP showed the clockwise hysteresis (TYPE-1) behavior for storms Talim and Soala, indicating a flushing of PP from top soils into the stream during the early stage of the storm runoff. In fact, Zehetner et al. [14] found high phosphorus concentration at the soil surface, and its concentration decreased logarithmically near constant levels, below a depth of approximately 10 cm. The clockwise hysteresis pattern was also observed for PP in storm Talim, which may imply the importance of an antecedent dry period on PP build-up, since typhoon Talim experienced the longest period of antecedent dry days, compared to typhoons Soala and Tembin. The PP concentration in base flow was observed to decrease from 20.09 μg/L, to 7.17 μg/L at the downstream. This could be attributed to the retention of PP by within-channel sediment deposition, particularly in the low-velocity downstream during summer season. The frequency of TYPE-1 hysteresis pattern was observed to decrease from typhoons Talim to Tembin, which showed a progressive exhaustion of PP available to be transported as the storm events progressed. Bowes et al. [30] observed that as near-channel P sources became depleted during consecutive storm events, clockwise hysteresis of P forms weakened, and tended toward anticlockwise hysteresis. It is suggested that the hysteresis patterns are mainly influenced by the connectivity of P sources with delivery primarily controlled by the transport of P-rich sediment from catchment to the stream system.



The P fractions showed great variability in both temporal and spatial scales. The SRP showed smaller contribution to TDP as the storm size increased. This indicates that DOP played an important role in TDP export during high flow periods. The origin of DOP was suggested to be either from the terrestrial vegetation with fertilization, or the decomposition of rot off in the forested area [36,37]. Similar observations were found by Chen et al. [38], as P composition varied more widely in typhoon storms, compared to typical storm events. They observed that the DOP/TDP ratios ranged from 67% to 87% for typhoon storms, and 56% to 60% for typical storm events. The fraction of SRP/TDP ranged from 40% to 44% for typical storms, and 13% to 33% for typhoon storms. The results for small typhoon storms in this study are similar to the findings reported by McDowell and Wilcock [7] in New Zealand, where stream SRP generally represented 26.9% of TP in summer/fall. Chen and Wu [36] also found that SRP only represented 20% of TP in river inflow of Fei-Tsui reservoir. In terms of dominant phosphorus forms, TDP accounted for 64%, 55%, and 50% of TP fluxes for typhoons Talim, Soala, and Tembin, respectively. Chen et al. [17] found similar observations that TDP accounted for 60% of TP flux for small storm (rainfall = 75 mm), while it accounted for 39% of TP flux for large storm (rainfall = 142 mm).



In terms of spatial changes, it is observed that the percentage of PP transported in the river was increasing from the upstream to the downstream site. This could be caused by the soil erosion from agricultural land or re-suspension of river bed and flood plain sediments during storm events [6,14,17,18]. Kronvang et al. [6] indicated that 7% of PP losses originated from overland flow, 11–18% from tile-drain flow, and the rest from stream bank soil erosion during storms. Bowes et al. [39] and Owens and Walling [40] have also suggested that dissolved phosphorus in the water column was transformed to PP by adsorption, to suspended sediment as it was transported down the river. Chen et al. [17] found that the particulates, which adsorbed larger amount of phosphorus flushed out either from catchment surface or in the river, always desorbed PP during the high river flow periods. Chen and Wu [36] found that the Fei-Tsui reservoir is in noncalcareous geology, and rich with Fe, Al, and Mn ions in the soil. The particle bound P, like Fe, Mn, or Al bound P minerals, were released from sediment under specific pH values or concentration of salts in the water. The erosion of stream banks and near-channel field soils will deliver these phosphorus rich sediments to the downstream sites. Therefore, management of soil erosion in the headwaters is crucial for effectively controlling the phosphorus transport [41]. The monitoring results also suggest that the transport of DOP was decreasing towards downstream, as the typhoon storm period progressed during the summer season. A decrease of DOP load downstream may reflect the change in phosphorus source down the river continuum. The downstream river has the lowest flow velocity and highest proportion of fine sediment. Re-suspension of sediment during high flow periods will release a greater inorganic phosphorus load, subsequently reducing the proportion of DOP in TDP.



An inverse relationship was observed between SRP and PP concentrations and discharge during typhoon storm events. This demonstrated that intense storm events with high discharge rates tend to produce lower EMCs of SRP, due to dilution effects or exhaustion of sources. Negative correlations between dissolved P concentrations and discharges have been observed in previous studies [42,43,44,45]. Antecedent condition appears to play an important role in SRP export during storm events. Higher SRP flux occurred in typhoon storm events with longer antecedent dry days and lower API5 values. This may explain the re-mobilization of P-rich bed-sediments that accumulated within the river channel from the upstream to the downstream of main inflow river during the summer low-flow periods [46,47,48,49]. Previous work also suggest that channel fine-grained sediment potentially stores phosphorus, ready to be remobilized during storm events [50,51,52].




5. Conclusions


This study has monitored the phosphorus concentrations during three typhoon storm events at the upstream catchment of Fei-Tsui reservoir, Taiwan. The results have clearly demonstrated the phosphorus dynamics along the river continuum during typhoon storm periods. The mean EMCs for TP, TDP, SRP, and PP in the upstream catchment of Fei-Tsui reservoir are 27.6 μg/L, 15.66 μg/L, 3.74 μg/L, and 11.94 μg/L, respectively. There were 1.3, 1.3, 2.05, 1.3, and 1.25-fold increases in flow-weighted concentrations of TP, TDP, SRP, PP, and TSS from the upper to lower reaches of the main stream for Fei-Tsui reservoir. SRP contributed more than 50% of the TDP loads in moderate storms, while extreme storms supply greater DOP load from overland flow into the stream. TDP accounted for approximately 50% of TP load in the typhoon storms.



The hysteresis results showed that TDP and PP are transported with either clockwise or anticlockwise behavior, depending on the storm intensity. TDP transport is primarily regulated by the subsurface flow during storm events. Phosphorus loads in the upland catchment are predominantly in both particulate and dissolved forms, but the particulate-bound phosphorus increases toward the lowland reach as the flow progress. Re-mobilization of phosphorus rich bed-sediments within the river channel plays an important role in phosphorus flux estimation. A decrease of DOP load passing downstream may reflect the change in phosphorus form down the river continuum.



ADD shows positive correlation with EMCs of all forms of P, except PP. Qpeak and ADD are also correlated positively with P fluxes. The findings indicate that storm events transport a large amount of phosphorus which has accumulated during dry periods. River bank erosion, and re-suspension of within-channel phosphorus caused by high storm discharge, are the dominant pathways of P fluxes during the typhoon storm event. Thus, soil conservation practices and river bank protection should be targeted as the main mitigating strategies for reducing the P emission during typhoon storm periods.
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Figure 1. Location of Fei-Tsui reservoir and sampling sites. 
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Figure 2. Hysteresis types (after Williams [34]; Kurashige [35]). Arrows indicate direction through time; TYPE-1 clockwise; TYPE-2 figure eight, clockwise early in storm reversing to counterclockwise; TYPE-3 counterclockwise; TYPE-4 figure eight, counterclockwise early in storm reversing to clockwise; and TYPE-5 no exhaustion. 
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Figure 3. Time series of phosphorus (P) concentrations and discharges (A1–A3), and hysteresis patterns for total dissolved phosphorus (TDP); (B1–B3), and particulate phosphorus (PP); (C1–C3) at site S4 during typhoon storm events. 
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Figure 4. Frequency of hysteresis patterns for (a) TDP; and (b) PP during typhoon storm events. 
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Table 1. Details of sampling sites and land use distributions.
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Site

	
Sampling Site Coordinate

	
Stream

	
Area (km2)

	
Percentage of Land Use (%)




	
Agriculture

	
Forest

	
Road

	
Water

	
Building

	
Other






	
S1

	
24°56′31.1″ N 121°42′46.6″ E

	
Xia-Keng-Zi

	
5.58

	
19.1

	
72.7

	
4.4

	
0.6

	
1.6

	
1.6




	
S2

	
24°56′9.3″ N 121°42′46.0″ E

	
Bei-Shih

	
110.47

	
4.8

	
90.6

	
1.2

	
1.2

	
0.5

	
1.7




	
S3

	
24°55′56.5″ N 121°42′19.1″ E

	
Dai-Yu

	
78.86

	
2.1

	
95.5

	
0.5

	
0.9

	
0.2

	
0.7




	
S4

	
24°55′57.8″ N 121°41′24.5″ E

	
Bei-Shih

	
195.52

	
4.1

	
91.8

	
1.0

	
1.2

	
0.4

	
1.5




	
S5

	
24°55′46.7″ N 121°41′29.9″ E

	
Jin-Gua

	
22.92

	
5.4

	
92.3

	
0.3

	
0.8

	
0.2

	
1.0
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Table 2. Characteristics of monitored storms during typhoons Talim, Soala, and Tembin.
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Typhoon

	
Parameter

	
Unit

	
Site




	
S1

	
S2

	
S3

	
S4

	
S5






	
Talim

19 June–21 June

	
Rdep

	
(mm)

	
46.5

	
46.5

	
34.5

	
46.5

	
53.5




	
Rdur

	
(h)

	
67

	
67

	
67

	
67

	
67




	
I

	
(mm/h)

	
0.69

	
0.69

	
0.51

	
0.69

	
0.80




	
Imax

	
(mm/h)

	
4.5

	
4.5

	
5.5

	
4.5

	
4.0




	
Qave

	
(m3·s−1)

	
0.28

	
5.51

	
2.85

	
9.74

	
2.33




	
Qpeak

	
(m3· s−1)

	
0.31

	
6.20

	
3.95

	
10.97

	
5.30




	
ADD

	
(day)

	
3

	
3

	
3

	
3

	
2




	
API5

	
(mm)

	
45.1

	
45.1

	
23.0

	
45.1

	
152.5




	
Soala

31 July–3 August

	
Rdep

	
(mm)

	
669

	
669

	
922

	
669

	
687




	
Rdur

	
(h)

	
117

	
117

	
117

	
117

	
117




	
I

	
(mm/h)

	
5.70

	
5.70

	
7.90

	
5.70

	
5.90




	
Imax

	
(mm/h)

	
39.0

	
39.0

	
59.5

	
39.0

	
46.5




	
Qave

	
(m3· s−1)

	
1.88

	
37.6

	
21.95

	
73.08

	
10.29




	
Qpeak

	
(m3 ·s−1)

	
3.27

	
65.36

	
49.59

	
115.68

	
29.55




	
ADD

	
(day)

	
0

	
0

	
0

	
0

	
0




	
API5

	
(mm)

	
130.9

	
130.9

	
227.8

	
130.9

	
116.5




	
Tembin

28 August–29 August

	
Rdep

	
(mm)

	
63.5

	
63.5

	
63.0

	
63.5

	
54.0




	
Rdur

	
(h)

	
34

	
34

	
34

	
34

	
34




	
I

	
(mm/h)

	
1.87

	
1.87

	
1.85

	
1.87

	
1.59




	
Imax

	
(mm/h)

	
20.5

	
20.5

	
19.0

	
20.5

	
14.0




	
Qave

	
(m3· s−1)

	
0.29

	
5.74

	
2.46

	
10.22

	
0.99




	
Qpeak

	
(m3· s−1)

	
0.49

	
9.79

	
5.79

	
17.33

	
2.35




	
ADD

	
(day)

	
0

	
0

	
0

	
0

	
0




	
API5

	
(mm)

	
64.0

	
64.0

	
85.0

	
64.0

	
63.7








Note: API = ∑ki Pi, where Pi are precipitation 1, 2, …, i (i = 5) days prior to the event and k is a constant (k = 0.85). Three soil antecedent moisture conditions were classified according to API value. Condition I (dry): 0 ≤ API ≤ 15 mm; Condition II (average): 15 ≤ API ≤ 30 mm; Condition III (wet): API > 30 mm.
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Table 3. Flow-weighted concentrations for all forms of P and other constituents.
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Site

	
Typhoon

	
Flow-Weighted Concentration




	
TP

	
TDP

	
SRP

	
PP

	
Temp.

	
pH

	
EC

	
TSS

	
NVSS




	
μg/L

	
μg/L

	
μg/L

	
μg/L

	
°C

	

	
μmho/cm

	
mg/L

	
mg/L






	
S1

	
Talim

	
21.37

	
13.30

	
7.44

	
8.07

	
22.67

	
7.69

	
115.82

	
3.55

	
2.29




	

	
Soala

	
28.34

	
14.87

	
1.64

	
13.47

	
23.00

	
7.16

	
63.89

	
120.58

	
107.75




	

	
Tembin

	
22.96

	
12.63

	
4.82

	
10.32

	
23.71

	
7.55

	
85.26

	
13.02

	
4.37




	

	
mean

	
27.56

	
14.65

	
2.22

	
12.92

	
23.00

	
7.22

	
68.80

	
106.75

	
94.98




	

	
Base flow

	
46.59

	
26.51

	
4.04

	
20.09

	
25.20

	
7.86

	
134.0

	
1.43

	
-




	
S2

	
Talim

	
22.50

	
12.41

	
6.12

	
10.09

	
23.25

	
7.49

	
69.61

	
3.18

	
1.92




	

	
Soala

	
21.35

	
11.99

	
1.24

	
9.35

	
23.17

	
6.93

	
36.33

	
187.12

	
185.53




	

	
Tembin

	
18.01

	
12.99

	
5.77

	
5.02

	
24.62

	
7.48

	
62.23

	
15.90

	
5.13




	

	
mean

	
21.28

	
12.07

	
1.82

	
9.21

	
23.25

	
7.00

	
40.05

	
165.28

	
163.28




	

	
Base flow

	
17.59

	
12.96

	
5.70

	
4.64

	
25.30

	
7.99

	
62.00

	
1.95

	
-




	
S3

	
Talim

	
21.33

	
15.58

	
6.03

	
5.76

	
23.13

	
7.63

	
79.12

	
3.28

	
2.05




	

	
Soala

	
25.90

	
14.61

	
1.57

	
11.29

	
23.45

	
7.03

	
34.22

	
346.80

	
326.37




	

	
Tembin

	
19.58

	
9.06

	
5.57

	
10.52

	
24.32

	
7.60

	
63.43

	
16.71

	
9.86




	

	
mean

	
25.30

	
14.42

	
2.06

	
10.88

	
23.47

	
7.10

	
38.60

	
308.37

	
289.87




	

	
Base flow

	
29.48

	
15.69

	
3.56

	
13.79

	
25.10

	
7.89

	
83.00

	
2.41

	
-




	
S4

	
Talim

	
84.75

	
53.95

	
29.47

	
30.80

	
25.21

	
8.46

	
67.89

	
5.85

	
3.83




	

	
Soala

	
22.97

	
12.59

	
1.47

	
10.39

	
23.92

	
6.44

	
35.46

	
170.00

	
156.49




	

	
Tembin

	
20.16

	
8.65

	
5.42

	
11.52

	
24.63

	
7.51

	
65.60

	
17.96

	
9.76




	

	
mean

	
27.69

	
15.64

	
3.86

	
12.04

	
24.06

	
6.65

	
39.47

	
149.74

	
137.39




	

	
Base flow

	
24.41

	
17.24

	
29.94

	
7.17

	
26.40

	
9.20

	
74.00

	
2.90

	
-




	
S5

	
Talim

	
34.95

	
23.30

	
14.69

	
11.66

	
22.91

	
7.70

	
76.47

	
5.00

	
3.53




	

	
Soala

	
26.32

	
15.14

	
1.70

	
11.18

	
24.26

	
6.98

	
35.21

	
608.50

	
572.73




	

	
Tembin

	
24.74

	
8.97

	
4.30

	
15.77

	
24.56

	
7.58

	
69.69

	
17.07

	
7.70




	

	
mean

	
27.12

	
15.76

	
3.04

	
11.35

	
24.13

	
7.06

	
40.19

	
533.22

	
501.52




	

	
Base flow

	
72.27

	
36.85

	
8.55

	
35.42

	
24.90

	
8.05

	
81.00

	
3.92

	
-








Notes: SRP—soluble reactive phosphorus; Temp.—water temperature; EC—electrical conductivity; TSS—total suspended solids; NVSS—non-volatile suspended solids.
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Table 4. Percentages of ratio for all P forms at each sampling site during typhoon storm events.
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Site

	
Typhoon

	
Percentage of Ratio (%)




	
SRP:TDP

	
TDP:TP

	
DOP:TDP

	
PP:TP

	
SRP:TP

	
DOP:TP






	
S1

	
Talim

	
55.93

	
62.23

	
44.07

	
37.77

	
34.78

	
27.43




	
Soala

	
11.01

	
52.47

	
88.99

	
47.53

	
5.78

	
46.69




	
Tembin

	
38.17

	
55.04

	
61.83

	
44.96

	
20.95

	
34.19




	
S2

	
Talim

	
49.32

	
55.15

	
50.68

	
44.85

	
27.20

	
27.94




	
Soala

	
10.38

	
56.18

	
89.62

	
43.82

	
5.83

	
50.35




	
Tembin

	
44.40

	
72.14

	
55.60

	
27.86

	
32.03

	
40.10




	
S3

	
Talim

	
38.73

	
73.01

	
61.27

	
26.99

	
28.28

	
44.73




	
Soala

	
10.76

	
56.41

	
89.24

	
43.59

	
6.07

	
50.34




	
Tembin

	
61.50

	
46.26

	
38.50

	
53.74

	
28.45

	
17.81




	
S4

	
Talim

	
54.63

	
63.66

	
45.37

	
36.34

	
34.78

	
28.88




	
Soala

	
11.71

	
54.79

	
88.29

	
45.21

	
6.41

	
48.37




	
Tembin

	
62.72

	
42.89

	
37.28

	
57.11

	
26.90

	
15.99




	
S5

	
Talim

	
63.04

	
66.65

	
36.96

	
33.35

	
42.02

	
24.63




	
Soala

	
11.25

	
57.53

	
88.75

	
42.47

	
6.48

	
51.05




	
Tembin

	
47.99

	
36.25

	
52.01

	
63.75

	
17.38

	
18.84
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Table 5. Balances for all P and TSS fluxes at upstream and downstream during typhoon periods.
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Typhoon

	
Upstream Site (S1) P Loading (kg)

	
Upstream Sites (S1, S2 & S3) P Loading (kg)




	
TP

	
TDP

	
SRP

	
PP

	
TSS

	
TP

	
TDP

	
SRP

	
PP

	
TSS






	
Talim

	
0.7

	
0.4

	
0.2

	
0.2

	
1.3 × 102

	
24.8

	
15.2

	
6.9

	
9.6

	
3.6 × 103




	
Soala

	
11.7

	
6.1

	
0.6

	
5.6

	
5.0 × 104

	
317.8

	
178.4

	
18.8

	
139.4

	
3.3 × 106




	
Tembin

	
0.5

	
0.2

	
0.1

	
0.2

	
2.9 × 102

	
13.5

	
8.3

	
4.0

	
5.1

	
1.2 × 104




	

	
Downstream Site (S2) P Loading (kg)

	
Downstream Site (S4) P Loading (kg)




	
Talim

	
16.0

	
8.8

	
4.3

	
7.2

	
2.3 × 103

	
107.0

	
68.1

	
37.2

	
38.8

	
7.4 × 103




	
Soala

	
177.3

	
99.6

	
10.3

	
77.7

	
1.6 × 106

	
322.7

	
176.8

	
20.7

	
145.9

	
2.4 × 106




	
Tembin

	
7.9

	
5.7

	
2.5

	
2.2

	
7.0 × 103

	
15.7

	
6.7

	
4.2

	
8.9

	
1.4 × 104
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Table 6. Correlations between hydrological factors with event mean concentrations (EMCs) and fluxes for all P forms.






Table 6. Correlations between hydrological factors with event mean concentrations (EMCs) and fluxes for all P forms.





	
Parameter

	
Storm Characteristics




	
Rdep

	
Rdur

	
I

	
Imax

	
Qave

	
Qpeak

	
ADD

	
API5






	
Event Mean Concentration (mg/L)




	
TP

	
0.134

	
0.491

	
0.134

	
−0.011

	
−0.021

	
0.007

	
0.142

	
0.307




	
TDP

	
−0.155

	
0.416

	
−0.155

	
−0.170

	
−0.054

	
−0.086

	
0.487

	
0.025




	
DOP

	
0.372

	
0.775 **

	
0.372

	
0.386

	
0.421

	
0.393

	
0.034

	
0.332




	
SRP

	
−0.852

	
−0.472

	
−0.852 **

	
−0.895 **

	
−0.468

	
−0.464

	
0.797 **

	
−0.607 *




	
PP

	
0.134

	
0.057

	
0.134

	
−0.011

	
−0.036

	
0.021

	
−0.146

	
0.271




	
TSS

	
0.931 **

	
0.472

	
0.931 **

	
0.903 **

	
0.582 *

	
0.611 *

	
−0.818 **

	
0.704 **




	
Fluxes (kg)




	
TP

	
−0.063

	
−0.246

	
−0.063

	
−0.150

	
−0.004

	
0.032

	
0.140

	
−0.025




	
TDP

	
0.020

	
−0.076

	
0.020

	
−0.082

	
0.022

	
0.063

	
0.135

	
0.102




	
DOP

	
0.062

	
−0.047

	
0.062

	
−0.047

	
0.072

	
0.115

	
0.078

	
0.163




	
SRP

	
0.142

	
−0.086

	
0.142

	
0.062

	
0.117

	
0.171

	
0.028

	
0.102




	
PP

	
−0.073

	
−0.399

	
−0.073

	
−0.174

	
−0.034

	
0.009

	
0.071

	
−0.062




	
TSS

	
0.170

	
−0.340

	
0.170

	
0.054

	
−0.111

	
−0.071

	
−0.261

	
0.300








Notes: ** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed).
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