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Abstract

:

This study aims to evaluate recent total phosphorus (TP) and dissolved inorganic phosphorus (DIP) transport from three coastal rivers—the Calcasieu, Mermentau, and Vermilion Rivers—that drain watersheds with varied agriculture intensities (21%, 67%, and 61%, respectively) into the northern Gulf of Mexico, one of the world’s largest summer hypoxic zones. The study also examined the spatial trends of TP and DIP from freshwater to saltwater along an 88-km estuarine reach with salinity increasing from 0.02 to 29.50. The results showed that from 1990–2009 to 2010–2017, the TP fluxes for one of the agriculture-intensive rivers increased while no significant change was found for the other two rivers. Change in river discharge was the main reason for this TP flux trend. The two more agriculture-intensive river basins showed consistently higher TP and DIP concentrations and fluxes, as well as higher DIP:TP ratios than the river draining less agriculture-intensive land, confirming the strong effect of land uses on phosphorus input and speciation. Longitudinal profiles of DIP along the salinity gradient of the estuarine reach displayed characteristic input behavior. Desorption of DIP from suspended solids and river bed sediments, urban inputs, as well as stronger calcium carbonate and phosphorus co-precipitation at the marine endmember could be the reasons for such mixing dynamics.
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1. Introduction


Excess nitrogen and phosphorus loads in rivers from both point sources and diffuse sources have been considered one of the main causes for eutrophication and harmful algal blooms of world’s coastal and lake waters [1,2,3] because these two elements strongly affect biological activity in aquatic environments. Over the past few decades, a conceptual model of nitrogen versus phosphorus limitation for terrestrial ecosystems has emerged based on the difference between nitrogen and phosphorus inputs, especially abiotic phosphorus inputs and nitrogen inputs from the atmosphere. Abiotic phosphorus inputs decline over time because phosphorus weathers out of rocks, whereas nitrogen inputs from the atmosphere do not change much as soil develops. Such declining phosphorus inputs during pedogenesis has been termed by Walker and Syers [4] as a “terminal steady state” of phosphorus deficiency. This depletion-driven phosphorus model has been recently tested in two long-term studies [5,6]. It is interesting to know if pedogenic dynamics of phosphorus is also reflected in river waters that drain watersheds with different dominant land uses. Such information can be useful for predicting long-term riverine phosphorus transport from large drainage areas to their receiving basins.



Results from a previous study [7] on nutrient inputs from four coastal rivers in southwest Louisiana found that two of the four rivers that drained pasture- and forest-dominated lands showed increasing or no clear trend of total phosphorus (TP) over a period of 30 years from 1980 to 2009, while the other two rivers that drained intensive agricultural lands had a declining trend of TP input. A significant reduction occurred in the 1990s and stayed through the 2000s and, therefore, has been attributed to the implementation of agricultural best management practices (BMPs) which began in the early 1990s. There is a growing interest in the research community as well as with policy makers to review if such decadal trends of riverine phosphorus fluxes in these rivers have been maintained in the past decade. Such information will provide insights into long-term BMP effectiveness as well as the pedogenic dynamics of phosphorus, which can help to develop science-based nutrient management plans to protect coastal water quality.



The near-shore coastal waters of Louisiana in the northern Gulf of Mexico (NGOM) have experienced severe oxygen depletion each summer since the mid-1980s [8,9,10]. Nutrient enrichment, including phosphorus enrichment, is considered one of the major causes for the summer hypoxic conditions in the NGOM [11,12]. As the largest river system in North America, the Mississippi-Atchafalaya River System (MARS) has been investigated intensively. Fluxes of nutrients from the MARS to the NGOM have been estimated for the past several decades [13,14,15]. Due to its large discharge volume and power, the MARS has strong off-shore effects on water quality and nutrient availability. In contrast, the coastal rivers of southwest Louisiana entering the NGOM may have strong seasonal effects on near-shore water quality and nutrient availability in the region’s estuaries. While many studies have focused on nutrient input from MARS, little is known about the transport and transformation of phosphorus from the major coastal rivers of southwest Louisiana, which discharge a considerable amount of freshwater and sediment to the NGOM [16].



Phosphorus transport and transformation in an estuary can depend on phosphorus speciation [17]. Total phosphorus can be divided into dissolved and particulate organic phosphorus (DOP and POP) and dissolved and particulate inorganic phosphorus (DIP and PIP) pools. The DIP fraction is composed of phosphate (PO43−), phosphoric acid (HPO42−), orthophosphate (H2PO4−), and triprotic phosphoric acid (H3PO4). The relative abundance of these species will vary with pH in aquatic systems, making H2PO4− and HPO42− the more common species in freshwater and seawater, respectively [17]. An important consideration in phosphorus dynamics is the within-stream transformation between various phosphorus forms. Depending on the initial concentration, the equilibrium phosphorus concentrations of the suspended sediments, the composition of streambed sediments and stream bank material, and the adsorption-desorption interaction between soluble and particulate phosphorus adsorbed on sediments can increase or decrease the soluble phosphorus concentration [18,19,20]. Rivers draining watersheds with differing land uses may have important impacts on phosphorus speciation due to the differences in phosphorus sources.



This study aimed to revisit phosphorus transport in three previously studied estuarine rivers in southwest Louisiana over the recent decade. One river drains a pasture/forest-dominated watershed and two rivers drain intensive agricultural lands. The study included the following specific objectives: (1) determining recent total and dissolved inorganic phosphorus (DIP) fluxes from rivers with different land use types entering one of the world’s largest hypoxic zone; (2) investigating spatial and temporal variations of TP and DIP in an estuarine river; (3) assessing mixing dynamics across salinity gradients for TP and DIP in an estuary with steep salinity gradients.




2. Methods


2.1. Calcasieu, Mermentau, and Vermilion Rivers


The three coastal rivers investigated in this study are the Calcasieu, Mermentau, and Vermilion Rivers, all of which enter the NGOM in southwest Louisiana, USA (Figure 1). The Calcasieu River flows 322 km through a low-lying Chenier Plain in Southwest Louisiana, USA, before entering the northern Gulf of Mexico. This study has focused on the river’s last 88-km reach (Figure 1) that has a clear salinity gradient and tidal water influence. In the late 1940s, the U.S. Army Corps of Engineers was authorized by the U.S. Congress to construct a deep-draft channel in the Calcasieu River from Lake Charles to the Gulf of Mexico (GOM). The channel deepening allowed saltwater intrusion from the Gulf, threatening the upper Calcasieu River, a source of water for agricultural irrigation. In the 1960s, a saltwater barrier dam was constructed upstream of Lake Charles [21,22], to prevent saltwater from traveling further upstream, as well as to regulate freshwater outflow. The Mermentau and Vermilion Rivers are two shorter rivers. The Mermentau River drains a land area of 16,997 km2 with a length of 115 km [23], and discharges into the Grand Lake before reaching the NGOM. The Vermilion River is 116 km long with a basin area of 4470 km2 [16,24], draining into the Vermilion Bay. Except for some navigational locks, no dams were constructed along the main channels of these two rivers. The Vermilion River is heavily human-modified with canals for agriculture irrigation.



The climate of the study area is subtropical, characterized by long, hot, and humid summers and generally short, mild winters. During the sampling period from April 2014 to February 2016, the average monthly temperature ranged from 9.6 °C in January 2015 to 28.5 °C in August 2014, with a mean of 20.9 °C for the twenty-three-month study period (National Oceanic and Atmospheric Administration (NOAA) station: Calcasieu Pass, LA—Station ID: 8768094). Land use conditions are different among the three river basins. The Mermentau and Vermilion River Basins are dominated much more by agricultural land uses (67% and 61%, respectively) when compared with the Calcasieu River Basin (26%) [16,25,26,27]. The difference in land use dominance may have profound effects on nutrient input from the river basins.




2.2. Field Measurements and Laboratory Analysis


From April 2014 to February 2016, seventeen sampling events were conducted, taking place at eight sampling sites: sites 1 to 6 along an 88-km reach of the Calcasieu River from freshwater to saltwater, site 7 near the mouth the Mermentau River, and site 8 near the mouth of Vermilion River (Figure 1). Among the seventeen sampling events, four of them had both sediment and water samples collected from the Calcasieu River, which were in July 2014, December 2014, March 2015, and August 2015. Note that site 3 was only sampled from August 2014 to February 2016, and sites 7 and 8 were only sampled from April 2014 to July 2015. Sites 1 and 2 were located above the saltwater barrier dam; therefore, water samples collected from the two sites were freshwater. All sampling sites on the Calcasieu below the barrier (i.e., sites 3, 4, 5, and 6) were saltwater-affected to varied degrees, depending on river discharge and tidal mixing at the time of field sampling. During each trip, water temperature, dissolved oxygen (DO) concentration, pH, and salinity were measured using an YSI 556 multi-probe meter (YSI Inc., Yellow Springs, OH, USA). Fluorescence was measured with an AquaFluor® handheld fluorometer (Turner Designs, CA, USA) and was reported as arbitrary fluorescence units (AFUs). Turbidity was measured with a Turbidimeter (Hach, Loveland, CO, USA).



In addition, surface water samples were collected at each site approximately 30–50 cm below the water surface. The samples were collected from piers reaching out about 8–15 m into the river channel with a grab sampler. The sampler consists of a 3.7 m aluminum pole with a polyethylene bottle attached at the end of the pole. High Density Polyethylene (HDPE) bottles (250 mL and 1000 mL) were used to store water samples for TP, DIP and total suspended solids (TSS) analysis. All bottles were thoroughly acid-cleaned and rinsed using river water before use. Duplicate samples were collected at one site per trip for quality control purposes.



Surface sediment samples from the riverbed surface were collected using a sediment sampler (AMS Inc., American Falls, ID, USA) at the six sites on the Calcasieu River. Sediment samples were collected at three locations from the pier at each site and then combined to represent that site. All water and sediment samples were stored in a cooler with wet ice during transportation and refrigerated until chemical analysis.



Water samples were analyzed for TP at the W. A. Callegari Environmental Center, Louisiana State University Agricultural Center. The analyses were done with a LaChat Flow Injection Analyzer, QuikChem 8500, Series II (Hach, Loveland, CO, USA) using EPA Methods 365.3. Concentrations of DIP were measured using a segmented flow auto-analyzer (Flow Solution IV, O.I Analytical, College Station, TX, USA) at the Louisiana State University School of the Coast and Environment Wetland Biogeochemistry Analytical Services after samples were filtered through 0.45 µm syringe filters. Additional water samples were filtered for TSS determination with gravimetric method at the W. A. Callegari Environmental Center, Louisiana State University Agricultural Center. Field and lab blanks were used for quality control to ensure that the samples were not contaminated, and that all sample analyses were within control limits. Duplicate analyses of water samples typically yielded an error less than 6%. The recovery rates of lab control samples for TP were from 84% to 108%. The method detection limits for TP, DIP, and TSS were 0.01, 0.000279, and 4 mg L−1, respectively. In addition to the data collected for this study, dissolved organic carbon (DOC) (data available in He and Xu 2017a and 2017b [28,29]) and total silicon (Si) concentrations in water samples collected during the same study period were processed, and results are included here where applicable.



Sediment samples were digested and analyzed for TP, calcium (Ca), zinc (Zn) and manganese (Mn) using method EPA 200.7. All the analysis was done at the W. A. Callegari Environmental Center, Louisiana State University Agricultural Center using inductively coupled plasma-atomic emission spectroscopy. The detailed sample analysis for total silicon (Si) in water samples as well as TP and cations in sediment samples was the same as the method used in He and Xu [30].




2.3. Riverine Phosphorus Flux Calculation


To estimate TP and DIP mass input from freshwater of the Calcasieu, Mermentau, and Vermilion Rivers into their mixing zones near the NGOM, daily discharge records for the three rivers were collected from the United States Geological Survey (USGS). The gauge stations were chosen based on availability and their proximity to the sampling sites for optimal representation. Specifically, the locations with their USGS gauge station numbers were Calcasieu River near Kinder, LA (USGS 08015500), Mermentau River at Mermentau, LA (USGS 08012150), and Vermilion River at Perry, LA (USGS 07386980).



Fluxes of TP and DIP are the product of the river’s discharge and concentrations of TP and DIP; therefore, there often exists a close relationship between nutrient fluxes and discharge. In this study, we estimated freshwater daily nutrient fluxes of the three rivers using a rating curve that can be described as the following log-linear regression model [15]:


  ln  (  S  ( t )   )  =  b 0  +  b 1  ln  (  Q  ( t )   )   



(1)




where b0 and b1 are parameter estimates, Q(t) represents the discharge in m3 s−1, and S(t) is the nutrient flux in g s−1. Application of the equation yielded satisfactory results for both TP and DIP (Table 1).



There are different approaches in estimating element loading in rivers. These approaches are all associated with some uncertainties. Since the main goal of this study is to compare P fluxes among the three watersheds, estimation errors using the rating curve method in the present paper should be systematic, allowing the comparison of the loading estimates for the rivers valid.



In the previous report on TP fluxes of the Calcasieu River for 1990–2009, He and Xu [7] used water quality measurements conducted at Kinder, about 40 km upstream from site 1 in this study, by the Louisiana Department of Environmental Quality (LDEQ). To compare the change in TP flux for this river in the past decade, we compiled water quality data from 2010 to 2017 from LDEQ. Only for this comparison, Kinder was used to represent the Calcasieu River, and TP concentration data from LDEQ were used. For all other comparisons, site 1 was used to represent the Calcasieu River, and all TP and DIP concentrations were from this study, as described below.



Since DIP concentration is not available from LDEQ, to calculate the contribution of DIP flux to TP flux, TP and DIP concentrations from this study were used to calculate TP and DIP fluxes during the study period. Here, concentrations of TP and DIP at site 1 were used to calculate daily TP and DIP fluxes from the Calcasieu River freshwater. Because site 1 and the USGS discharge gage station at Kinder were about 40 km apart, we used an area weighting to estimate the runoff from the land between the two locations. Detailed calculations are available in He and Xu [29]. All discharge for the Calcasieu River presented in this study were the calculated discharge at site 1. Phosphorus concentrations and river discharges at sites 7 and 8 were used to calculate daily TP and DIP fluxes from the Mermentau and Vermilion Rivers. Because the fluxes calculated in the study will be considered as freshwater phosphorus loading to the studied estuaries, all negative discharges were excluded in flux calculations. A comparison between measured phosphorus fluxes and estimated phosphorus fluxes are shown in Appendix A Figure A1 and Figure A2. Statistical performance of the rating curves (Table 1) for estimating phosphorus daily fluxes of the Calcasieu (Site 1), Mermentau, and Vermilion Rivers are shown in Appendix A Figure A3 and Figure A4. Nutrient yield for the three rivers (mass per unit area per unit time) were calculated by dividing the nutrient flux by the basin drainage areas at the gauge stations. This normalized nutrient flux so that comparison between river basins could be made. Note that all fluxes and yields calculated in this study only represent phosphorus inputs from freshwater of the Calcasieu, Mermentau, and Vermilion Rivers into their mixing zones. The amount of TP and DIP that will eventually reach the NGOM may differ due to the mixing effects of the estuaries and the impacts of lakes and wetlands.




2.4. Mixing Analysis


Mixing analysis was performed for TP and DIP in the Calcasieu River. Concentrations of TP and DIP expected by the conservative-mixing model were calculated using the following formula [31,32]:


   C  m i x   = f  C r  +  (  1 − f  )   C m   



(2)




where C denotes concentration, the subscripts r and m indicate river and marine endmembers, respectively, and  f  represents the fraction of freshwater in each sample calculated from salinity assuming salinity is mainly controlled by conservative mixing [31,32]:


  f =  (   S m  − S  )  /  (   S m  −  S r   )   



(3)




where S is the salinity at the sampling point and the subscripts are the same as Equation (2).    S m    and    S r    are salinity at the marine and river endmembers. Site 1 in this study generally has a salinity around 0.03 (Table 2), which can be considered as freshwater. Therefore, site 1 is considered as the river endmember. As the closest site to the GOM, site 6 had the highest salinity among all sites. To simplify the situation, site 6 was used as the marine endmember.




2.5. Statistical Analysis


A two-way analysis of variance (ANOVA) comparing water sample values was performed separately for TP concentration, DIP concentration, DIP:TP, DOC:TP, DOC:DIP, Si:TP, Si:DIP, as well as environmental parameters, including salinity, pH, water temperature, DO concentration, TSS, Fluorescence, and Turbidity based on the sampling sites. Tukey-Kramer’s adjustment was used to group sampling sites when ANOVA shows significant differences among sites. For the Calcasieu River, Pearson Correlation Coefficients were calculated to analyze the relationships among TP, DIP, and environmental parameters, including salinity, pH, water temperature, DO concentration, TSS, Fluorescence, Turbidity, river discharge, and river gage height, as this coefficient measures the strength of a linear relationship between two parameters [33]. While being a useful and straightforward way to investigate potential factors affecting nutrient concentrations, the Pearson Correlation Coefficient only considers one factor at a time, which can lead to large p values due to a large number of factors. To explore potential factors affecting nutrient concentrations, backward stepwise linear regressions were also performed between TP, DIP, and environmental parameters that had significant correlations with TP and DIP. Correlation analysis between TP concentration and concentrations of calcium (Ca), zinc (Zn) and manganese (Mn) were also performed in sediment samples collected in the Calcasieu River. All statistical analyses were performed with the SAS Statistical Software package (SAS Institute Inc., Cary, NC, USA).





3. Results


3.1. Hydrology and Ambient Conditions


From April 2014 to February 2016, the Calcasieu River showed an average daily discharge of 73 m3 s−1 (std: ±91), ranging from 6 to 809 m3 s−1 (Figure 2), with November 2015 having the highest average discharge (271 m3 s−1) and September 2015 the lowest (8 m3 s−1). The large seasonal variation of discharge during the sampling period had clear impacts on salinity and pH along the estuarine river. For instance, the salinity and pH during the April 2015 sampling event were the lowest for most sites due to the high discharge when compared with other sampling trips a and Figure 3a). The Mermentau and Vermilion Rivers showed a similar seasonal trend in river discharge (Figure 2a) but with a much lower average daily discharge than the Calcasieu river, at 53 (±83) m3 s−1 and 40 (±33) m3 s−1, respectively.



The ambient conditions at the six sampling sites along the Calcasieu River varied largely (Table 2 and Figure 3). Salinity levels at site 6, the closest location to the Gulf of Mexico, ranged from 4.80 to 29.50, with an average of 19.05, which was more than 700 times higher than that of site 1, the most upstream location. The salinity levels increased with decreasing distance from the GOM (Table 2 and Figure 3a) and, as expected, pH was positively correlated to salinity (Table 3). However, pH at sites 1 and 2 had a larger variation than salinity did (Figure 3). The average dissolved oxygen and total suspended solids concentrations at sites 5 and 6 were much higher than those of the other sites (Table 2 and Figure 3). Being nearest to the GOM, sites 5 and 6 were strongly impacted by saltwater. The stronger tidal movement at these two sites may have aerated the water, as reflected by the higher DO levels at the sites. Due to the negative relationship between temperature and DO (Table 3), the DO concentrations were higher during winter and spring months and lower during summer and fall months (Figure 3). When compared with the Calcasieu River, the Mermentau and Vermilion Rivers clearly had lower DO concentrations, but higher fluorescence and turbidity (Table 2).




3.2. Freshwater Phosphorus Concentrations, Fluxes and Yields


Both total phosphorus and dissolved inorganic phosphorus concentrations showed the same trend among the three rivers: Vermilion > Mermentau > Calcasieu (Table 4 and Figure 4). The average total phosphorus concentrations at Calcasieu (site 1), Mermentau, and Vermilion were 0.11, 0.26, and 0.40 mg L−1, and the average dissolved inorganic phosphorus concentrations were 0.020, 0.11, and 0.22 mg L−1, respectively. DIP concentration accounted for 24% (site 1) to 34% (site 6) of the TP concentration in the Calcasieu River, but made a much higher proportion in the Mermentau River (42%) and Vermilion River (54%). Molar ratios of DOC:TP, DOC:DIP, Fe:TP, and Fe:DIP in the three rivers showed opposite trends: Calcasieu > Mermentau > Vermilion (Table 4 and Figure 4).



For this study period, the Calcasieu River discharged 273 t of TP each year from its freshwater into coastal waters, of which 38 tonnes (t) were DIP. When normalized to the drainage basin area, the fluxes represent an annual TP yield of 46 kg km−2 year−1, and an annual DIP yield of 6 kg km−2 year−1. The Mermentau and Vermilion Rivers discharged distinctively more TP and DIP into their estuaries than the Calcasieu River did. For the Mermentau River, the average annual fluxes of TP and DIP were 663 t year−1 and 185 t year−1, respectively. The Vermilion River had similar TP flux (693 t year−1) to the Mermentau River, but more DIP flux (550 t year−1). When normalized to the drainage basin area, the differences in phosphorus yield between the Calcasieu River and the two agricultural intensive rivers (the Mermentau and Vermilion Rivers) were even more apparent. The TP and DIP yields of the Mermentau River were 238 and 67 kg km−2 year−1, while the TP and DIP yields of the Vermilion River were 425 and 337 kg km−2 year−1, respectively.



Seasonally, freshwater of the Calcasieu River showed the highest mean monthly fluxes of TP and DIP in November 2015, and the lowest in September 2015, corresponding to the river discharge regime (Figure 2). In November 2015, the Calcasieu River discharged 101 t TP and 7 t DIP into its estuary, contributing 20% and 15% of their average total annual exports, respectively. The Mermentau and Vermilion Rivers had a similar seasonal trend in TP and DIP fluxes. However, due to the data availability, the highest monthly phosphorus fluxes in the Mermentau and Vermilion Rivers were in April 2015 and June 2014, respectively (Figure 2).




3.3. Comparison between TP Loading during 1990–2009 and 2010–2017


When compared with the total phosphorus exports for 1990–2009 from the Calcasieu and Mermentau Rivers (0.51 t day−1 and 1.87 t day−1; He and Xu 2015), the recent average daily TP fluxes of these two rivers were only slightly lower (i.e., 0.48 t day−1 and 1.78 t day−1, respectively) (Table 5). For the Calcasieu River, the insignificant change in TP flux could be affected by both a significant decrease in river discharge and a significant increase in TP concentration in the past eight years. The insignificant change in TP flux from the Mermentau River reflected the insignificant change in both river discharge and TP concentration. The Vermilion River had statistically significant increase in river discharge from 1990–2009 period to 2010–2017 period, while the increase in TP concentration was not statistically significant (Table 5), resulting in a moderate but statistically significant increase in daily TP fluxes.




3.4. Phosphorus Concentration Change in a Mixing Zone


From the freshwater site to the saltwater sites along the 88-km Calcasieu River reach, no clear longitudinal trend in total phosphorus was found. The average TP concentration for the six sites ranged from 0.10 to 0.11 mg L−1 (Table 4 and Figure 4). Generally, the two upstream fresh water sites (sites 1 and 2) had lower dissolved inorganic phosphorus concentrations than the four downstream sites, with site 5 having the highest DIP concentrations for more than half of the sampling trips (Table 4 and Figure 4). There was a large temporal variation in TP and DIP concentrations at all six sites in the Calcasieu River. Both TP and DIP concentrations were in general lower in winter months, and higher in summer and fall months (Figure 4). This trend was confirmed by the positive relationship between temperature and concentrations of TP and DIP (Table 3).





4. Discussion


4.1. Flow and Rainfall Effects on Phosphorus Fluxes


This study found that the Vermilion River, draining agriculture intensive land, had an increased total phosphorus export from the 1990–2009 period to the 2010–2017 period. However, the increase should not be attributed to land use effects because the river discharge increased during the past eight years while the TP concentration in the river was relatively unchanged (Table 5). The Vermilion River receives partial flow from the Atchafalaya River through river diversion [16] and it is not clear whether the discharge increase was caused by an increased diversion from the Atchafalaya River or an increased rainfall within the drainage area. In any case, the findings indicate the important role of river discharge in TP export.



From 1990–2009 period to 2010–2017 period, the variation of river discharge in the Calcasieu River was mainly caused by precipitation change. For instance, daily precipitation from a NOAA weather station (station number: USC00166938 Oberlin fire tower, LA, USA) which is about 16 km upstream of Kinder can explain 71% variance of the river discharge at Kinder during 1990–2017 (Appendix A Figure A5). Other studies have shown that climate condition such as precipitation has a critical impact on riverine phosphorus export. Chen et al. [34] showed that in the six catchments of the Yongan River watershed in eastern China will have an 8–18% increase from 2000–2010 in riverine TP flux by 2030 due to a 4% increase in precipitation with no changes in anthropogenic phosphorus inputs and land use condition. As future climate change drives an increase in hydrologic variability, the predictability of the response of nutrient flux such as TP flux to discharge may be important in understanding ecosystem responses to climatic change.



River discharge impacts TP flux not only because TP flux is the product of the river’s discharge and TP concentration in river water, but also because discharge influences TP concentration. In the Calcasieu and Mermentau Rivers, low discharges were not always accompanied by high TP concentrations, but high TP concentrations were usually accompanied by low discharges, suggesting the dilution effect of river discharge. For example, in the Calcasieu River, all samples with TP concentrations >0.18 mg L−1 were collected when discharges were below 50 m3 s−1 (Appendix A Figure A6). In the Mermentau River, all samples with TP concentrations >0.30 mg L−1 were collected when discharges were below 105 m3 s−1. The Vermilion River did not exhibit such trend, and we believe this is caused by the high nutrient availability in the Vermilion drainage basin due to the agricultural intensive land use conditions. In this river, discharge could have a dilution effect as well as have the ability to bring in more nutrients into the river surface water due to soil erosion.



River discharge could also affect phosphorus flux by changing the water depth of the river, potentially causing vertical profile differences in phosphorus concentration. Therefore, even though surface water sampling is a very common practice, profiled water sampling might be a more appropriate way to determine phosphorus flux. However, since we only collected surface water samples, discussion on this subject is beyond the scope of this study.




4.2. Land Use Effects on Phosphorus Fluxes


The TP and DIP fluxes and yields from the Mermentau and Vermilion Rivers were clearly higher than those from the Calcasieu River, further confirming the strong effect of land uses on phosphorus input to estuaries in coastal river basins. Phosphorus in surface waters arises from various sources, including drainage from agricultural soils, domestic, farm, and industrial effluents, groundwater discharge, and atmospheric deposition [19,35,36]. Numerous studies have demonstrated the strong effect of agricultural practices in coastal river basins on the quantity and quality of nutrient input to estuaries [7,37]. The concentration of phosphorus in drainage water from agricultural land is a complex function of soil characteristics, land use, and management practices [19,38]. Due to the non-existence of gaseous phase and phosphorus adsorption on oxides and clay mineral, phosphorus is less mobile in the soil-plant-atmosphere system than nitrogen [37]. One consequence of this lower phosphorus mobility throughout the soil profile is that when phosphorus fertilizers are applied, they tend to increase soil phosphorus concentration on the surface, which makes phosphorus more available by loss through soil erosion and surface runoff [37,39]. The high availability of phosphorus by loss explains the strong impact of agriculture on river water TP and DIP concentrations and fluxes.



Land uses not only change the quantity of phosphorus loadings to estuarine rivers, but also change the forms and availability of phosphorus. The higher DIP contribution in rivers draining agricultural-intensive watersheds may be due to the soluble phosphorus fertilizer used in these river basins. The Mermentau and Vermilion Rivers also had lower DOC:TP, DOC:DIP, Si:TP, and Si:DIP ratios than the Calcasieu River. The differences in those ratios can influence primary production and the composition of plankton communities in these rivers, individually or in combination, as such influence was found by other researchers [40,41].




4.3. Phosphorus in Fresh-Saltwater Mixing


In this study, we found no clear mixing dynamics of total phosphorus (Figure 5). The average TP concentrations at the six sites from upstream to downstream were fairly consistent. The mixing dynamics of DIP concentration versus salinity plots suggest a source was present throughout the Calcasieu Estuary since measured DIP concentration was usually higher than those predicted by conservative mixing (Figure 6), and this source is not related to seasonal change. The ultimate source of biologically available DIP is the weathering of continental rocks. However, only about 5% to 10% of the phosphorus eroded from continental rocks is thought to be carried to the oceans in dissolved form, and the rest is presumably carried as inert phosphorus in fluvial detrital grains [42,43]. Therefore, the forms of phosphorus have important impact on phosphorus transport and transformation dynamics in a river system.



The interaction between water and sediment has important impacts on phosphorus concentration in water. In solution, DIP reacts quickly with a wide variety of surfaces, being taken up by and released from particles through a complex series of sorption reactions [42,44]. For instance, desorption of DIP from aluminum and iron oxides is an important source for DIP in estuarine waters, while adsorption of DIP on sediments is an important sink for some estuaries. Hobbie et al. [45] reported that 60% of the DIP entering the Pamlico River estuary (USA) was scavenged by particulates and stored in sediments, while Evans et al. [46] showed that sediment plays an important role in supplying phosphorus to the river channel. In both freshwater and estuarine systems, concentrations of DIP have been strongly linked with the suspended sediment load. In fact, a stable or “equilibrium” concentration range of DIP, between 0.5 µM (0.015 mg L−1) and 2 µM (0.062 mg L−1), has been reported for several estuarine systems [42,47], including the Calcasieu Estuary in this study. These stable DIP concentrations are believed to be controlled by a “buffering” of DIP through the adsorption and desorption onto metal oxide surfaces [48,49].



The release of phosphorus from estuarine sediment is a common and important process that varies spatially and temporally [17]. Metal oxyhydroxide adsorption of phosphorus in sediment is an important control upon phosphorus mobility, while the re-suspension of phosphorus-rich particles from the river bed, combined with high pH and low oxygen concentrations, can cause desorption of particulate phosphorus into the water column via hydroxyl group exchange mechanisms [50]. Concentration of DIP in bottom water in the Baltic Sea was correlated with an area of the bottom covered by hypoxic water, and also shown to be negatively correlated with oxygen concentration, indicating the release of DIP from sediments [51]. Increases in pH can enhance the release of adsorbed P that is hydrated to Fe and Al oxides, through ligand exchange mechanisms involving competition between OH− and PO43− [17,48]. In the Calcasieu River, desorption from suspended solids and sediments may be one of the sources of DIP in the estuary. The negative relationship between DO and DIP as well as the positive relationship between pH and DIP (Table 3 and Table 6) can partially explain this. Further, correlation analysis showed significant relationships between TP and total Mn (Table 1; n = 25, R2 = 0.50, p < 0.01), and total zinc (n = 25, R2 = 0.92; p < 0.01) in sediment samples (data available at Appendix A Table A1) collected from the Calcasieu River. With that, however, release of P from estuarine sediment may not the only source of DIP in the Calcasieu River.



There may be other anthropogenic DIP point sources around the study area that could contribute to the riverine DIP level, especially the lower Calcasieu as a heavy industry area, such as wastewater treatment plants, paper plants, and chemical refineries. Unfortunately, in this study, we did not design to trace the different sources of riverine phosphorus, which has limited us to quantify point source of P from the study watershed. Therefore, discussing potential point sources of Pinputs to the Calcasieu Estuary is beyond our data as well as the scope of this study. On the other hand, it is reasonable to consider this as many studies have shown that anthropogenic DIP sources could be important factors controlling the phosphorus dynamics in an estuary [20,52]. If this is the case for the Calcasieu Estuary, then the dynamics of phosphorus might have been modified due to anthropogenic phosphorus input. Further studies are needed to accurately distinguish the riverine DIP from anthropogenic sources.



Calcium carbonate and phosphorus co-precipitation, as reported in other river systems [46,50], could be another mechanism controlling the phosphorus dynamics in the Calcasieu River. Concentrations of TP and calcium in sediment samples collected from the Calcasieu River were statistically correlated (sample size n = 23, R2 = 0.68, p < 0.01). Furthermore, sites 5 and 6 had higher correlations (n = 8, R2 = 0.89, p < 0.01) than sites 1 to 4 did (n = 15, R2 = 0.73, p < 0.01), suggesting that calcium carbonate and phosphorus co-precipitation was a more significant mechanism that could decrease phosphorus concentration at sites 5 and 6 when compared with the four upstream sites. Therefore, the observed mixing dynamics for DIP could be caused by using site 6 as the marine endmember.



As discussed above, riverine transport of phosphorus is controlled by a number of physical, chemical, and biotic mechanisms which are in turn dependent upon interactions between the water column and riverbed. The release and uptake of phosphorus by both suspended and bed sediments provide a critical control on in-stream phosphorus transport. Phosphorus transport and transformation dynamics in rivers can only be fully understood when considering both the water and sediment phases [50]. While we are confident that the discussions here are well supported by our results, a more detailed sampling design focusing on suspended sediment, river bed sediment, and water column interactions will provide us with a deeper understanding on the dynamics of phosphorus in our studied river systems.





5. Conclusions


This study investigated total phosphorus and dissolved inorganic phosphorus loadings from three coastal rivers that drain watersheds under varied agriculture intensities (i.e., 67%, 61%, and 26%) into the northern Gulf of Mexico, one of the world’s largest summer hypoxic zones. The study also examined the TP and DIP changes along an 88-km reach, from freshwater to saltwater, to discern mixing effects on phosphorus dynamics. The TP fluxes from one of the rivers (Vermilion River) draining an agriculture-intensive watershed increased from the 1990–2009 period to the 2010–2017 period, while no significant change was found in the other two rivers. River discharge variability caused by precipitation change, and probably river diversion as well, was the main reason for this TP flux trend. The two rivers draining more agriculture-intensive watersheds (67% and 61%) showed consistently higher TP and DIP concentrations and fluxes than the one that drains a pasture-forest dominated area, confirming the strong effect of land uses on phosphorus input to estuaries in coastal river basins. The DIP concentration versus salinity plots in the Calcasieu River suggest some sources were present throughout the Calcasieu Estuary, since measured DIP concentrations were usually higher than those predicted by conservative mixing. Such mixing dynamics were probably caused by desorption of DIP from suspended solids and river bed sediments, urban inputs, as well as stronger calcium carbonate and phosphorus co-precipitation at the marine endmember. To fully understand the phosphorus transport and transformation dynamics in a freshwater—saltwater mixing zone, a more detailed sampling design focusing on suspended sediment, estuarine bed sediment, and water column interactions is necessary.
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Table A1. Concentration of TP, Ca, Mn, and Zn in sediment samples collected at the Calcasieu River.
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Site

	
Date

	
TP

	
Ca

	
Mn

	
Zn




	
mg L−1






	
Site 1

	
16 July 2014

	
84

	
2201

	
91

	
16




	
2 December 2014

	
140

	
18,143

	
96

	
26




	
22 March 2015

	
244

	
2164

	
174

	
28




	
20 August 2015

	
88

	
1990

	
166

	
18




	
Site 2

	
16 July 2014

	
47

	
14,229

	
60

	
10




	
2 December 2014

	
35

	
1521

	
133

	
10




	
22 March 2015

	
23

	
1724

	
61

	
14




	
20 August 2015

	
28

	
1920

	
63

	
45




	
Site 3

	
2 December 2014

	
443

	
121,021

	
248

	
103




	
22 March 2015

	
121

	
7005

	
110

	
23




	
20 August 2015

	
64

	
18,723

	
93

	
14




	
Site 4

	
16 July 2014

	
83

	
1226

	
31

	
20




	
2 December 2014

	
71

	
1172

	
53

	
17




	
22 March 2015

	
80

	
986

	
38

	
10




	
20 August 2015

	
48

	
806

	
65

	
13




	
Site 5

	
16 July 2014

	
1366

	
138,547

	
488

	
196




	
2 December 2014

	
233

	
10,380

	
166

	
45




	
22 March 2015

	
270

	
41,157

	
201

	
50




	
20 August 2015

	
104

	
1818

	
128

	
26




	
Site 6

	
16 July 2014

	
385

	
22,017

	
440

	
61




	
2 December 2014

	
332

	
16,627

	
642

	
72




	
22 March 2015

	
429

	
28,450

	
481

	
69




	
20 August 2015

	
474

	
10,734

	
350

	
58
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Figure A1. Relationship between measured TP and DIP fluxes and estimated TP and DIP fluxes using regression equations (Equation (1)) for the Calcasieu (Site 1), Mermentau, and Vermilion Rivers from April 2014 to February 2016. (a) Relationship between measured and estimated TP flux in the Calcasieu River; (b) Relationship between measured and estimated TP flux in the Mermentau River; (c) Relationship between measured and estimated TP flux in the Vermilion River; (d) Relationship between measured and estimated DIP flux in the Calcasieu River; (e) Relationship between measured and estimated DIP flux in the Mermentau River; (f) Relationship between measured and estimated DIP flux in the Vermilion River. 
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Figure A2. Relationship between measured TP fluxes and estimated TP fluxes using regression equations (Equation (1)) for the Calcasieu (Kinder, (a)), Mermentau (b), and Vermilion (c) Rivers from 2010 to 2017. 
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Figure A3. Statistical performance of the rating curves (Table 1) for estimating TP and DIP daily fluxes of the Calcasieu (Site 1), Mermentau, and Vermilion Rivers from April 2014 to February 2016 using data collected from this study. 
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Figure A4. Statistical performance of the rating curves (Table 1) for estimating TP daily fluxes of the Calcasieu (Kinder), Mermentau, and Vermilion Rivers from 2010 to 2017 using data collected from LDEQ. 
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Figure A5. The relationship between discharge at Kinder (United States Geological Survey (USGS) station number: 08015500) and precipitation at Oberlin (National Oceanic and Atmospheric Administration (NOAA) station number: USC00166938). Each dot in the figure represent a pair of mean discharge and precipitation during a certain year from 1990 to 2017. 
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Figure A6. The relationship between discharge and TP concentration for the Calcasieu (a), Mermentau (b), and Vermilion (c) Rivers from 2010 to 2017 using discharge data from USGS and TP concentration data from Louisiana Department of Environmental Quality (LDEQ). 
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Figure 1. Geographic location of the Calcasieu, Mermentau, and Vermilion Rivers entering the Northern Gulf of Mexico, and the locations of eight sampling sites and United States Geological Survey (USGS) discharge gauging sites. The Vermilion and Mermentau River Basins are agriculture-intensive (i.e., 67% and 61% agricultural land use), while the Calcasieu River Basin is much less agriculture-intensive (i.e., 26%). 
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Figure 2. Daily (a–c) and monthly (d–f) discharge and mass fluxes of TP and DIP in the Calcasieu (Site 1), Mermentau, and Vermilion Rivers from April 2014 to February 2016; discharge data at sites 1, 7, and 8 were used to represent the three rivers; Discharge at site 1 was calculated using discharge data at Kinder (USGS 08015500). Discharges at sites 7 and 8 were downloaded from USGS gage stations (USGS 08012150 and USGS 07386980); dashed lines in (a) mark the sampling dates; phosphorus concentrations and discharges at sites 1, 7, and 8 were used to calculate mass fluxes for the Calcasieu, Mermentau, and Vermilion Rivers, respectively; missing data for the Mermentau and Vermilion Rivers are due to availability of phosphorus concentration and discharge data. 
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Figure 3. Temporal trends of salinity (a), water temperature (b), dissolved oxygen (DO) concentration (b), pH (c), total suspended solids (TSS) (d), fluorescence (e), and turbidity (f) at six sampling sites along the Calcasieu River from April 2014 to February 2016. 
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Figure 4. Concentrations of TP and DIP in the Calcasieu, Mermentau, and Vermilion Rivers from April 2014 to February 2016; The Mermentau and Vermilion Rivers were only sampled from April 2014 to July 2015; Data for the Calcasieu, Mermentau, and Vermilion Rivers in (a) are data for sites 1, 7, and 8; (b) TP concentration in the Calcasieu River; (c) DIP concentration in the Calcasieu River. 
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Figure 5. Relationships between TP and salinity in the Calcasieu River entering the Northern Gulf of Mexico in the southern United States. Hollow circles represent actual measurements. Corresponding conservative mixing values are denoted by stars. Lines represent conservative-mixing models (see Equations (2) and (3)). Site 1 was used as the river endmember, and site 6 was used as the marine endmember. 
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Figure 6. Relationships between DIP and salinity in the Calcasieu River entering the Northern Gulf of Mexico in the southern United States. Hollow circles represent actual measurements. Corresponding conservative mixing values are denoted by stars. Lines represent conservative-mixing models (see Equations (2) and (3)). Site 1 was used as the river endmember, and site 6 was used as the marine endmember. 
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Table 1. Parameter estimates (b0 and b1) used in Equation (1) for estimating total phosphorus (TP) and dissolved inorganic phosphorus (DIP) fluxes and their regression coefficients (R2) for the Calcasieu, Mermentau, and Vermilion Rivers using data from this study and Louisiana Department of Environmental Quality (LDEQ). SE = standard error, RMSE = root of mean square error, n = sample size.






Table 1. Parameter estimates (b0 and b1) used in Equation (1) for estimating total phosphorus (TP) and dissolved inorganic phosphorus (DIP) fluxes and their regression coefficients (R2) for the Calcasieu, Mermentau, and Vermilion Rivers using data from this study and Louisiana Department of Environmental Quality (LDEQ). SE = standard error, RMSE = root of mean square error, n = sample size.





	
Data Source

	
River

	
Phosphorus

	
b0 ± SE

	
b1 ± SE

	
R2

	
RMSE

	
p Value

	
n






	
This Study (April 2014–February 2016)

	
Calcasieu (Site 1)

	
TP

	
−3.12 ± 0.61

	
1.20 ± 0.15

	
0.80

	
0.62

	
<0.0001

	
17




	
DIP

	
−3.61 ± 0.40

	
0.89 ± 0.10

	
0.83

	
0.41

	
<0.0001

	
17




	
Mermentau

	
TP

	
−1.64 ± 0.39

	
1.04 ± 0.11

	
0.91

	
0.43

	
<0.0001

	
11




	
DIP

	
−2.16 ± 0.35

	
0.94 ± 0.10

	
0.91

	
0.38

	
<0.0001

	
11




	
Vermilion

	
TP

	
−2.06 ± 0.53

	
1.35 ± 0.16

	
0.90

	
0.19

	
<0.0001

	
10




	
DIP

	
−3.00 ± 1.00

	
1.46 ± 0.31

	
0.74

	
0.36

	
0.0014

	
10




	
LDEQ (2010–2017)

	
Calcasieu (Kinder)

	
TP

	
−1.71 ± 0.56

	
0.93 ± 0.15

	
0.76

	
0.55

	
<0.0001

	
14




	
Mermentau

	
TP

	
−1.51 ± 0.12

	
1.00 ± 0.03

	
0.95

	
0.39

	
<0.0001

	
53




	
Vermilion

	
TP

	
−1.77 ± 0.21

	
1.20 ± 0.06

	
0.84

	
0.31

	
<0.0001

	
78
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Table 2. Environmental conditions during the study period at six sampling sites along the Calcasieu River entering the Northern Gulf of Mexico in the southern United States. Tukey-Kramer’s adjustment was used to group sampling sites when analysis of variance (ANOVA) shows significant differences among sites. Means with the same superscript letter (a, b, c, d, or e) are not significantly different at the 0.05 level (Tukey groupings). Temp = Temperature, Fluo = Fluorescence, Turb = Turbidity.






Table 2. Environmental conditions during the study period at six sampling sites along the Calcasieu River entering the Northern Gulf of Mexico in the southern United States. Tukey-Kramer’s adjustment was used to group sampling sites when analysis of variance (ANOVA) shows significant differences among sites. Means with the same superscript letter (a, b, c, d, or e) are not significantly different at the 0.05 level (Tukey groupings). Temp = Temperature, Fluo = Fluorescence, Turb = Turbidity.





	
River

	
Site

	
Temp (°C)

	
Salinity

	
pH

	
DO (mg L−1)

	
TSS (mg L−1)

	
Fluo (RFU)

	
Turb (NTU)






	
Calcasieu

	
Site 1

	
22 ± 7

	
0.03 ± 0.01 a

	
6.2 ± 0.5 a

	
6 ± 2 a,c

	
18 ± 7 a

	
40 ± 20 a,b

	
40 ± 20 a




	
Site 2

	
22 ± 7

	
0.1 ± 0.1 a

	
6.1 ± 0.6 a

	
5 ± 3 a,c

	
20 ± 10 a

	
40 ± 10 a,b

	
30 ± 20 a




	
Site 3

	
21 ± 7

	
2 ± 2 a

	
6.4 ± 0.5 a,b

	
5 ± 3 a,c

	
20 ± 20 a

	
30 ± 8 a

	
20 ± 10 a




	
Site 4

	
23 ± 7

	
4 ± 3 a

	
6.7 ± 0.5 b,e

	
5 ± 2 a,c

	
14 ± 7 a

	
30 ± 10 a

	
20 ± 10 a




	
Site 5

	
23 ± 6

	
12 ± 6 b

	
7.5 ± 0.5 c

	
7 ± 3 a,c

	
40 ± 30 a,b

	
30 ± 20 a

	
30 ± 30 a




	
Site 6

	
23 ± 6

	
19 ± 6 c

	
8.1 ± 0.4 d

	
7 ± 2 a,b

	
70 ± 40 c

	
40 ± 20 a,b

	
40 ± 30 a




	
Mermentau

	
Site 7

	
23 ± 7

	
0.09 ± 0.04 a

	
7.6 ± 0.6 c

	
4 ± 3 c

	
21 ± 8 a

	
80 ± 40 c

	
70 ± 50 b




	
Vermilion

	
Site 8

	
24 ± 7

	
0.09 ± 0.03 a

	
7.0 ± 0.4 e

	
4 ± 2 c

	
60 ± 50 b,c

	
60 ± 20 b

	
70 ± 40 b
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Table 3. Pearson Correlation Coefficients between phosphorus and environmental factors in the Calcasieu River entering the Northern Gulf of Mexico in the southern United States. Only significant (p < 0.01) correlations are shown. Temp = Temperature, Q = Discharge, GH = Gage Height, Fluo = Fluorescence.
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	Parameters
	TP
	DIP
	Salinity
	pH
	Temp
	DO
	TSS
	Q
	GH
	Fluo
	Turbidity





	TP
	1.00
	
	
	
	
	
	
	
	
	
	



	DIP
	
	1.00
	
	
	
	
	
	
	
	
	



	Salinity
	
	0.35
	1.00
	
	
	
	
	
	
	
	



	pH
	
	0.41
	0.86
	1.00
	
	
	
	
	
	
	



	Temp
	0.33
	0.48
	
	
	1.00
	
	
	
	
	
	



	DO
	−0.34
	−0.30
	0.30
	
	−0.76
	1.00
	
	
	
	
	



	TSS
	0.27
	
	0.50
	0.42
	
	
	1.00
	
	
	
	



	Q
	0.30
	
	
	−0.35
	
	
	
	1.00
	
	
	



	GH
	
	0.36
	
	
	
	
	
	
	1.00
	
	



	Fluo
	0.64
	
	
	
	
	
	0.46
	0.47
	
	1.00
	



	Turbidity
	0.57
	
	
	
	
	
	0.57
	0.54
	
	0.88
	1.00
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Table 4. TP and DIP concentrations and ratios as well as dissolved organic carbon (DOC) and silicon to phosphorus ratios at six sampling sites along the Calcasieu, Mermentau, and Vermilion Rivers entering the Northern Gulf of Mexico in the southern United States. Tukey-Kramer’s adjustment was used to group sampling sites when ANOVA shows significant differences among sites. Means with the same superscript letter (a, b, or c) are not significantly different at the 0.05 level (Tukey groupings).






Table 4. TP and DIP concentrations and ratios as well as dissolved organic carbon (DOC) and silicon to phosphorus ratios at six sampling sites along the Calcasieu, Mermentau, and Vermilion Rivers entering the Northern Gulf of Mexico in the southern United States. Tukey-Kramer’s adjustment was used to group sampling sites when ANOVA shows significant differences among sites. Means with the same superscript letter (a, b, or c) are not significantly different at the 0.05 level (Tukey groupings).





	
River

	
Site

	
TP (mg L−1)

	
DIP (mg L−1)

	
DIP:TP

	
DOC:TP

	
DOC:DIP

	
Si:TP

	
Si:DIP






	
Calcasieu

	
Site 1

	
0.11 ± 0.06 a

	
0.02 ± 0.01 a

	
0.2 ± 0.2 a

	
400 ± 300

	
2000 ± 1000 a

	
100 ± 80

	
500 ± 200 a




	
Site 2

	
0.10 ± 0.05 a

	
0.02 ± 0.01 a

	
0.3 ± 0.2 a

	
400 ± 300

	
2000 ± 1000 a

	
100 ± 60

	
400 ± 200 a




	
Site 3

	
0.10 ± 0.05 a

	
0.03 ± 0.02 a

	
0.3 ± 0.3 a,b

	
400 ± 300

	
1300 ± 900 a,b

	
80 ± 50

	
300 ± 300 a,b




	
Site 4

	
0.11 ± 0.05 a

	
0.04 ± 0.02 a

	
0.3 ± 0.3 a,b

	
400 ± 300

	
1200 ± 800 a,b

	
70 ± 50

	
200 ± 200 b,c




	
Site 5

	
0.10 ± 0.06 a

	
0.05 ± 0.02 a

	
0.3 ± 0.2 a,b

	
400 ± 700

	
500 ± 300 b,c

	
70 ± 60

	
100 ± 100 b,c




	
Site 6

	
0.11 ± 0.07 a

	
0.04 ± 0.01 a

	
0.3 ± 0.3 a,b

	
300 ± 500

	
400 ± 200 b,c

	
80 ± 70

	
200 ± 100 b,c




	
Mermentau

	
Site 7

	
0.3 ± 0.1 b

	
0.11 ± 0.05 b

	
0.4 ± 0.2 a,b

	
200 ± 200

	
300 ± 100 b,c

	
60 ± 50

	
130 ± 90 b,c




	
Vermilion

	
Site 8

	
0.40 ± 0.08 c

	
0.22 ± 0.09 c

	
0.5 ± 0.2 b

	
60 ± 20

	
110 ± 40 c

	
30 ± 20

	
70 ± 50 c
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Table 5. Comparison between total phosphorus loading from 1990 to 2009 and from 2010 to 2017. Means followed by the same superscript letter (a or b) within a column for the same river are not significantly different at the 0.05 level, and vice versa. Only non-negative discharge data were used to calculate phosphorus flux and perform statistical analysis here. Data for 1990–2009 are from He and Xu [7]. TP concentration data used are all from LDEQ to keep the data source consistency. The sampling size used to calculate mean TP concentration for the Calcasieu, Mermentau, and Vermilion Rivers during 2010–2017 are 14, 53, and 78, respectively.






Table 5. Comparison between total phosphorus loading from 1990 to 2009 and from 2010 to 2017. Means followed by the same superscript letter (a or b) within a column for the same river are not significantly different at the 0.05 level, and vice versa. Only non-negative discharge data were used to calculate phosphorus flux and perform statistical analysis here. Data for 1990–2009 are from He and Xu [7]. TP concentration data used are all from LDEQ to keep the data source consistency. The sampling size used to calculate mean TP concentration for the Calcasieu, Mermentau, and Vermilion Rivers during 2010–2017 are 14, 53, and 78, respectively.





	
River

	
Year

	
Discharge (m3 s−1)

	
TP Concentration (mg L−1)

	
TP Flux (t day−1)






	
Calcasieu (Kinder)

	
1990–2009

	
72 ± 126 a

	
0.079 ± 0.050 a

	
0.51 ± 1.05 a




	
2010–2017

	
43 ± 90 b

	
0.16 ± 0.11 b

	
0.48 ± 0.88 a




	
Mermentau

	
1990–2009

	
86 ± 105 a

	
0.25 ± 0.13 a

	
1.87 ± 2.41 a




	
2010–2017

	
91 ± 134 a

	
0.24 ± 0.090 a

	
1.78 ± 2.62 a




	
Vermilion

	
1990–2009

	
32 ± 32 a

	
0.35 ± 0.12 a

	
1.02 ± 1.18 a




	
2010–2017

	
41 ± 37 b

	
0.36 ± 0.13 a

	
1.34 ± 1.58 b
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Table 6. Relationships between phosphorus concentrations and environment parameters from all six sampling sites in the Calcasieu River using backward stepwise linear regression. Slope and intercept estimates are presented with standard errors (±SE). Only statistically significant relationships are reported (p < 0.05). Variables left in the model are significant at the 0.05 level. T = temperature; Turb = turbility; DO = dissolved oxygen concentration; GH = gage height.
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Nutrient

	
Environmental Parameters

	
Final Equation

	
R2

	
F Value

	
p






	
TP

	
Temperature

	

	

	
33.63

	
<0.0001




	
Turbidity

	

	

	
68.71

	
<0.0001




	
T + Turb

	
   TP = − 0.02  (  ± 0.02  )  + 0.004  (  ± 0.0006  )  T + 0.002  (  ± 0.0002  )  Turb   

	
0.50

	
46.41

	
<0.0001




	
DIP

	
pH

	

	

	
40.17

	
<0.0001




	
DO

	

	

	
24.87

	
<0.0001




	
Gage Height

	

	

	
24.80

	
<0.0001




	
pH + DO + GH

	
   DIP = − 0.06  (  ± 0.02  )  + 0.01  (  ± 0.002  )  pH − 0.005  (  ± 0.0009  )  DO + 0.05  (  ± 0.01  )  GH   

	
0.47

	
22.06

	
<0.0001












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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