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Seasonal Changes in the Drivers of Water Physico-Chemistry Variability of a Small Freshwater Tidal River
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Where rivers meet the sea, tides can exert a physical and chemical influence on the lower reaches of a river. How tidal dynamics in these tidal river reaches interact with upstream hydrological drivers such as storm rainfall, which ultimately determines the quantity and composition of material transferred from watersheds to estuaries, is currently unknown. We monitored a small freshwater tidal river in the Pacific Northwest, United States in high resolution over 1 year to evaluate the relative importance of tides vs. upstream hydrological flows (i.e., base flow and precipitation events) on basic physico-chemical parameters (pH, dissolved oxygen, turbidity, specific conductivity, and temperature), and how these interactions relate to the downstream estuary. Tidal variability and diurnal cycles (i.e., solar radiation) dominated water physico-chemical variability in the summer, but the influence of these drivers was overshadowed by storm-driven sharp pulses in river physico-chemistry during the remainder of the year. Within such events, we found incidences of counterclockwise hysteresis of pH, counterclockwise hysteresis of dissolved oxygen, and clockwise hysteresis of turbidity, although systematic trends were not observed across events. The dominance of storm rainfall in the river’s physico-chemistry dynamics, and similar pulses of decreased pH observed in adjacent estuarine waters, suggest that the linkage between tidal streams and the broader system is variable throughout the year. High-frequency monitoring of tidal river biogeochemistry is therefore crucial to enable the assessment of how the relative strength of these drivers may change with future sea level rise and altered precipitation patterns to modulate biogeochemical dynamics across the land-ocean-atmosphere continuum.
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INTRODUCTION

Rainfall from storms is disproportionally important for the transport of materials from terrestrial to aquatic ecosystems, resultant from the large flushing of solutes and materials over short periods of time to river systems (Hinton et al., 1997; Buffam et al., 2001; McClain et al., 2003; Inamdar et al., 2006; Holmes et al., 2008; Fellman et al., 2009; Ward et al., 2012; Vaughan et al., 2017). The role such events play in linking terrestrial and marine ecosystems makes understanding river chemistry vital for understanding global biogeochemical dynamics (Zhuang and Yang, 2018).

Tidally influenced rivers, where river discharge is influenced by tides yet the river does not necessarily receive direct seawater intrusion except in the case of small creeks, are particularly dynamic due to the dual oceanic and landward influence on water chemistry and physics (Ensign et al., 2012; Ward et al., 2017). The predicted increased frequency and intensity of storms with climatic shifts (Walsh et al., 2016) may alter the freshwater inputs to river systems, and sea level rise may cause freshwater tidal effects to extend farther inland (Ensign and Noe, 2018). These future environmental changes may alter the balance between the underlying hydrologic drivers of river chemistry, necessitating a greater understanding of the interplay between them.

The interplay between hydrologic drivers and water chemistry dynamics also shifts on a variety of timescales. High-resolution monitoring is required to elucidate drivers of water chemistry variability over time scales ranging from hours to seasons to years. For example, in a study evaluating 15 years of high-frequency data from several United States estuaries, pH and dissolved oxygen (DO) variability were primarily driven by metabolic processes on diel to seasonal timescales (Baumann and Smith, 2017). Both heterotrophic metabolism and terrestrial soil influences contributed to pH dynamics in a tropical estuary monitored over several months (Proum et al., 2018). DO variability in a tidal creek was influenced by disparate drivers: in summer, hydrology, climate, and biotic factors jointly influenced DO, while in the winter hydrology more prominently determined observed DO dynamics (Nelson et al., 2017). Thus, differences in drivers of water chemistry across systems and seasons must be properly constrained with high-resolution datasets in order to understand the role of tidal rivers in Earth system cycles. Here, we consider the impact of tidal and upstream hydrological drivers (i.e., base flow and precipitation) on river chemistry in a small, freshwater tidal river that is impacted by tides but does not experience seawater mixing.

High-resolution monitoring of water chemistry parameters can help extricate these patterns by capturing sub-daily (e.g., tidal) changes and ephemeral events, such as storm rainfall, that may be missed during discrete sampling at longer intervals (Blaen et al., 2016; Kämäri et al., 2018; Regier et al., 2021). For instance, evaluating patterns within storm rainfall events can reveal hysteresis effects, wherein there is a differing response of river physico-chemical parameters to river discharge on the rising and falling limb of the event, that can help identify the source and flushing pattern of solutes. Generally, clockwise hysteresis (i.e., a higher concentration of the parameter on the rising than the falling limb) indicates a more proximal and exhaustible source (e.g., House and Warwick, 1998) while counterclockwise hysteresis (i.e., a higher concentration on the falling than the rising limb) indicates a more distal source with a longer transport time (e.g., Bowes et al., 2009).

There is a long history of hysteresis analysis of parameters such as suspended sediments (Whitfield and Schreier, 1981; Williams, 1989; Asselman, 1999; Tananaev, 2012) and other solutes, such as phosphorus and nitrate (House and Warwick, 1998; Bowes et al., 2005) using discrete sampling. More recently, high-resolution monitoring has enabled fine-scale tracking of how these parameters change in a river over the course of storm rainfall (Jeong et al., 2012; Lloyd et al., 2016b; Vaughan et al., 2017; Kämäri et al., 2018; Rose et al., 2018).

However, there has been less examination of hysteresis of broader water quality measurements in tandem. Kämäri et al. (2018) measured chemical oxygen demand, in addition to suspended solids and nitrate, at high resolution as an indicator of organic matter (OM) content during storm and run-off events and found seasonal differences in chemical oxygen demand dynamics. Rose (2003) found clockwise hysteresis of specific conductance and both clockwise and counterclockwise hysteresis of pH through discrete sampling of storm events. In situ continuous sensors have more recently increased the capacity for assessing hysteresis effects of a broader suite of water quality parameters at high resolution, such as OM quality indicators (Wagner et al., 2019). Furthermore, evaluating how parameters such as pH and DO behave at high resolution throughout the course of storm rainfall can facilitate a better understanding of how these short-term events impact river chemistry at a bulk level, informing more time-consuming molecular-level measurements (Wagner et al., 2019).

Water chemistry dynamics of rivers (e.g., Kämäri et al., 2018) and estuaries (e.g., Baumann and Smith, 2017; Nelson et al., 2017; Proum et al., 2018) have been more frequently examined than freshwater tidal rivers, yet approximately 2,850 km of tidal freshwater rivers exist in the eastern United States alone (Ensign and Noe, 2018; Tagestad et al., 2021). One study modeling pH in the tidal freshwater portion of the Potomac River estuary found that hydrology, specifically low discharge, was the predominant influence on pH by increasing residence time and thus algal production (Cerco et al., 2013). While tidal river chemistry is likely influenced significantly by both freshwater and marine processes, the relationship between these processes in freshwater tidal rivers is an area of needed research. Marine influence on tidal river chemistry likely diminishes with stream size; for example, while the influence of tides on discharge can be observed 1000 km upstream of the Amazon River’s mouth, its freshwater plume extends ∼60 km offshore (Sawakuchi et al., 2017). In this case, while no marine-derived material is exchanged with the tidal river, water level fluctuations still drive variability in parameters such as CO2 saturation due to hydrodynamic controls on microbial respiration (Ward et al., 2018) as well as semi-diurnal floodplain inundation.

Physical and chemical properties in smaller freshwater tidal rivers may differ from larger freshwater tidal rivers such as the Amazon River, and therefore constitute a distinct type of tidal system likely with different drivers. Additionally, these low-order coastal streams represent the majority (66%) of total tidal stream length in the United States (Tagestad et al., 2021). The dynamics of nutrient, carbon, and lignin export in the Union River, a river with a freshwater tidal stretch in western Washington state, United States, during storm rainfall events were previously examined (Ward et al., 2012). Discrete samples collected during storm rainfall from the furthest downstream, non-tidal reach of the river indicated that there were two distinct pools of nutrients, a deep pool slowly mobilized by base flow throughout the year and a shallow subsurface soil layer that were exhaustively flushed during subsequent storms.

With this context in mind, we carried out high-resolution in situ monitoring of a previously unstudied freshwater tidal stretch of the Union River at a site that is upstream of any measurable salinity influence yet is depth-impacted by the tides. We monitored this site over the course of a hydrologic year in order to extricate the temporal interplay between hydrologic drivers on water physico-chemistry parameters. We explored (1) how a broad suite of physico-chemical parameters (pH, DO, turbidity, specific conductivity [SPC], and temperature) varied at sub-daily, daily, and seasonal scales, (2) the drivers of physico-chemical variability in the tidal Union River throughout the year, (3) the dynamics of intra-storm processes, and (4) how pH patterns from the river relates to the Hood Canal estuarine system into which it drains. We discerned patterns of water physico-chemistry variability in this distinct freshwater tidal system through application of an analytical method developed by Nelson et al. (2017), previously only utilized in an estuarine setting. We hypothesize that the influence of tidal vs. watershed drivers of tidal river physico-chemistry variability will change throughout the year and that estuarine chemistry will respond to pulses observed in the Union River (and presumably other rivers in the region). Finally, we suggest that examining the short- and long-term patterns of these smaller systems will better elucidate potential shifting drivers of biogeochemical dynamics with future environmental change in the coupled river-estuarine system.



MATERIALS


Site Description

The Union River drains into the southeast tip of Lynch Cove in the Hood Canal, in southern Puget Sound in Washington state (Figure 1). The Union River is one of many lowland draining streams that account for approximately 24% of the freshwater input into the Hood Canal (Steinberg et al., 2011). The Union River catchment is covered in primarily coniferous (∼23% mature, ∼15% young) and mixed deciduous (∼30%) forests (Steinberg et al., 2011). Union River discharge is dominated by fall and winter storm rainfall, unlike the large mountainous watersheds of the Olympic Mountains that are dominated by spring snowmelt (Ward et al., 2012). More than 60% of the total annual precipitation occurs between November and January, and less than 10% occurs between June and August (Peterson et al., 1997).
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FIGURE 1. Location of the Union River (47.452050 N, -122.833807 W) and Twanoh Buoy (47.375 N, -123.008 W) in the Puget Sound of Washington state, United States. Map was created using ArcGIS 10.5 software (ESRI, 2017). Coordinate System: GCS WGS 1984.


The monitored reach of the river is upstream of any measurable salinity influence (as seen in the conductivity data), yet its depth is still impacted by marine tides. The sensor was located roughly 2.3 km upstream from the mouth of the river. The river is approximately 7 m wide where the sensor was installed and had an average depth of 0.67 m throughout the study period. At the river mouth, the channel width increases to roughly 55 m. Detailed bathymetric data is not available for the river reach between the sensor location and river mouth.



Sonde Deployment and Calibration

A YSI EXO2 multiparameter sonde (YSI, Yellow Springs, OH, United States) was deployed in the Union River (47.452050 N, -122.833807 W) from October 16th, 2017-October 12th, 2018 at a point in the river that remains fresh year-round but is impacted by tides. The sonde was fixed at approximately 0.25 m from the bottom of the river. The sonde was equipped with the following sensors: depth, DO (percent saturated relative to atmosphere), SPC (conductivity normalized conductivity at 25°C, μS cm–1), temperature (°C), pH, and turbidity (Formazin Nephelometric Unit, FNU). Probes were calibrated following manufacturer instructions prior to deployment. Approximately at monthly intervals, the sonde was exchanged with a clean, calibrated sonde. Dissolved oxygen was calibrated to 100% water-saturated air, SPC was calibrated with 10,000 μS cm–1 standard (YSI), pH was calibrated with pH 4.0, 7.0, and 10.0 standards (Thermo Fisher Scientific), and turbidity was calibrated with 126 FNU standard (YSI). All sensors from the removed sonde were then cleaned with deionized water and calibrated. We did not find significant fouling of sensors between calibrations. Additionally, pre- and post-calibration values were evaluated for sensor drift following manufacturer instructions, and no significant drift was observed. Measurements were taken every 5 min from October 16th to December 4th, 2017 and every 15 min from December 21st, 2017 to October 12th, 2018 after we determined that a longer interval was sufficient. There is a gap from December 4th to December 21st, 2017 when the sonde had to be removed for logistical reasons. Raw data were manually evaluated for aberrant values (e.g., from measurements taken when the sonde was being removed from or placed in the river) and were removed on a case-by-case basis if they were determined to be erroneous. Turbidity values greater than 4000 FNU, which is the maximum detection of the sensor according to the manufacturer guidelines, were removed. A sensor maintenance issue was identified on 06/15/2018 and turbidity data from after this date were also removed from analysis.



External and Campaign Data

Since discharge data for the Union River is not available, we utilized data for a nearby river, Huge Creek (47.3894 N, -122.6978 W) (USGS, 2018), and estimated Union River discharge using a conversion factor determined for the two rivers. Direct measurements of Union River discharge made during base and high flow periods in 2008 by Ward et al. (2012) were compared to USGS discharge data during the same period. The average ratio of Union River discharge to Huge Creek discharge ±1 SD was 5.37 ± 1.01. This ratio was applied to USGS Huge Creek data during the study period to estimate Union River discharge. Calculated discharge data was visually compared to river stage measured by the sonde (Supplementary Figure 1). Although there were periods when estimated discharge and measured stage deviated, the two data sources generally agreed during the storm events examined for hysteresis (see section “Data Analysis”). Discrepancies between discharge and stage data are likely linked to a combination of the accuracy of our sonde’s depth sensor (0.04 m), slight changes in sensor depth during maintenance periods, and local variability in the magnitude and timing of rainfall over the Huge Creek and Union River watersheds. Daily precipitation data for Bremerton, WA (47.58367 N, -122.61683 W) for the entire study period was also downloaded (NOAA, 2018). pH data from the Hood Canal estuary was downloaded from the ORCA-UW Twanoh Buoy (47.375 N, -123.008 W) (ORCA-UW, 2018). The Twanoh Buoy is approximately 16.6 km from the sonde installed in the Union River, and about 14.3 km southwest from the mouth of the Union River. Buoy data was only available for a portion of the study period, November 2017 through April 2018. Discharge data for the Skokomish River, the largest river draining into the Hood Canal, was additionally downloaded (USGS, 2020) to aid interpretations of Hood Canal buoy data.

One sampling campaign was performed on 3/29/2018 to evaluate how surface water salinity and pH increases from the sensor location to the river mouth. A YSI Pro Plus handheld meter with a pH probe and salinity probe was calibrated using the same buffers used for the river sonde described above. Measurements were made by placing the probe directly into the surface water as far away from the riverbank as the researcher could safely wade.



Data Analysis

All data analysis was conducted using RStudio (2016) at a significance level of p < 0.05 using statistical functions available in the base package (average, standard deviation, Spearman’s rank correlation, Pearson’s correlation). To identify correlations between measured physico-chemical parameters, all parameters were averaged by hour and hourly averages of all combinations of pH, dissolved oxygen, depth, turbidity, specific conductivity, temperature, and turbidity were assessed using Pearson’s correlation. Overall seasonal and daily trends were examined with monthly averages and standard deviations of parameters and through visual analysis of time series data. We additionally compared average daily pH in the Union River and Hood Canal with Pearson’s correlation to assess how the river compared to its drainage area in the Puget Sound. We compared average hourly pH in the Union River and Hood Canal with Pearson’s correlation by month to assess how the relationship varied over the course of the year.

We analyzed physico-chemical parameters in the Union River and Hood Canal over the course of the year under tidal and sub-tidal scales by quantifying tidal vs. non-tidal variability, following the method outlined in Nelson et al. (2017). This tidal variability index was previously used by Nelson et al. (2017) for an estuarine system with high seawater mixing, but this tidal analysis method has not previously been tested for a freshwater tidal system.

Data were divided into tidal cycle based on the timing of the high and low tides, resulting in one flood and one ebb phase for each tidal cycle (i.e., there were two tidal cycles per day). We then calculated the average and standard deviation of each parameter for each tidal cycle. For each month, the tidal cycle standard deviations for each parameter were averaged to obtain the average intracycle variability (σintra). Since the actual timing of tidal cycles was used in these calculations, diurnal variability due to day/night cycles should not be represented in the σintra value and rather is incorporated into the σinter value. Average intercycle variability (σinter) for each month was calculated as the standard deviations of the tidal cycle means for each parameter. The ratio of σintra:σinter was also calculated (i.e., a value of 1 indicated tidal and non-tidal variability were equal). Essentially, the intracycle and intracycle variability values provide a comparison between how much a parameter varies within each tidal cycle vs. how much it varies across the month. A σintra:σinter greater than 1 indicates that the variation in the parameter between high and low tide within a tidal cycle outweighed how much the magnitude of the parameter varied throughout the whole month.

To compare variability values for the Union River and Hood Canal, the ratio of the Hood Canal variability ratio to the Union River variability ratio was also calculated. Spearman’s rank correlation was used to assess the relationship between average monthly discharge data and the ratio values to evaluate the link between discharge levels and tidal variability. Spearman’s rank correlation was used because the average and ratio values did not meet the assumptions for linear regression.

To further explore the impact of storm rainfall events (i.e., “storms”) on water physico-chemistry, we assessed physico-chemical parameters for hysteresis. In this study, hysteresis is defined as the nonlinear relationship between discharge and physico-chemical parameters i.e., the physico-chemical parameter responds differently to the same discharge values on the rising limb leading up to the peak of the storm and the subsequent falling limb. Storm rainfall events were first separated in the hydrograph by identifying the largest abrupt increases in the Union River hydrograph (Figure 2), and were determined to end when the hydrograph flattened, returning to the pre-peak baseline, after the peak. Larger events that resulted in multiple peaks were categorized as separate storms, such as storms 1 and 2 (see Figure 2). Physico-chemical parameters were then graphed against river discharge and shaded from light to dark in chronological order to visualize the pattern of the parameter over the course of the storm (e.g., Figure 7). The shapes of the hysteresis graphs were categorized visually by loop direction (counterclockwise or clockwise) and loop shape based on (Williams, 1989): no hysteresis (i.e., single-valued line), clockwise loop, counterclockwise loop, single-line plus a loop, figure-eight loop, and complex loop (i.e., hysteresis is clearly present but difficult to define).
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FIGURE 2. Time series of discharge corrected from Huge Creek discharge data (USGS, 2018) with the storm rainfall (1-9) identified.


We calculated the hysteresis index developed by Lloyd et al. (2016b) to quantify the hysteresis patterns and compare between storms. The HI ranges from -1 to 1, with negative values indicating counterclockwise hysteresis and positive values clockwise hysteresis. First, we normalized discharge and physico-chemical parameters:
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Qi and Ci are the discharge and physico-chemical parameter values at time step i, Qmax and Qmin, and Cmax and Cmin, are the maximum and minimum discharge and physico-chemical values, respectively, in each storm. For each percentile of discharge (i.e., j, 10%, 20%, 25%, 30%, 40%, 50%, 60%, 70%, 75%, 80%, and 90%) in each storm we found the physico-chemical value on the rising (Cj,rising) and the falling (Cj,falling) limb. The hysteresis index at each discharge interval (HIj) was then calculated by subtracting the rising from the falling limb:
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If data did not exist on both rising and falling limbs (e.g., if discharge did not return to baseflow level), then HIj was not calculated. Physico-chemical values were interpolated between two adjacent measurements if necessary (e.g., for HI10 on the rising limb, C10, rising may be interpolated between the physico-chemical values at percentiles 0.099 and 0.11 because there was no measurement at the exact 10% discharge percentile). The overall hysteresis index for each storm was calculated as the average of all HIj values for that storm. The HI values were compared to the visual analysis of hysteresis shape to determine the overall hysteresis type. For example, the HI for a figure-eight loop is often calculated as 0 due to canceling out of each loop. Visual analysis provided a confirmation of the HI values. The relationship between HI values and storm hydrological characteristics were assessed using Spearman’s rank correlation. We used Spearman’s rank correlation as the monthly averages did not meet the assumptions for linear regression. We tested HI values against the magnitude of the hydrographic peak of the storm (Qpeak), the duration of the storm (in days), the cumulative precipitation during the storm, the average river discharge during the storm, the cumulative precipitation from the end of the previous storm to the beginning of the storm (antecedent precipitation), and time since the previous storm (in days).




RESULTS


Summary of Time Series

A seasonal pattern was observed for physico-chemical parameters in the Union River (see Supplementary Table 1 for monthly summary). From October through April (i.e., fall/winter/spring), physico-chemical parameters were characterized by greater extremes and greater variability than the period of May through September (i.e., summer) (Figure 3). pH, for instance, had frequent sharp declines throughout the period of October through April, but had much more consistent values the remainder of the year (Figure 3). This corresponded to an overall lower pH in fall/winter/spring months but higher variability; for instance, pH averaged 7.27 ± 0.14 in November 2017 and 7.52 ± 0.03 in August 2018 (Supplementary Table 1). Similarly, SPC sharply dropped in fall/winter/spring months and was both higher and less variable in the summer (Figure 3). In November 2017, SPC averaged 83.7 ± 26.5 μS cm–1; in August 2018, it averaged 112 ± 0.473 μS cm–1 (Supplementary Table 1). Turbidity also frequently peaked from October 2017 to April 2018 (Figure 2), but remained relatively constant throughout the summer, corresponding to higher standard deviations in the fall/winter/spring (240 ± 589 FNU in November 2017) than the summer (2.21 ± 1.16 FNU in May 2018). DO was relatively consistent on a monthly scale and showed similar levels of variation throughout the year, with average monthly values ranging from 88.7 to 94.9% atmospheric saturation (Supplementary Table 1). Average temperature followed a seasonal trend, rising during the summer (12.7 ± 0.9°C in August 2018) and decreasing during fall and winter (8.4 ± 0.9°C in November 2017).
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FIGURE 3. Time series of (A) pH, (B) dissolved oxygen (percent saturated), (C) specific conductivity (μS cm–1), (D) temperature (°C), (E) turbidity (FNU), and (F) river stage (m) over the course of the study period, October 16th, 2017 through October 12th, 2018. Blue background delineates distinct period of storm-driven parameter behavior (greater variability) over the course of the year. Measurements were taken every 5 min from October 16th to December 4th, 2017, and every 15 min from December 21st, 2017 to October 12th, 2018. Turbidity data above the detection range (4000 FNU) were removed, as well as turbidity data after June 15th, 2018 due to a sensor maintenance issue.


During the summer months, SPC, temperature, DO, and pH all followed primarily diurnal cycles linked to day/night hours with modifications to the sinusoidal trend caused by tidal variability in depth (Figure 4). SPC and temperature generally peaked from 16:00 to 18:00 in the summer (Figure 4), whereas DO and pH generally peaked 1-2 h prior (Figure 4). DO and pH both had slight increases overlain on the day/night trend associated with peak high tide depths. Turbidity showed little variability in the summer due to either day/night or tidal cycles.


[image: image]

FIGURE 4. Time series of example summer day (May 1st, 2018) averaged by hour of pH, specific conductivity, dissolved oxygen, turbidity, temperature, and depth. Colors indicate rising tide and falling tide (determined by timing of high and low tide) and day and night (determined by sunrise and sunset time).


Hourly averages of physico-chemical parameters were all significantly correlated with each other (p < 0.001); however, most of the correlations were very weak (Supplementary Table 2). Of the parameters most strongly linked, SPC and depth were negatively correlated (R = −0.75, p < 0.001) and SPC and pH were positively correlated (R = 0.58, p < 0.001).

The average depth at the sensor location was 0.67 m throughout the study period with a minimum and maximum depth of 0.26 m and 2.03m, respectively. Average river discharge was 2.08 m3 s–1. Assuming an average channel width of 28.5 m between the sensor location and the river mouth and a constant depth since bathymetric data is unavailable, we conservatively estimate a water transit time of 6 h between the sensor and the river mouth; using a width of 7 m (i.e., at the sensor’s location) reduces the transit time to 1.5 h. These values are rough estimates and are presented for hydrodynamic context.



River-Estuary Connectivity

Salinity in surface waters measured at high tide during one sampling campaign on 3/29/2018 ranged from 0 psu where the sensor was located to 0.4 psu roughly midway to the river mouth (1.4 km downstream of the sensor) and 12.9 psu at the river mouth (2.3 km downstream of the sensor location). pH values also increased along this reach from 6.36 at the sensor, to 7.02 midway to the mouth, to 7.78 at the river mouth. Average salinity measured at the Twanoh buoy in Hood Canal on the same day was 24.4 psu with minimum and maximum values of 19.5 psu and 29.6 psu.

pH values in the Hood Canal estuary (Twanoh Buoy), 14.3 km offshore from the Union River mouth, followed similar temporal trends as the Union River (Figure 5). For instance, pH in both the Union River and Hood Canal dropped in late October and late November 2017, generally increased from February through mid-March 2018, and declined again in April 2018. On average throughout the year, pH in the Union River was 0.46 units lower than observations at the Twanoh Buoy, in agreement with the increasing trend observed during our sampling campaign along the lower river towards the estuary. Daily average pH in the Union River and Hood Canal were significantly correlated, though the relationship was not strong (R = 0.47, p < 0.001) (Figure 5). However, this correlation fluctuated seasonally (Supplementary Table 3). While from October 2017 through February 2018 there was a relatively consistent positive correlation (with R = 0.311−0.660, p < 0.001), there was an abrupt de-coupling in the relationship in March and April 2018, with no correlation (R = −0.028, p = 0.44 in March 2018 and R = −0.110, p = 0.095 in April 2018) (Supplementary Table 3).
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FIGURE 5. (Left) Daily average pH in the Union River and in the Hood Canal measured at the Twanoh Buoy by (ORCA-UW, 2018) from October 13th, 2017 to April 9th, 2018. Date is displayed as Month-YY. (Right) Daily average pH in the Union River compared to the Hood Canal (r = 0.47, p < 0.001).




Quantifying Drivers of Variability

Overall, for certain parameters intracycle (i.e., tidal) variability was evident in the summer but was overshadowed by intercycle variability the remainder of the year (see Table 1 for complete intracycle and intercycle variability values and ratios). Intercycle variability of pH and SPC was lower in May through October 2018, and likely linked to day/night cycles during this period, compared to October 2017 through April 2018 when intercycle variability is most likely due to storm rainfall (Figure 3). Intracycle variability of pH stayed relatively constant throughout the year (ranging from 0.010 to 0.042), while intercycle dropped from a high of 0.141 in November 2017 to a low of 0.017 in September 2018 (Table 1). The drop in intercycle variability in the spring/summer corresponded to an increase in the ratio of intracycle:intercycle variability during this period, with a ratio greater than 1.0 (i.e., tidally dominant) from June through September 2018 (Figure 6). DO followed a similar pattern, with the intracycle:intercycle variability rising to above 1.0 in March 2018 and from May through August 2018. Though intercycle variability of SPC followed a similar pattern to DO and pH-dropping during the summer-the ratio remained below 1.0 throughout the entire year (Table 1 and Figure 6). Turbidity had a less consistent pattern, with the intra:inter cycle ratio reaching above 1.0 in December 2017, February 2018, and June 2018 (Figure 6 and Table 1).


TABLE 1. Intercycle and intracycle variability, and the ratio of intra:interycle variability for all study months.

[image: Table 1]

[image: image]

FIGURE 6. Monthly intercycle (i.e., non-tidal) and intracycle (i.e., tidal) variability for pH, turbidity, dissolved oxygen, specific conductivity, and temperature in the Union River shown as relative proportion for each month. The dashed line indicates a relative proportion of 0.50: i.e., intra-and intercycle variability for that month were equal. Intracycle variability >0.5 (above the dashed line) indicates that tidal variability was dominant, whereas intracycle variability <0.5 (below the dashed line) indicates that non-tidal variability was dominant. Intracycle variability is calculated as the monthly average of tidal cycle standard deviations for each parameter. Intercycle variability is calculated as the monthly standard deviation of tidal cycle mean.


Average monthly discharge of the Union River was strongly negatively correlated to the monthly ratio of intra:inter cycle variability of pH (ρ = −0.81, p = 0.001), specific conductivity (ρ = −0.79, p = 0.002), temperature (ρ = −0.82 p < 0.001), and dissolved oxygen (ρ = −0.75, p = 0.004) (Supplementary Table 4). Overall, higher river discharge (due to higher precipitation during storms) was associated with a decline in the relative impact of tidal cycles on these physico-chemical parameters. Average monthly discharge was not correlated to the ratio for turbidity (ρ = −0.63, p = 0.076).

pH in Hood Canal consistently had higher intracycle (i.e., tidal) variability and variability ratio values for the period of overlapping data (October 2017—March 2018) (Table 1). During October 2017, January 2018, and March 2018, variability ratio values between the Hood Canal and Union River were most similar, with a ratio of the Hood Canal to Union River of 0.7, 0.85, and 0.59, respectively (Table 1).



Storm Rainfall Hysteresis

Overall, nine storm rainfall events (i.e., “storms”) were identified in the hydrograph (Figure 2). Storm 3 was excluded from hysteresis analysis as it took place during a gap in our sonde deployment. Table 2 shows a complete summary of the storms, and Figure 7 provides some visual examples of hysteresis. Of the eight storms we analyzed, two storms exhibited counterclockwise hysteresis of pH and one storm showed clockwise hysteresis (Table 2). The remaining five storms showed no hysteresis (Table 2). During Storm 9, for instance, pH was drastically lower on the rising than the falling limb of the storm (Figure 7). Storms 1 and 5 showed clockwise hysteresis of turbidity, and storm 7 had counterclockwise hysteresis (Table 2). SPC showed counterclockwise hysteresis in storms 1 and 3, clockwise hysteresis in storms 2, 5, 6, and 8, and figure-eight hysteresis in storm 9 (Table 2). There was clockwise hysteresis of DO in storm 3, counterclockwise hysteresis in storms 5-8, and figure-eight hysteresis in storms 1-2 (HI = 0.199 and −0.231, but visual analysis showed figure-eight loops) (Table 2).


TABLE 2. Hysteresis Index and hysteresis shape for pH, specific conductivity (SPC), and turbidity and hydrological variables for each storm.
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FIGURE 7. Examples of hysteresis observed for pH, dissolved oxygen, specific conductivity, and turbidity for two storms on the Union River. Two example storms are shown to demonstrate different types of hysteresis seen during the 2017–2018 study.


There was not a relationship between most hydrological variables and hysteresis index values (Supplementary Table 4). However, total rain during the storm was negatively correlated to SPC (ρ = −0.74, p = 0.030) and positively correlated to the hysteresis index of DO (ρ = 0.79, p = 0.028). Hysteresis index of pH was also negatively correlated to total rain during the storm (ρ = −0.83, p = 0.01) and to the number of days since the previous storm (ρ = −0.77, p = 0.027) i.e., the longer the time since the previous storm and the more rain during a storm, the stronger the counterclockwise hysteresis in pH.




DISCUSSION


Distinct Seasonality in River Physico-Chemistry: Storm Rainfall vs. Tidal Influence

We observed two distinct periods in water physico-chemistry throughout the course of the year. During fall/winter/spring when storm rainfall events were prevalent, water quality changed at much greater magnitudes, with more spikes and steep declines during storm rainfall (Figure 3). For pH and SPC, this was reflected in both (1) greater monthly variability during this period, and (2) lower monthly averages in these parameters (Supplementary Table 1). By contrast during the summer, the pattern was reversed: there was much less variation in pH and SPC and both parameters were on average higher. Turbidity similarly experienced large drops and spikes during the fall/winter/spring period and more consistent, low values during the summer.

This seasonality was driven by shifting relative influence of tidal and diurnal (day/night) drivers compared to landward hydrologic forces (i.e., rainfall) on this stretch of the Union River. During the summer, variability in river physico-chemistry was driven by tidal hydrodynamics and diurnal cycles; however, during the fall, winter, and spring, variability was strongly driven by storm hydrology (i.e., increased precipitation and river discharge) that overwhelmed any tidal and solar influence on the system.

The seasonal shift is evidenced by the pattern of intra- (i.e., tidal) and intercycle (i.e., non-tidal) variability values over the course of the year. The ratio of intra- to intercycle variability increased during the summer months, indicating a greater relative impact of tidal variability on water physico-chemistry. This ratio increase was driven by a decline in intercycle variability during the summer, as intracycle variability values remained relatively constant throughout the year. For instance, intercycle variability of pH decreased from 0.102 in October 2018 to 0.022 in August 2018 while intracycle (i.e., tidal) variability remained constant at 0.021 in October 2018 and 0.029 in August 2018, corresponding to a rise in the intra:intercycle ratio from 0.207 to 1.33 (Figure 6 and Table 2). This shift is linked to the seasonal pattern of storm rainfall and associated river discharge, as demonstrated in the negative correlation between river discharge and the variability ratios of pH, SPC, and DO. Months with higher river discharge had lower relative tidal influence. Overall, high river discharge from storm rainfall drove variability in physico-chemistry during fall/winter/spring; as storm rainfall receded in the summer, lower river discharge diminished watershed geochemical inputs and allowed the influence of tides and diurnal cycles to predominate.

During summer months, these various tidal and diurnal influences on river physico-chemistry therefore became more apparent as high storm-driven freshwater discharge dropped. For instance, summer increases in SPC during the afternoon (Figure 4) indicate that base flow in the Union River is likely influenced by evapotranspiration, reducing flow and concentrating ions in the river during the hottest hours of the day (Lundquist and Cayan, 2002). Higher average and less variable SPC during summer months (Supplementary Table 1) further reflect a more stable, base river flow during this period compared to the more erratic pulses and drops from storm rainfall during the remainder of the year (Figure 3). Additionally, increased average DO and pH during summer vs. winter months (Supplementary Table 1) are likely linked to enhanced primary productivity relative to respiration during daylight hours (Hall and Hotchkiss, 2017), while slight increases in both parameters at peak high tide (Figure 4) could be related to either primary production inputs from the estuary or perhaps decreased river flow, which has been shown to suppress respiration and potentially enhance primary production in the tidal Amazon River (Ward et al., 2018). Likewise, in smaller tidal rivers CO2 levels have been shown to increase (associated with decreased pH) during low tide due to inputs from the riparian zone that are suppressed at high tide (Atkins et al., 2013). Similarly in the Union River, the greater relative impact of tides on pH variability in the summer (Table 2) may be due to changes in riparian CO2 inputs that only are apparent with the decreased freshwater flow.

Storm rainfall events similarly dominated turbidity patterns during the fall/winter/spring period, causing more frequent and greater magnitude spikes, while turbidity dropped to low, more stable values during the summer (Figure 3). This corresponded to high intercycle variability during these months and a rapid decline as storm rainfall tapered off in the summer (Table 2). For instance, intercycle variability was 239 in October 2018 yet dropped to 0.397 in June 2018 (Table 2). However, there was not a consistent pattern in tidal variability throughout the year; during the summer, for instance, turbidity was not strongly driven by tides even without the presence of storm rainfall (Table 2). The high turbidity peaks during storm periods and consistently low (near zero) turbidity values during the summer months (Figure 3) indicate that precipitation events may be the key driver of riverine sediment transport in this system, as has been previously suggested (McClain et al., 2003; Inamdar et al., 2006).



Internal Storm Rainfall Hysteresis

Because of the dominance of storm rainfall events (i.e., “storms”) in driving water quality during the majority of the year in the Union River and the overall importance of storm rainfall in flushing dissolved carbon, nutrients, and other materials from terrestrial to aquatic systems (Buffam et al., 2001; Holmes et al., 2008; Fellman et al., 2009; Ward et al., 2012; Thom et al., 2018), understanding the internal dynamics of storm events is crucial. Here, we examined the dynamics of intra-storm patterns through hysteresis analysis of all storm events during the study period and found incidences of counterclockwise hysteresis of pH, counterclockwise hysteresis of DO, and clockwise hysteresis of turbidity (Table 2).

Examining hysteresis patterns for storms is useful for extricating the mechanisms behind how storm rainfall impacts water physico-chemistry. Clockwise hysteresis patterns are often attributed to a nearby material source that is quickly flushed during the beginning of a storm rainfall and depleted as the storm progresses, causing a lower value on the falling limb of the hydrograph (Bowes et al., 2005), whereas counterclockwise hysteresis indicates a more distal source with a longer transport time (e.g., Bowes et al., 2009). Our observations of hysteresis are therefore consistent with a shift in water source from base flow to shallow subsurface flow during storm rainfall, or surface runoff in extreme cases when rainfall occurs more rapidly than soil infiltration and/or soils are fully saturated (Horton, 1933). For example, decreases in conductivity are likely a result of dilution of base flow, similar to findings that silica concentrations measured every 3 h decreased during storms in the Union River (Ward et al., 2012).

However, though we found frequent hysteresis in river physico-chemistry, there were not fully consistent patterns in each parameter across all storms. Other studies have similarly found large variation in hysteresis patterns within a catchment that are often linked to the variety of differences between storm rainfall and landscape characteristics (Andrea et al., 2006; Gao and Josefson, 2012; Sherriff et al., 2016). The inconsistency in such patterns across events suggest that there are complex relationships between a constituent and its export throughout an event, such as in situ production or depletion (Heffernan and Cohen, 2010), and component mixing from multiple sources (Evans and Davies, 1998).

We found multiple storms with clockwise hysteresis of turbidity, which aligns with many studies that have similarly found clockwise patterns in suspended solids (e.g., see Bowes et al., 2005), turbidity (e.g., Martin et al., 2014), and DOC (Hood et al., 2006) during storm events. Increases in turbidity on the rising limb of storm rainfall are often resultant of flushing of soluble soil organic matter (Raymond and Saiers, 2010) and enhanced surface soil erosion (Coynel et al., 2005). However, we additionally observed one storm with counterclockwise hysteresis of turbidity (Table 2). The storm with counterclockwise hysteresis (Storm 2) was a secondary discharge peak immediately following a previous peak (Storm 1) that had strong clockwise hysteresis (Table 2). This would be consistent with a proximal source of sediment, such as from the streambed, quickly flushed out during the first peak (i.e., Storm 1). By the time Storm 2 began, the proximal source was exhausted, and the higher turbidity on the falling limb of Storm 2 (i.e., the counterclockwise hysteresis) was sourced from more distal runoff or subsurface sources later in the course of the storm rainfall. Overall, there was inconsistency in the behavior of turbidity in the system that may reflect complex sources of solutes.

Previous work has shown both clockwise and counterclockwise hysteresis of pH (Rose, 2003), however hysteresis of pH has overall been infrequently examined. Though there was variation in pH hysteresis patterns, we found counterclockwise hysteresis to be most common, with lower pH values (i.e., higher acidity) on the rising limb than the falling limb (Table 2). This is likely linked to shifting water sources throughout the storm. The soils surrounding the Union River are a mix of alluvial and low-humic gley soils, with soil along the lower valley characterized as medium to strongly acidic (Ness et al., 1960). This suggests that often during storm rainfall there is a source of acidity that is quickly flushed into the river and depleted throughout the course of the storm. CO2 produced during soil respiration and organic acids in the soil are both also sources of acidity during storm rainfall, particularly in smaller streams that receive significant amounts of terrestrially produced dissolved inorganic and organic carbon compared to larger rivers (Drake et al., 2018). The negative correlation of pH hysteresis index to the time since the previous storm and to the cumulative precipitation further supports this process (Supplementary Table 4). A longer interval between storm rainfall would allow for soluble organic acids and CO2 to be produced or accumulate within the soils, lowering the soil pH (Hedley and Bolan, 2003; Rukshana et al., 2011), and a storm with more precipitation could have a more powerful flushing effect. Other studies have similarly found that higher storm precipitation levels and drier antecedent conditions can create stronger hysteresis responses (House and Warwick, 1998; Bowes et al., 2005; Jeong et al., 2012; Gellis, 2013; Lloyd et al., 2016a).

Overall, the hysteresis pattern of turbidity and pH that we observed in the Union River suggests that there is a nearby source of organic matter, sediment, and acidity that is quickly flushed into the river during storms. Previous observations of the patterns of nutrient and lignin concentrations in the Union River over the course of storm rainfall suggested that a shallow pool of organic matter accumulated over the summer and was flushed during the first autumn storm events (Ward et al., 2012), consistent with the shifts in river physico-chemistry observed herein during these storm events.



River-Estuary Connectivity

Hysteresis analysis is crucial for understanding internal river dynamics because of the predominance of storm rainfall in driving river phyisco-chemistry in the Union River during the majority of the year. Freshwater discharge from rivers is known to be a major influence on estuarine processes (Cross and Williams, 1981; Sklar and Browder, 1998), including nutrient levels and primary production (Howarth et al., 2000; Wetz et al., 2011), hydrodynamic characteristics (Sheldon and Burd, 2014) and geochemistry (Sklar and Browder, 1998; Royer et al., 2001; Lane et al., 2007). For instance, freshwater input to an estuary in the southeastern United States was found to be correlated to large-scale climate indices, indicating how smaller river systems can mediate the impact of climate on larger estuary systems (Sheldon and Burd, 2014). Understanding the internal behavior of small systems such as the Union River can therefore help extricate impacts on the larger estuarine system.

Our findings of the predominance of storm rainfall in driving river physico-chemical variability during the majority of the year (see Section “Distinct Seasonality in River Physico-Chemistry: Storm Rainfall vs. Tidal Influence”) and the hysteretic nature of physico-chemical parameters (see section “Internal Storm Rainfall Hysteresis”) indicate that storm rainfall may be a key area to focus on for understanding the connection between smaller systems and the larger estuary. For instance, based on the turbidity and pH patterns observed during storms, these events are likely important contributors of the Union River’s overall export of dissolved organic carbon (DOC) and suspended solids to the Hood Canal basin, as has been observed in a variety of other systems (Hinton et al., 1997; Hood et al., 2006). For example, ∼90% of the DOC exported from small eastern US watersheds occurs during events (Newton et al., 2007), and, likewise, the majority of sedimentary material is exported during events in Pacific Northwest, US rivers (Goñi et al., 2013). Previous research on the Union River has additionally found that the concentration of terrestrially derived lignin in both the dissolved and particulate phase doubled during periods of increased river discharge in the Union River during the fall storm rainfall season (Ward et al., 2012). Together, this further supports the role of storm rainfall as important hot moments for connectivity between small rivers such as the Union River to the estuary.

We additionally observed that internal dynamics in the Union River appeared to reverberate in the larger Hood Canal estuary, as pH in the Union River was weakly correlated with pH in the Hood Canal and overall showed similar trends in fluctuations throughout the year (Figure 5). The steep declines in pH in the Union River during fall and winter storms were mirrored in a lower pH in the Hood Canal compared to other periods of the year (Figure 5). The connection between the Union River and Hood Canal was disrupted during spring (March and April 2018), as evidenced by the abrupt shift in correlation in those months (ranging from R = 0.311—0.66, p < 0.001) compared to October 2017—February 2018 (R = −0.028, p = 0.44 and R = −0.111, p = 0.094, respectively) (Supplementary Table 3). The de-coupling in March and April is likely because pH in Hood Canal is controlled by the combined influence of the 43 different rivers draining into Hood Canal (Steinberg et al., 2011), particularly the Skokomish River, which has an order magnitude higher discharge than the Union River (Supplementary Figure 2) and similar patterns in terms of storm rainfall responses in DOM (Ward et al., 2012). Thus, timing of pH variability in Hood Canal due to riverine influence will be linked to the discharge-weighted timing of all 43 rivers draining the surrounding landscape. Rivers draining the Olympic Mountains account for ∼76% of the freshwater discharge into Hood Canal, a significant fraction of which is snowmelt during March and April. As a result, snowmelt contributions from mountainous rivers likely outweighs the influence of lowland rivers on the estuary during the spring. This similarly aligns with the pattern of intra- and intercycle variability observed in the Hood Canal. Hood Canal had consistently higher intracycle (i.e., tidal) variability compared to the Union River as one would expect (Table 1). However, Hood Canal showed greater similarity to Union River tidal variability ratios during October 2018, January 2018, and March 2018 (Table 1), when storm- and snowmelt-driven higher discharge would cause greater relative freshwater input and dampen tidal control over Hood Canal dynamics. Together, the variability ratios are suggestive of temporal shifts in the biogeochemical connectivity between the basin’s river and the Hood Canal estuary.

Because of the link between rivers and estuaries, the impact of environmental changes on the rivers draining into Hood Canal may have broader implications for shifting behavior of the Hood Canal estuary system in response to environmental stressors. Since the beginning of the industrial age, the pH of the world’s oceans has decreased by about 0.1 units and is expected to decrease by 0.3-0.4 by the end of this century (Feely et al., 2004), signifying that the physico-chemistry of this estuary is experiencing notable change that will likely continue in the future. Likewise, the impact of salinity into freshwater rivers in the Puget Sound are modeled to increase in duration and reach in the coming century (Khangaonkar et al., 2018). With changing nutrient loadings and terrestrial stressors, the Hood Canal estuary has also been experiencing persistent hypoxic episodes over the last few decades (Khangaonkar et al., 2018). Land use in the area has also been shown to be an important driver of riverine export, with N2-fixing alder trees contributing significantly to river nitrogen export (Steinberg et al., 2011) and related estuarine hypoxia (Newton et al., 2007). The increase in sea level may additionally impact physical and biogeochemical processes farther inland (Ensign and Noe, 2018). Therefore, the drivers of riverine physico-chemistry and estuarine physico-chemistry, while complex, are ultimately linked. Shifts in the dominant drivers behind the coupled dynamics of the greater river-estuary system are therefore important to ascertain. Though studying these coupled river-estuary systems can be costly and logistically challenging (Sklar and Browder, 1998), first discerning the intricacies of their smaller components can provide a manageable representation to predict future trends. Here, we demonstrate that high-frequency measurements are particularly important for understanding the drivers of rapid variability in both rivers and their interface with the ocean, and such efforts can inform on seasonality of hot moments in biogeochemical cycling.



Future Environmental Change

Understanding the extent to which different components of river physico-chemistry shift in response to storm rainfall, diel, and tidal cycles throughout the year is necessary for understanding how future environmental change may alter the interplay between these processes and impact the river system’s overall biogeochemical behavior. The Union River, a small freshwater tidal river, represents a distinct tidal system with differing drivers from other tidal systems. For example, estuaries are driven largely by marine exchange, and larger tidal rivers (such as the Amazon River) are dominated by in situ processes and interactions with the freshwater floodplain resultant from higher freshwater discharge. The stretch of the Union River monitored in this study is an example of a freshwater tidal system where freshwater discharge is high enough to prevent extensive estuarine influence (i.e., there is very little seawater intrusion), yet not so much to initiate floodplain dynamics.

Tidal systems across the United States predominantly consist of small coastal watersheds like the Union River, representing the majority (66%) of total tidal stream length, yet are poorly researched (Tagestad et al., 2021). These low-order coastal streams are particularly vulnerable to sea level rise (Tagestad et al., 2021), as sea level rise increases both the extent of rivers experiencing tidal influence (Ensign and Noe, 2018) and increases estuarine mixing in previously freshwater tidal systems. In the Union River, for instance, there is currently a clear seasonality to the drivers of river biogeochemistry in this system, and only a small tidal influence. Monitoring these smaller freshwater tidal rivers such as the Union River can allow us to track how sea level rise alters these dynamics.

In the Union River, we found a seasonal shift in drivers, with storm rainfall dominating river physico-chemistry variability in the fall, winter, and spring, and tides and diurnal (i.e., solar-driven evaporation and biotic metabolism) cycles becoming more predominant in the summer as storm rainfall, and thus freshwater discharge, receded (Figure 6). The strength of and balance between these drivers and yearly dynamics of river physico-chemistry may shift with future environmental change, as the complex dynamics in coastal freshwater river systems are susceptible to multiple avenues of future environmental stressors (Scavia et al., 2002). For one, seasonality of hydrologic variability is likely to become more extreme, such as a decrease in spring freshwater discharge through decreased snowmelt runoff (Kämäri et al., 2018), increased likelihood of extreme storm rainfall events (Meehl et al., 2000) and altered precipitation levels (Zhuang and Yang, 2018). For instance, as snowmelt from larger rivers seemed to overwhelm any influence of the Union River on Hood Canal pH during spring, a simultaneous increase in storm rainfall and decline in snowmelt due to climate change may contribute to a greater relative influence of the Union River and other similar smaller systems in the Hood Canal region. Additionally, the duration of time that the variability in physico-chemistry is dominantly driven by tides in a freshwater tidal river reach, such as elucidated here, may increase with future changes in precipitation and snowmelt patterns. Lastly, sea level rise may push the freshwater tidal portion of rivers upstream, extending the area of rivers that are exposed to the impact of tides (Ensign et al., 2012). It is therefore important to understand the influence of tidal forces on freshwater tidal river reaches; however, how an increase in the extent of the freshwater tidal stretch of a river may impact broader ecosystem functions—such as vegetation, nutrient, and sediment characteristics—is largely unexplored (Conner et al., 2007; Ensign et al., 2012). Long-term, high-resolution monitoring, combined with inter/intracycle analyses and intra-event hysteresis such as those presented here, will help to elucidate long-term trends in the patterns of such datasets. This will enable us to better understand how future environmental changes in sea level and precipitation may alter the relationship between the dual drivers of freshwater tidal rivers and affect the different facets of the river-estuary system.
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pH Specific Conductivity Turbidity Dissolved Oxygen Temperature pH Hood Canal HC:UR

Q(mds1) Inter Intra Ratio Inter Intra Ratio Inter Intra Ratio Inter Intra Ratio Inter Intra Ratio Inter Intra Ratio Ratio

Oct-2017 1.65 0.102  0.021  0.207 15.7 2.43 0.154 239 51.6 0.215 1.12 0.394 0352 0617 0.141 0228 0.197 0.058 0.295 0.701
Nov-2017 3.10 0.141  0.022 0.157 25.9 4.85 0.187 20.5 11.9 0.582 247 0.337 0137 0.644 0256 0.398 1.54 1.48 0.963 0.163
Dec-2017 2.82 0.089 0.019 0.216 1.7 1.28 0.110 201 38.0 1.89 1.16 0.185 0160 0.726 0.284 0.392 0.094 0.063 0.671 0.322
Jan-2018 5.01 0.085 0.023 0.277 19.4 2.50 0.128 667 108 0.162 1.12 0.250 0225 0.841 0.158 0.188 0.191 0.062 0.324 0.854
Feb-2018 2.81 0.042 0.010 0.247 17:9 0.385  0.022 8.57 14.3 1.67 0914 0362 039 1.017 0132 0.130 0.194 0.120 0.620 0.398
Mar-2018 1.89 0.068 0.022 0.324 3.39 0.361  0.106 795 56.6 0.071 1.07 1.16 1.09 1208 0228 0189 0.165 0.090 0.544 0.596
Apr-2018 2.79 0.106 0.023 0.221 12.0 0.803  0.067 127 0.417  0.329 1.16 1.10 0950 0916 0.387 0.422 = = = =
May-2018 1.39 0.040 0.038 0.951 1.08 0.224  0.208 5.34 1.81 0.339 1.42 1.94 1.37 0.994  0.477  0.480 — - - -
Jun-2018 147 0.034  0.042 1.24 1.02 0285 0.279 0.397 0.420 1.06 1.77 2.20 1.25 0.770  0.534  0.693 - - - -
Jul-2018 0.91 0.025 0.026 1.04 0.826  0.220 0.266 - - - 1.24 1.68 1.36 0.867  0.527  0.608 - - - -
Aug-2018 0.84 0.022  0.029 1.31 0.390 0.224 0.575 = = = 1.15 1.58 1.37 0.850 0.674 0.793 — - — =
Sep-2018 0.87 0.017  0.020 117 0.384 0.204  0.531 = = = 1.23 1.07 0.871 0652 0.525 0.806 — - — =
Oct-2018 0.95 0.022 0020 0912 0620 0243 0.392 — — — 2.34 1.27 0.5642 0.660 0.425 0.644 — — —

Intercycle variation was calculated as the average of standard deviations of tidal cycles. Intracycle variation was calculated as the standard deviation of averages of tidal cycles. A ratio less than one indicates that
intercycle variability (i.e., non-tidal or diel drivers) were more dominant, while a ratio greater than one indicates that intracycle variability (i.e., tidal drivers) were more dominant. Q (discharge) is the monthly average. The
variability ratio of pH for the Hood Canal and Union River was additionally compared with a ratio (HC:UR).
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Hysteresis Index and Shape

Hydrological Variables

Storm pH SPC Turbidity DO Storm Duration Peak Total Average Antecedent Days
start (Days) discharge rain discharge cumulative since
date més) (cm) més) rain (cm) previous

storm

1 —0.033 —0.108 0.691 0.199 10/17/17 3 4.05 102 2.14 0.254 3

None 1l Il V
2 0.131 0.325 —0.128 —0.231 10/20/17 4 5.69 4.85 1.96 1.2 0
Il Il None V
3 —-0.176 -0.118 0.028 0.261 11/21/17 5 184 10.5 7.37 20.9 a7
1l Il None I
5 0.0111 0.257 0.146 —0.609 12/28/17 6 bl iy 5.05 4.51 5.92 12
None I Il M
6 0.092 0.117 0.0305 —0.528 1/10/18 6 9.37 4.03 4.68 3.99 7
None I None Ml
7 0.070 0.015 —-0.102 —-0.612 1/26/18 3 10.5 4.52 7.76 185 10
None None 1l l
8 0.087 0.342 —0.074 —0.611 1/29/18 4 14.4 4.14 7.56 18.1 0
None Il None Ml
9 —0.126 0.010 0.039 0.057 4/13/18 6 14.2 7.04 5.98 19.9 70
1l Vv None None

Hysteresis shape key: (ll) Clockwise loop, (ll) Counterclockwise loop, (V), Figure eight loop.
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