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The concurrent reduction in acid deposition and increase in precipitation impact stream solute dynamics in complex ways that make predictions of future water quality difficult. To understand how changes in acid deposition and precipitation have influenced dissolved organic carbon (DOC) and nitrogen (N) loading to streams, we investigated trends from 1991 to 2018 in stream concentrations (DOC, ~3,800 measurements), dissolved organic nitrogen (DON, ~1,160 measurements), and dissolved inorganic N (DIN, ~2,130 measurements) in a forested watershed in Vermont, USA. Our analysis included concentration-discharge (C-Q) relationships and Seasonal Mann-Kendall tests on long-term, flow-adjusted concentrations. To understand whether hydrologic flushing and changes in acid deposition influenced long-term patterns by liberating DOC and dissolved N from watershed soils, we measured their concentrations in the leachate of 108 topsoil cores of 5 cm diameter that we flushed with solutions simulating high and low acid deposition during four different seasons. Our results indicate that DOC and DON often co-varied in both the long-term stream dataset and the soil core experiment. Additionally, leachate from winter soil cores produced especially high concentrations of all three solutes. This seasonal signal was consistent with C-Q relation showing that organic materials (e.g., DOC and DON), which accumulate during winter, are flushed into streams during spring snowmelt. Acid deposition had opposite effects on DOC and DON compared to DIN in the soil core experiment. Low acid deposition solutions, which mimic present day precipitation, produced the highest DOC and DON leachate concentrations. Conversely, high acid deposition solutions generally produced the highest DIN leachate concentrations. These results are consistent with the increasing trend in stream DOC concentrations and generally decreasing trend in stream DIN we observed in the long-term data. These results suggest that the impact of acid deposition on the liberation of soil carbon (C) and N differed for DOC and DON vs. DIN, and these impacts were reflected in long-term stream chemistry patterns. As watersheds continue to recover from acid deposition, stream C:N ratios will likely continue to increase, with important consequences for stream metabolism and biogeochemical processes.
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1. Introduction

Carbon (C) and nitrogen (N) species influence ecosystem processes and the quality of natural waters, and are thus monitored globally (Smith et al., 2003; Frei et al., 2021). For example, the dissolved fraction of organic carbon (DOC) in streams and rivers plays an important role in the global C cycle (Schlesinger and Melack, 1981; Aufdenkampe et al., 2011; Perdrial et al., 2014). Nitrogen is a limiting nutrient in terrestrial ecosystems and N accumulation can lead to eutrophication with significant ecosystem effects (Fenn et al., 1998). While the total amounts of C and N species impact water quality significantly, their relative proportions, or stoichiometry, are equally important for aquatic productivity (Fenn et al., 1998). Nutrient ratios close to those found in aquatic organisms (i.e., the Redfield ratios C:N:P = 106:16:1) foster aquatic productivity most (Berner and Berner, 2012). Additionally, C:N stoichiometry can be used to make inferences about the energy and nutrient balance within an ecosystem and is greatly impacted by solute inputs, disturbance dynamics, and seasonal hydrologic events (Kincaid et al., 2020; Wymore et al., 2021; Li et al., 2022; Rodríguez-Cardona et al., 2022).

Hydrology is a dominant driver of C and nutrient export at the catchment scale because soil derived constituents are flushed into streams (Raymond and Saiers, 2010; Wilson et al., 2013; Wen et al., 2020; Seybold et al., 2022). Thus, regional changes in timing, composition and amount of precipitation influence total and relative C and N concentrations in streams (Sebestyen et al., 2008; Rodríguez-Cardona et al., 2022). In the northeastern U.S., increases in heavy precipitation (Hayhoe et al., 2007; Galford et al., 2014; Caretta et al., 2022) are likely to impact both C and N export because they are discharge (Q)-dependent constituents. For example, in most catchments DOC increases with Q because DOC tends to be mobilized through direct soil flushing during overland flow or when the water table rises to reach shallow soil horizons (Perdrial et al., 2014; Zhi et al., 2019; Stewart et al., 2022). In snow-dominated catchments, such as those in the northeastern United States, spring snowmelt is a particularly important time for DOC export, because melt waters flush out labile C that accumulated under the snowpack (Brooks and Williams, 1999). Similarly, N can accumulate in snow-covered soil and snowpack and flush out during spring snowmelt (Brooks et al., 1998; Brooks and Williams, 1999; Campbell et al., 2006; Pellerin et al., 2011). During rain-on-snow events, which are increasing in their frequency (Il Jeong and Sushama, 2018), a large amount of N can be exported in a brief period of time (Murray et al., 2022; Seybold et al., 2022).

In the northeastern United States, changing amounts of precipitation is interacting with another driver, i.e., a shift in atmospheric acid deposition. Since the implementation of the 1990 Clean Air Act Amendments, deposition of anthropogenic acids and their dissociation products [e.g., nitrate ([image: image]) and protons (H+)] have decreased, leading to decreases in [image: image] in streams (Aber et al., 1998; Fenn et al., 1998). While C species are minor in this deposition, this shift has also impacted DOC in streams (Evans et al., 2005; Monteith et al., 2007; Lepistö et al., 2008; Adler et al., 2021). Some studies have established links to C mobilization from soils and show that soil aggregates can become destabilized in low-charge density environments (similar to conditions during recovery from acidification) and release DOC as a result (Cincotta et al., 2019; Adler et al., 2021). Because soil organic matter is a common source for both organic C and N species (Liu et al., 2019), coupled DOC and dissolved organic nitrogen (DON) release during soil aggregate breakup is likely. Indeed, a recent study across biomes demonstrated that recovery from atmospheric acid deposition has led to changes in the organic matter pool and shifts in DOC:DON ratios (Rodríguez-Cardona et al., 2022); however, because dissolved organic nitrogen (DIN) is not a typical aggregating agent (Zhang et al., 2016), aggregate related processes are unlikely to significantly contribute to its release through this process.

Our objective was to investigate the connection between long-term regional-scale atmospheric drivers, stream response and seasonal catchment soil dynamics to disentangle the relative contribution of each driver to the separate and intersecting pathways of DOC, DON, and DIN export. Our study was focused on a forested headwater catchment in northeastern Vermont, United States, Sleepers River Research Watershed (SRRW), which has experienced increases in precipitation, decreases in acid deposition and has high-resolution long-term environmental data recording these changes since the early 1990s (Shanley et al., 2015). To determine the impact of increasing Q on long-term stream water dissolved organic C and N concentrations, we investigated concentration-discharge (C-Q) relation across seasons. To isolate temporal trends in these data independent of Q (e.g., possibly in response to reduced acid deposition), we applied Seasonal Mann-Kendall tests on flow-adjusted data. To assess the combined effect of hydrologic flushing due to increasing precipitation and shifts in acid deposition on mobilization of C and N species from catchment soils, we measured dissolved organic C and N concentrations in the leachate of soil cores that we flushed with solutions simulating high and low acid deposition during four different seasons.

With these approaches we test the following hypotheses: (1) The combined effects of increased precipitation and reduced acid deposition impact dissolved organic C and N species differently, which leads to a shift in C:N stoichiometry in soil and streams. Specifically, because organic species in stream water (DOC and DON) increase with Q (over time and across seasons) and acid deposition decreases soil organic matter solubility, DOC and DON concentrations will increase with increasing Q and decreasing acid deposition; and (2) stream water DIN concentrations will decrease over time with decreasing acid ions (e.g., [image: image]) in atmospheric deposition, but will show seasonal variations. However, because DIN is not a strong aggregating agent in soils, experimental manipulations of acid deposition do not impact DIN release through soil aggregate breakup, leading to a further decoupling of C and N response to these drivers and increases in C:N ratios in the long term.



2. Methods and materials


2.1. Study area

SRRW is comprised of nested catchments varying from forested to agricultural landcover. Our main study location was the 40.2-ha (0.402 km2) headwater watershed W-9, which is 100% forested in northern hardwoods (Figure 1). In 1988, the northeast region collectively received an estimated 14 to >20 kg/ha of atmospheric nitrate ion wet deposition; compared to 2018, where levels are estimated to be < 8 kg/ha (Shanley et al., 2004, 2015). Hydrologic data date back to 1960 (Chalmers et al., 2019; Shanley et al., 2022) and biogeochemical data (mostly weekly sampling) date back to 1991 (Matt et al., 2021), representing one of the longest continuous hydrochemical records in the region (Shanley et al., 2022).


[image: Figure 1]
FIGURE 1
 (A) Location of field site in the northeastern United States. (B) Sleepers River Watershed in northeastern Vermont (gray outline), Watershed 3 (gray hatched), and the forested watershed—Watershed 9 (green shaded). (C) Location of soil core sampling sites. Hillslope samples are represented by orange circles, riparian by green circles. Modified from Shanley et al. (2022).


The bedrock geology of the area is dominantly quartz-mica phyllite with interbedded calcareous granulite (Shanley et al., 2004). The presence of calcite in the parent material distinguishes SRRW from many other northeastern catchments in that the ground and stream water are well-buffered, and deeper soils are not calcium depleted (Armfield et al., 2019). The bedrock is overlain by 1–4 m of basal till emplaced from previous glaciation (Shanley et al., 2004). Dominant soil types include Inceptisols and Spodosols on hillslopes, and Histosols in riparian zones. Forest cover in W-9 consists of sugar maple, beech, yellow birch, and white ash (Shanley et al., 2004). SRRW is located in a humid, temperate region where annual temperatures range from −30 to +30°C (Pellerin et al., 2011). W-9 is a seasonally snow-covered catchment and 20–30% of yearly precipitation accumulates as snow (Shanley et al., 2015). Water yields are dominated by spring snowmelt and event-driven flow; therefore, streamflow and solute concentration have distinctive seasonal patterns (Sebestyen et al., 2008; Pellerin et al., 2011; Shanley et al., 2015; Armfield et al., 2019; Stewart et al., 2022).



2.2. Field sampling and experimental design

To capture seasonal variations in hydrologic drivers and nutrient dynamics, we collected soil cores during fall, winter, spring, and summer (Supplementary Table 1). To investigate how landscape position impacts solute release across seasons, soil cores were sampled from both hillslopes and riparian zones. During each of the sampling campaigns, we collected 27 cores—of which 13 were taken from hillslopes and 14 from riparian zones.

Before collecting cores, we removed leaf litter and forest debris from the soil surface. This was particularly important for fall soils that were covered by a layer of fresh leaf litter. Winter soils were covered by ~120 cm of snow that was removed before sampling. Our experiments focused on the interaction of event waters and shallow soil layers, therefore only the top 10 cm of soil (O and A horizons) was collected by hammering 5 cm diameter PVC pipes into the soil. Cores were carefully removed to maintain the structural integrity of the sample, sealed with parafilm and tape, transported to the laboratory, and stored at 4°C until experimentation within 24 h of collection.

We designed soil core experiments to test the effects of hydrologic flushing events and shifts in solution chemistry on soil DOC, DIN, and DON release. We used solutions that simulated past and present precipitation and soil chemistry conditions at SRRW (Shanley et al., 2004; Armfield et al., 2019) as follows:

• The acidification treatment simulated conditions during the onset of acidification—having high ionic strength (3*10−2 M) from calcium chloride (CaCl2), and low pH (=3 adjusted with hydrochloric acid).

• The recovery treatment simulated reduced acid deposition—having low ionic strength (<10−5 M) and a pH of 5.

• The third treatment (mixed treatment), had a low pH (comparable to the acidification treatment) and low ionic strength (comparable to the recovery treatment), to allow for testing the influence of pH and ionic strength as individual variables.

For flushing experiments, we followed the procedure outlined in Cincotta et al. (2019) and Adler et al. (2021), in which soil cores were positioned vertically and fitted with bottom PVC caps with stop valves to control drainage and the interaction time between the experimental solutions and the soil. Each flushing consisted of the addition of 120 ml of solution to the top of the core, followed by 5 min of interaction time. Gravitationally drained leachate was collected for 4 min into clean HDPE bottles. Leachate of each flushing was collected individually and filtered through a 0.45-μm polyethersulfone filter into combusted glass vials within 24 h of experiments. A schematic of the soil core setup is provided in Supplementary Figure 1. This process was performed twice in sequence to capture “first flush” (i.e., solutes sorbed on soil surfaces and contained in soil pore water) and subsequent solute release. We did not flush soils further because previous studies showed a significant decrease in solute concentration after two flushes (Adler et al., 2021; Bristol, 2021).



2.3. Sample and data analysis

Soil leachate was analyzed for DOC and Total Dissolved Nitrogen (TDN) using a Shimadzu Carbon Analyzer (Shimadzu, Colombia, MD, USA). Anions, including nitrate and nitrite, were measured using a Thermo Scientific Dionex Aquion Ion Chromatography System (Thermo Fisher Scientific, USA), and reported as N (e.g., Nitrate-N). pH was measured using a benchtop pH probe and meter to confirm target pH (±0.1 pH units). DON was calculated by subtracting DIN (i.e., nitrate and nitrite) from TDN. Note that ammonium was below detection limit. To compare results between soil cores, leachate was normalized to the amount of liquid and solid and reported in mg/kg of soil. All statistical analyses were performed using RStudio Version 1.3.1093. Kruskal-Wallis tests were applied to compare soil cores by treatment and landscape position. Statistical significance for difference in medians for treatment and landscape position were determined using an α threshold of 0.05. A post-hoc Dunn test with a Bonferroni adjustment was applied for categorical variables that were detected by the Kruskal-Wallis test to be statistically significant.



2.4. Long-term trend analysis: Flow-adjusted data and seasonal Mann-Kendall tests

To investigate stream response to long-term shifts in atmospheric drivers we used two main approaches on the stream solute concentration dataset from SRRW W-9 (Matt et al., 2021; Shanley et al., 2021, 2022). The datasets comprise grab sample concentrations from September 30, 1991 to December 26, 2018 for DOC and DIN and from February 22, 2005 to December 26, 2018 for DON with 3,799 measurements for DOC, 2,131 for DIN, and 1,155 for DON. The first approach investigated how stream solute concentrations vary with variations in Q. For this we performed linear regressions on the relationship between instantaneous log-transformed DOC, DIN, and DON concentrations (mg/L) with corresponding instantaneous log-Q measurements at the sampling time and plotted these by meteorological season.

Our second approach evaluated temporal trends in stream water solute concentrations independent of Q. For this we applied a Locally Weighted Scatterplot Smoothing (LOWESS) regression on log-transformed DOC, DON, and DIN concentrations and Q, using a smoothing pattern coefficient (f = 0.67), and extracted the residuals (Supplementary Figure 2). Flow-adjusted concentrations (DOCFA, DINFA, DONFA) were obtained from reordering the LOWESS residuals according to the corresponding time stamp for each observation (Hirsch and Slack, 1984; Helsel et al., 2020).

To correct for seasonal dependence, we performed monotonic trend analysis for time series, or Seasonal Mann-Kendall statistical tests, to detect upward (positive) or downward (negative) trends in flow-adjusted concentrations independent of seasonal influence (Hirsch and Slack, 1984). Positive and negative trends were identified by the normalized test statistic, Kendall's tau (tau = ±1), where positive trends have a tau-value >0.05 and negative trends <0.05, with a statistically significant α threshold of 0.05. Finally, we applied a Pettitt test to identify change points (trend shifts) in continuous time series data that otherwise could be missed from monotonic trend analysis (Pettitt, 1979).




3. Results


3.1. Long-term stream chemistry: C-Q relationships

The C-Q response and concentration variability changed seasonally for most of the investigated solutes at SRRW. However, DOC and DON had similar export behavior across seasons. In all seasons, DOC and DON had positive C-Q slopes, indicating enrichment with increasing Q, but C-Q slopes for DON were much closer to zero, indicating a more constant response with changing Q (Figure 2). DOC concentrations were generally highest and most variable in summer and fall and DON concentrations were most variable in fall and winter (Table 1). In contrast to DOC and DON, the directionality of DIN C-Q slopes varied across seasons but were positive in fall and spring. The highest DIN concentrations occurred in winter and spring.


[image: Figure 2]
FIGURE 2
 Seasonal concentration-discharge (C-Q) behavior for log-transformed dissolved organic carbon (DOC), dissolved inorganic nitrogen (DIN), and dissolved organic nitrogen (DON) concentrations in mg/L vs. log-transformed Q in cubic meters per second (m3/s). Seasons are represented by color. The slope of the log C-log Q relationship is shown and describes the directionality of the relationship. Positive slopes indicate an enrichment response. Negative slopes indicate a dilution response. Slope values near zero indicate a constant response.



TABLE 1 Number of observations (n) by solutes and season and statistical information for concentration-discharge relationships.

[image: Table 1]



3.2. Long-term stream chemistry: Flow-adjusted trends

DOCFA, DINFA, and DONFA showed significant but contrasting temporal trends. DOCFA generally increased across the period of observation between 1991 and 2018 (tau = 0.116, p < 0.001, Figure 3A), but no single season drove this increase (seasonally independent DOCFA trends were insignificant; Supplementary Figures 2–4). Pettitt change point detection analysis for DOCFA revealed a trend shift in 2005. Prior to 2005, the strength of the trend (tau = 0.08, p < 0.001) was greater than for the 2005–2018 period (tau = 0.07, p < 0.001, Figure 3A). In contrast, DINFA generally decreased between 1991 and 2018 (tau = −0.19, p < 0.001, Figure 3B) and significant decreases were observed across all seasons (Supplementary Figure 4). Pettitt change point detection analysis for DINFA revealed a trend shift in 2002. Prior to 2002, the DINFA trend was negative (tau = −0.08, p = 0.006). After 2002, the trend for DINFA was positive (tau = 0.06, p = 0.01), but the signal was more variable. Specifically, DINFA oscillated from 2004 to 2007, dramatically decreased after 2007, increased again until 2015, and decreased until the end of the record (Figure 3B). DON data were not available prior to 2005 so we could not analyze the longer-term trends. However, the DONFA trend after 2005 was positive (tau = 0.026), and flow-adjusted concentrations mirrored the general oscillating pattern observed for DINFA (Figure 3C). Further, the 2014 peak in DONFA occurred in all seasons that year (Supplementary Figure 5). The general trend of increasing DOC concentrations and decreasing DIN concentrations led to an increase in C:N ratios (tau of seasonal Mann Kendall = 0.23), with most of the increase happening since 2015 (Figure 3D).


[image: Figure 3]
FIGURE 3
 Long-term trends in (A) flow-adjusted dissolved organic carbon (DOC) concentrations, (B) flow-adjusted dissolved inorganic nitrogen (DIN) concentrations, (C) flow-adjusted dissolved organic nitrogen (DON) concentrations, and (D) C:N ratios calculated from DOC and DIN concentrations. For DOCFA and DINFA, change points (indicated by vertical dashed lines) were found in the early 2000s and trends both before and after the change points are statistically significant (α ≤ 0.05) and positive for all, except negative for DIN before the change point. Seasonal Mann Kendall tests on C:N ratios indicate a positive trend (tau = 0.23) over the time series.




3.3. Soil core experiments: DOC, DIN, DON leachate by season, treatment, and landscape position

Soil core leachate DOC concentrations varied notably by season, but the treatment effect was only significant for winter samples (Kruskal-Wallis, p = 0.04). Leachate DOC concentrations from fall soils were low among treatments (1–17 mg/kg; Figure 4). Leachate DOC concentrations in winter soil had the highest mean concentration from the recovery treatment for both hillslopes [35.2 mg/kg, standard deviation (sd) = 31.1] and riparian zones (20.0 mg/kg, sd = 19.1), and these concentrations were significantly greater than for the acidification treatment (Dunn, p = 0.04; Figure 4). Spring soils had the lowest DOC concentrations, ranging from 0.9 to 10 mg/kg (Figure 4). Summer leachate DOC concentrations were generally high, ranging from 0.8 to 27 mg/kg (Figure 4). Irrespective of treatment, the highest DOC concentrations were found in leachate from hillslope soils in the fall and winter and riparian soils in the summer.


[image: Figure 4]
FIGURE 4
 Seasonal (left to right) dissolved organic carbon (DOC), dissolved inorganic nitrogen (DIN), and dissolved organic nitrogen (DON) concentrations (top to bottom) from soil core leaching experiments. Boxplots are ordered by soil core treatment. Kruskal Wallis tests were used to determine statistically significant (p ≤ 0.05) differences in means between each treatment. A post-hoc Dunn test with a Bonferroni correction was applied to seasons with a significant Kruskal Wallis p-value. Brackets indicate between which treatments were significant, and asterisks denote significance of treatments as follows: *p ≤ 0.05, **p ≤ 0.01. Symbols represent the landscape position where the core was collected; open circles represent hillslopes; and solid triangles represent riparian zones. Box plots depict the minimum, first quartile, median, third quartile, and maximum, with outliers depicted as single points.


DIN concentrations in leachate varied considerably by season and in some cases by treatment. For example, DIN concentrations in fall leachates were generally low (0–2.9 mg/kg), but leachate from the acidification treatment had the highest mean concentration (1.16 mg/kg, sd = 0.77) and was significantly different than concentrations in the leachate from the mixed treatment (Dunn, p = 0.003; Figure 4). The acidification treatment for winter soils also had the highest leachate DIN concentrations (maximum of 4.5 mg/kg; hillslope mean = 1.81 mg/kg, sd = 1.72; riparian mean = 3.72 mg/kg, sd = 4.17) and leachate DIN concentrations from these soils were significantly higher than DIN in leachates from the mixed treatment, which had the lowest mean DIN concentrations for winter soils (Dunn, p = 0.02; Figure 4). The mean DIN concentration from the recovery treatment was between those from the acidification and mixed treatments and ranged from 0.2 mg/kg for hillslopes to 1.5 mg/kg in riparian zones. Spring soils had the lowest leachate DIN concentrations (maximum of 2.33 mg/kg) and there were no significant differences among treatments (Figure 4). Leachate DIN concentrations from summer soils did not differ among treatments, but were frequently higher than in other seasons, with the highest concentration from riparian soils (4.8 mg/kg; Figure 4).

There were more seasonal and treatment differences for DON than for DOC and DIN. The highest mean DON concentration in fall leachate was from the acidification treatment (0.93 mg/kg, sd = 0.27), which was significantly greater than the mean recovery concentration (0.18 mg/kg, sd = 0.14; Dunn, p = 0.01; Figure 4). The second highest mean DON concentration was in leachate from the mixed treatment (0.48 mg/kg, sd = 0.28), which was also significantly greater than the mean recovery concentration (Dunn, p = 0.02). Similar to DOC and DIN, DON leachate concentrations from winter soils (especially hillslopes) were high compared to other seasons (up to 1.68 mg/kg) but did not vary significantly by treatment (Figure 4). Leachate from spring soils yielded low concentrations (maximum of 0.51 mg/kg) and there were no treatment differences (Figure 4). Leachate from summer soils, especially riparian soils, were generally higher than for other seasons (up to 0.76 mg/kg; Figure 4). The highest mean DON concentration was in leachate from the mixed treatment (0.43 mg/kg, sd = 0.30), which was significantly greater than recovery concentrations (Dunn, p = 0.04).




4. Discussion

Overlapping drivers such as shifts in acid deposition and increased precipitation impact stream water solute patterns in complex ways (Freeman et al., 2001; Worrall et al., 2004; Eimers et al., 2008a,b; Clark et al., 2010), making it challenging to predict water quality in light of continued changes. Our overarching objective was to investigate the connection between regional drivers, catchment dynamics, and differential stream response, in order to disentangle the C and N response to these drivers and assess the effect on C:N stoichiometry.


4.1. Patterns in stream water: Do C and N respond differently to overlapping drivers?

To identify general patterns in long-term trends and C-Q relation, we first investigated the Q control on DOC and N-species in long-term datasets and found variability in C-Q patterns for all investigated solutes with pronounced seasonal differences (Figure 2). DOC and DON export behavior was similar in most seasons, with concentrations increasing with Q, though less so for DON. This was consistent with our hypothesis that DOC and DON would originate from a common, soil-derived source and increase in concentration as streams connected to upper soil horizons at higher flows. Most of the higher flows occurred in spring and summer during snowmelt events and rainstorms. Such events are particularly important for soil flushing and mobilizing substantial amounts of DOC and other soil-derived solutes to streams (Boyer et al., 1997; Sebestyen et al., 2008; Pellerin et al., 2011). Due to dilution from snowmelt, stream concentrations were often lower in winter and spring compared to other seasons, however, because of the large volume of water exported, this time is a significant export period for soil-derived solutes (Pellerin et al., 2011; Seybold et al., 2022). Higher concentrations in summer and fall mean that rainstorms also export a significant amount of these solutes despite the shorter-lived nature of storms vs. snowmelt (Kincaid et al., 2020). This is in agreement with predictions that DOC export is likely to increase as the result of longer growing seasons (Shanley et al., 2015).

DIN concentrations, in contrast, were highest in winter and spring (Figure 2), a signal that is consistent with previous studies in the area that found stream nitrate elevated as a result of rain-on-snow events and early snowmelt (Sebestyen et al., 2008; Pellerin et al., 2011; Casson et al., 2019; Kincaid et al., 2020; Seybold et al., 2022). DIN concentrations, however, did not vary systematically with Q, and in contrast to the organic solutes, soil flushing might not be the dominant control. Instead, seasonal controls are important for DIN export, particularly after DIN accumulates in soils during winter and subsequent snowmelt and spring rains export the DIN prior to the growing season when biological demand is low (Brooks et al., 1998, 2011). Prior to the prolonged snowmelt period, rain-on-snow events are particularly hot moments of DIN export, contributing up to 90% of winter nitrate export in seasonally snow-covered catchments (Casson et al., 2014). These events need to be considered carefully with respect to future patterns in stream N, as rain-on-snow events are projected to become more abundant with winter climate change (Il Jeong and Sushama, 2018; Seybold et al., 2022).

To assess the presence or significance of drivers—other than the often dominant Q control on stream solutes, we also investigated temporal trends in flow-adjusted concentrations. Our findings of increasing DOCFA (Figure 3A) over several decades are in agreement with previous work that identified a significant positive trend for DOC at SRRW that has been attributed to reduced acid deposition (Cincotta et al., 2019; Adler et al., 2021; Bristol, 2021; Huntington and Shanley, 2022); DONFA was not available for this time period. However, this increase is not driven significantly by any specific season (Supplementary Figure 3), which indicates that a number of processes likely contribute to this pattern. Contrary to the increase in DOCFA, DINFA showed a general, significant decrease over past decades (Figure 3B), which is consistent with decreases in atmospheric nitrate deposition across other watersheds in the northeast (Eshleman et al., 2013; Frei et al., 2021), and is reflected by decreases in all seasons (Supplementary Figure 4). Overall, the impact of both drivers on increasing DOC, together with the deposition-related decreases in nitrate led to a significant increase in C:N ratios especially since 2015 (Figure 3D).

The large fluctuations for DINFA and DONFA after the mid-2000s are superimposed on the general decrease of N in streams and point to additional dynamics independent of shifts in deposition. This pattern is a regional phenomenon that is also apparent, for example, at nearby Hubbard Brook Experimental Forest. The stream N fluctuations do not match up with regional shifts in precipitation chemistry, no exact cause has been identified. However, the moderate drought in late 2009 and 2010, followed by an exceptionally wet year in 2013–2014 across New England may have contributed (U.S. Drought Monitor, 2023; Supplementary Figure 6). Periods of drought reduce soil microbial activity and plant uptake (Rupp et al., 2021) and lead to accumulation of N that is available for flushing thereafter (McClain et al., 2003; Rupp et al., 2021). Indeed, a recent study found that dry periods followed by heavy rainfall can disrupt the water-solute balance in soils, and lead to exceptionally high N export in streams (Loecke et al., 2017; Rupp et al., 2021). The decoupling of C and N dynamics is interesting and points to complex dynamics that require further investigation at a regional scale.

Even though the flow-adjustment method controls for the variability in DOC and N concentrations in stream water with fluctuating Q, this does not mean that observed changes in these constituents are not related to shifts in precipitation amounts. For example, increased precipitation can lead to anoxic conditions with increases in soil moisture, reducing carbon respiration (Wen et al., 2020), but having less effect on the processing of N forms. In this scenario, DOC can accumulate despite warm summer temperatures and nitrate would be reduced to gaseous forms (Hungat et al., 2003; McNeill and Unkovich, 2007). Indeed, summer DOC concentrations were elevated at high flow, which is in agreement with previous studies (Ryan et al., 2021, 2022). Nitrate concentrations were also high, albeit more variable, which might signal that denitrification was spatially and/or temporally more variable. Additionally, recent research emphasized the role of throughfall as an important source of soil and stream dissolved organic matter during summer months when leaves are out (Ryan et al., 2021, 2022). The influx of throughfall is relatively enriched in C and might contribute to observed patterns.



4.2. The role of soil derived C and N: Indications of co-variations in pathways

To test our hypotheses on the pathways of DOC, DON, and DIN from soil flushing and shifts in precipitation chemistry, we conducted soil core experiments with solutions representing high and low acid deposition. These experiments allowed us to simulate intense rain/snowmelt with general conditions of past acidification, with high ionic strength and low pH, as well as current conditions with higher pH and lower ionic strength. Because availability of solutes for mobilization is a function of seasonal dynamics of production, removal, and catchment connectivity (Bernhardt et al., 2017), we conducted these experiments across seasons and landscape positions. Specifically, we hypothesized that organic species (DOC and DON) are preferentially leached from soils with solutions that simulate reduced acid deposition, as these are common constituents in soil aggregates that become unstable in these conditions. In contrast, because DIN is not a strong aggregating agent, we hypothesized that simulated shifts in acid deposition during experiments do not impact DIN release, but that seasonal variations dominate.

Interestingly, the only scenario that aligned with our prediction that leachate DOC concentrations would be higher in the recovery treatment than the acidification treatment was with the winter soils. We surmise this is the case because shifts in precipitation chemistry influence soil DOC availability by affecting soil aggregate stability-instability processes. Indeed, others have found that soils at SRRW treated with a low charge density solution released more DOC and had smaller aggregates after treatment than those treated with a high charge density solution (Cincotta et al., 2019; Adler et al., 2021). In fall soils a large proportion of the soil DOC pool is likely highly soluble DOC derived from freshly fallen plant and leaf detritus (Goodale et al., 2009; Wilson et al., 2013). Hence, any additional DOC released from soil aggregates in the presence of the recovery treatment solution was likely masked by this larger DOC pool. Interestingly, DON concentrations were highest in the fall acidification treatment, suggesting additional processes may impact DON mobilization in fall, though the small sample size for that treatment prevents us from claiming anything conclusively (Figure 4). Regardless, in winter, the labile DOC pool derived from fall plant detritus has been exported or immobilized. Consequently, when winter soils are exposed to the recovery solution, solutes sorbed to soil aggregates and particles are released into soil solution. We observed this in winter soils for both DOC and DON. This is consistent with a previous study that found high organic solute mobilization from winter soil experiments (Bristol, 2021).

The increased release of organic species from winter soils has important implications for DOC and DON export given that the largest hydrological event in this seasonally snow-dominated system is spring snowmelt (Perdrial et al., 2014). During snowmelt, the entire catchment typically becomes hydrologically connected to the stream (Pellerin et al., 2011), and solutes that accumulated or were released from soil aggregates are exported from the catchment. We suspect we did not see a similar response in spring soils because these soils may have already been flushed during snowmelt at our site. Previous flushing from snowmelt would also explain why all investigated solutes had relatively low concentrations across treatments (Figure 4).

As hypothesized, DIN concentrations in leachate were strongly impacted by seasons and were generally low in spring and fall and high in summer and winter. Even though we did not actively simulate the variety of biogeochemical and hydrological processes across seasons, the conditions of sampled soils are a result of these combined processes prior to sampling, and we interpret our results in this context. For example, elevated temperatures and active vegetation make summer a biogeochemically active time. Riparian zones remain wet and have ideal conditions for biogeochemical cycling (Bernhardt et al., 2017). The high DIN and DOC release from riparian soils indicates that biogeochemical cycling was highly active, but that neither aerobic organic matter respiration nor anaerobic nitrate reduction dominated as these processes would have resulted in lower concentrations of both species.

Contrary to our hypotheses, soil DIN responded strongly to treatments and released more nitrate in acidification solution in most seasons but especially from winter soils (Figure 4). One likely explanation is that the chloride in our treatment solutions, which has greater affinity for soil anion exchange sites than nitrate, replaced nitrate on exchange sites and caused the leachate to become enriched with nitrate (Allred, 2007). The ion-exchange process is relatively fast and would be captured in our relatively short (minutes) experiment duration. These results are interesting in the context of reduced acid deposition, as, broadly speaking, the acidification treatments simulate conditions of the past, where precipitation and soil pH were lower and charge density was higher. At this time, streams were already impacted by substantial amounts of DIN from the atmosphere (Lawrence et al., 2020), but our results suggest that soil chemical conditions may have contributed to additional DIN release, exacerbating N concentrations in streams. In this case, shifts in acid deposition affected soil processes that influence both C and N mobilization in opposite directions, amplifying respective trends and contributing to further increases in C:N ratios. Another option might be that our experiments simply mobilized legacy nitrate that had accumulated from past deposition (or simply over winter) and is released when ions with higher affinity for soil exchange sites are added to the system. This process is worthwhile considering across other sites and we encourage the use of our data in combination with other data to assess C:N dynamics at a regional scale.



4.3. The connection between long-term data and experimental results

Our long-term data assessment offers insights into general annual and seasonal patterns, but the attribution of specific processes can be difficult. Our soil core experiments offer insights on specific processes. Together, these approaches investigate the combined effect of hydrological processes and shifts in precipitation composition.

For example, our soil core experiments on winter soils simulate hydrologic flushing via snowmelt, which is the most important hydrological event in these systems (Sebestyen et al., 2008; Shanley et al., 2015; Seybold et al., 2022). Winter soil leachate was particularly high in DOC, which is significant because this source is readily flushed to streams by snowmelt. Indeed, many studies show that consistent snowpack enhances DOC exports during spring snowmelt (Brooks and Williams, 1999; Brooks et al., 2011; Viglietti et al., 2014; Winnick et al., 2017) because soils are insulated, and in the absence of hydrologic events, accumulate DOC (Groffman et al., 2001). The fact that conditions of low acid deposition (recovery treatment) led to the highest liberation of DOC and DON from soils indicates that soil processes might have contributed to the long-term increase in stream DOC for decades (unfortunately we do not have access to long-term DON data). However, trend analyses by season do not indicate spring (or any other season) as primarily responsible for the observed increase in DOC (Supplementary Figure 3), suggesting that the effect of reduced acid deposition is consistent across seasons.

Our experimental results also provide insights into stream DIN responses. For example, high concentrations of DIN in leachate from winter soil cores suggest that accumulated N in winter soils contributes to high stream DIN concentrations during spring snowmelt (Figure 2). Further, though it is widely accepted that acidic atmospheric deposition enrich streams with DIN, high DIN concentrations in leachate from our acidification treatment (Figure 4) suggest that soil processes (e.g., ion exchange) contributed additional DIN at the beginning of the record. Thus, the subsequent decline in stream DIN concentrations we observed (Figure 3B) is likely the result of shifts in precipitation chemistry and the reduced contribution of soil-derived DIN. However, we want to emphasize that atmospheric deposition is only one driver for catchment N cycling (Lawrence et al., 2020) and that our experiments do not capture many aspects of the conditions during peak acid deposition (e.g., the more complex precipitation composition).

The connection between atmospheric inputs, soil processes and stream water response during times of high acid deposition and low acid deposition can be conceptualized into two main time periods and major soil processes (Figure 5). High charge density soil solution during high acid deposition contribute to soil aggregate stabilization and relatively less DOC release, however, ion exchange is promoted and based on affinity. In contrast, during decreased acid deposition, charge density in soils decreases and contributes to dispersion of soil aggregates that release DOC and DON, while ion exchange is less important.


[image: Figure 5]
FIGURE 5
 Conceptual model of the connection between atmospheric inputs (top panel), soil processes (middle panel) and stream water response (bottom panel) during times of high acid deposition (left panel) and low acid deposition (right panel). Data on atmospheric inputs and stream response during the onset of acid deposition are sparse and thus indicated by dashed lines, while decrease in acid deposition is well documented and trends are indicated with solid lines. During high acid deposition, high charge density of soil solution stabilizes soil aggregates and colloidal associations, but high ion concentration leads to ion exchange [exemplified for nitrate ([image: image])]. In contrast, low acid deposition leads to lower charge density of soil solution, causing aggregate destabilization and ensuing release of dissolved and colloidal dissolved organic matter and dissolved organic nitrogen [dissolved organic carbon (DOC) and dissolved organic nitrogen (DON)] from soil organic matter. DIN, dissolved inorganic nitrogen.


In this context, it is important to consider the limitations of this study. For example, although SRRW provides a high-frequency record of stream chemistry since 1990, the record still has gaps. Importantly, TDN was not measured prior to 2005 and therefore we cannot be certain how DON concentrations behaved during the first half of the record. Also, our soil core experiments only capture a single year of seasonal data, and our results are not representative of an entire season, but rather are a snapshot in time. Higher frequency sampling of soil cores would provide a more complete picture of seasonal soil dynamics.

Our long-term data analysis and soil core experiment demonstrate that the concurrent recovery from acid deposition and increase in heavy precipitation frequency affected C and N concentrations in opposing directions. This multi-decade synchronous increase in DOC concentrations and decrease in DIN has led to a progressive increase in stream C:N ratios at SRRW. Between 1997 and 2000, the C:N ratio averaged 9:1 (sd = 131), and in the period between 2015 and 2018 the ratio increased to an average 34:1 (sd = 163) (Figure 3D). The previous ratio is closer to the Redfield ratio (7:1) that is ideal for aquatic productivity (Kincaid et al., 2020), hence this shift might suggest a potential decrease in aquatic productivity and algal blooms. Indeed, in a meta study across latitudes, Rodríguez-Cardona et al. (2022) found that DOC:DON molar concentrations increased in about a third of the investigated 74 streams.

However, we also observed strong seasonal effects, and winter processes are particularly important because solutes accumulate in soil. The increasing number of rain-on-snow events and mid-winter thaws transport C and especially nitrate to streams. These results are consistent with another meta study (Seybold et al., 2022) that found disproportionate nitrate exports linked to winter events, thus surges and crashes of DIN can lead to punctuated drops in C:N albeit to general increases in these ratios at the annual scale. Together, the evolving C:N ratio and shifts in the total N pool in streams will likely have implications for stream metabolism and biogeochemical reaction rates that are difficult to predict (Wymore et al., 2015; Bernhardt et al., 2018; Rodríguez-Cardona et al., 2022).




5. Conclusions

Disentangling C and N responses to specific regional drivers (shifts in soil solution and/or hydrology) is a challenge, but catchment specific studies can provide insight on the coupled and intersecting pathways of C and N that influence C:N ratios. Specifically, the impact of shifts in soil pH and ionic strength on C and N mobility are dependent upon spatial dynamics (landscape position) and temporal patterns (seasonality and hydrology). Thus, C and N responses to reduced acid deposition may be superimposed on responses to increases in precipitation.

The interdependency of drivers can produce large variability of biogeochemical response across scales, but soil core experiments on nutrient liberation can provide insights on specific processes. Our results indicate that soils with high anion exchange capacities may be less resilient to precipitation extremes compared to soils with low anion exchange capacities.

Decreased acid deposition will not cause increases in DOC exports indefinitely, however, increased precipitation in the northeastern United States will likely continue to mobilize DOC at this watershed. Atmospheric deposition of N will continue to decrease, thus C:N ratios will continue to increase in general, which may counteract conditions for eutrophication and algal blooms in receiving water bodies.

Winter processes are particularly important, as solutes accumulate in soil during this season. Mid-winter thaws and rain-on-snow events are becoming more common, offering transport mechanisms of C and N species to streams. With disproportionate nitrate exports linked to winter events, and surges and crashes of DIN similar to those we observed at SRRW in 2014, subsequent punctuated drops in C:N ratios may become more frequent and support eutrophication in ways that will be difficult to predict. Such rapid changes in stoichiometry may have important consequences for aquatic communities and water quality in the future.
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Concentration (mg/L of carbon or nitrogen)

Solute Season Min. Med.

DOC Fall 987 037 220 17.80 843
Winter 789 022 1.04 830 715
Spring 832 0.17 203 1070 54.1
Summer 1,184 0.30 2.20 17.30 84.6

DIN Fall 512 <D.L. 0.09 0.56 65.0
Winter 553 0.01 022 0.60 43.6
Spring 500 0.01 0.17 0.80 60.7
Summer 517 <D.L. 0.10 0.40 56.4

DON Fall 280 <DL. 0.06 051 84.0
Winter 231 <DL. 0.04 023 77.1
Spring 203 <DL 0.05 024 69.6
Summer 289 <D.L. 0.07 041 73.1

Measurements below detection limit (<D.L.) are included as well.
Min., minimum value; Med., median value; Max., maximum value; CV, coefficient of variation; DOC, dissolved organic carbon; DIN, dissolved inorganic nitrogen; DON, dissolved
organic nitrogen.
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