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Elevated nutrient loading can cause deleterious impacts on aquatic ecosystems such as eutrophication. Seasonal variability and land use change often lead to varied nutrient uptake from streams. However, the impacts of seasonal and spatial variation on stream nutrient transport within the same watershed haven’t been fully understood. Here, we conducted nutrient addition experiments using the Tracer Additions for Spiraling Curve Characterization (TASCC) approach within the Xiaogang Watershed, Zhejiang Province, China. Six of the experiments were conducted in one stream every other month and eight releases in eight different streams to quantify ammonium uptake kinetics across different seasons and land uses. Our findings suggest that the uptake capability increases with both discharge and ambient concentration (C0): seasonal variability of discharge shows small impacts on uptake metrics, except the ambient uptake length (Sw-amb), which increases with discharge; while the change in C0 could have more significant effects on both ambient areal uptake (Uamb) and maximum areal uptake rate parameter (Umax). Downstream the river network, the increase in discharge led to a significant increase in Uamb, ambient uptake velocity (Vf-amb), and Umax. On the other hand, the change in C0 is less influential than discharge along the river network, which may be correlated with the hydraulic geometry. Additionally, there is an optimal temperature (T) for uptake in our study region around 17°C, which may be explained by the growth of chlorophyll a. The positive correlation between Vf-amb and Q at the spatial scale may be attributed to the increase of dissolved organic carbon (DOC) and river chlorophyll a downstream with stream width. In addition, land use had an important effect on ion concentration in streams, and the proportion of agricultural land was positively correlated with nutrient concentration. Our findings could help provide scientific support for land use management and water quality regulation.
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1 INTRODUCTION
Nutrients such as nitrogen (N) and phosphorus (P), are critical to stream biotic activity (Mulholland and Webster, 2010) and often limit ecosystem productivity (Grimm and Fisher, 1986; Vitousek and Howarth, 1991). From the beginning of the 20th century, nutrient inputs to aquatic ecosystems have increased dramatically owing to expanded human activities globally such as urbanization and fertilizer applications related to agricultural land use (Vitousek et al., 1997; Smil, 2000; Bouwman et al., 2005; Seitzinger et al., 2005). Excess N loading can have harmful impacts on water quality, leading to eutrophication and the loss of biological diversity (Webster, 1975; Bormann and Likens, 1979). While it’s found that about 30% of the soluble phosphate and 37%–76% of the nitrogen nutrients entering the water body are intercepted by small rivers of grade 1 to 4 during the transport in the river basin, confirming that low-grade streams can play an important role in the process of nutrient uptake (Seitzinger et al., 2002; Mulholland, 2004). Therefore, giving full play to the uptake effect and reduction capacity of source streams on nitrogen and phosphorus nutrients can be practically essential to improve and regulate the quality of the water environment.
Nutrient spiraling is an important ecological process characterizing nutrient transport and uptake in a small river system (Newbold et al., 1981; Stream Solutes Workshop, 1990). According to [Webster (1975); Webster and Patten, 1979], nutrients in a stream do not cycle in situ; rather, they are continually pushed downstream as they complete a cycle. This combination of transport and cycling was characterized as “spiraling”: the “tightness” of the spirals indicates how well a stream can use nutrients. The idea of spiraling was discussed by other scholars (Wallace et al., 1977; Meyer, 1979; Naiman and Sedell, 1979; Benke and Wallace, 1980) who also noted the significance of spatially dependent reutilization of nutrients (Ball et al., 1963; Short and Maslin, 1977).
Stream nutrient tracer additions and nutrient spiraling metrics are widely used to quantify lotic ecosystem behavior. Many studies have conducted constant and continuous added tracer experiments and used nutritive salt concentration and spiral indexes under a steady state for quantitative depiction and measurement of nutritive salt uptake abilities, mostly at small-scale water bodies like headwaters (Peterson et al., 2001; Saunders et al., 2006; Alexander et al., 2007). Tank et al. (2008) started to conduct tracer addition experiments in big rivers. Covino et al. (2010b) refined the pulse method, and developed the Tracer Additions for Spiraling Curve Characterization (TASCC) method, using the variable concentration of a highly concentrated pulse to estimate uptake kinetics.
Our current understanding of the processes that drive nutrient uptake in aquatic systems reflects the focus of early studies on understanding ecosystem limitation by macronutrients, particularly on the N or P limitation of biomass growth and production (Meyer and Likens, 1979; Mulholland et al., 2008; Gardner et al., 2011; Hall et al., 2013). Ammonium (NH4+-N) is easy to be adsorbed and used by aquatic plants and can be eliminated from water through nitrification and denitrification (Billen et al., 1991). It is an important index that influences the remediation and improvement of the water environment. Though it has been generally accepted that hydrological regimes and environmental conditions are important drivers for nutrient uptake in streams, there are still a lot of unknowns in nitrogen nutrient cycling due to the complexity and diversity of small river systems and sample number limitations such as the impacts of photosynthesis, heterotroph and so on (Arango et al., 2008; Hall R. O. et al., 2009).
Consequently, parameters such as the rate of biomass accumulation and magnitude of gross primary production at the ecosystem level have been identified as important drivers of nutrient uptake rates in streams (Grimm, 1987; Hall and Tank, 2003; Elser et al., 2007). Researchers have discovered that stream nitrogen (N) uptake kinetics vary with development. Land use/land cover change and fertilization effect were evident, which could lead to increased ash-free dry mass, chlorophyll a, and ambient and maximum uptake rates in developed compared with undeveloped streams. Ash-free dry mass (AFDM) of biofilm, chlorophyll a, and the number of structures in a sub-watershed were significantly correlated to nutrient spiraling and kinetic parameters, while ambient and average annual N concentrations were not (Covino et al., 2012). Seybold and McGlynn (2018) investigated the seasonality of nutrient uptake, detecting that seasonal decrease in dissolved organic carbon (DOC) and nitrate (NO3−) concentration reduced the biotic community’s ability to take up nutrients, and seasonal uptake was consistent with the seasonal dynamics of ecosystem metabolism. During the growing season (from June to August), the biotic community shows its capability of nutrient retention and water quality regulation.
Numerous studies have investigated drivers of the nutrient uptake in streams and rivers (Webster et al., 2003; Ensign and Doyle, 2006; Hall R. O. et al., 2009) and the importance of these uptake processes for downstream water quality and ecosystem health, yet few were conducted to investigate the influence and mechanism of both seasonal and spatial variation on stream nutrient uptake in the same watershed. Seasonal alternation and land use change often lead to varied nutrient loading and uptake (Reisinger et al., 2015; Seybold and McGlynn, 2018). It is necessary to understand the uptake kinetics and their relationship to the physical and biological drivers to better understand the dynamics of nutrient transport and transformation at the watershed scale. To address this, we conducted 13 ammonium addition experiments for a whole year in a hilly watershed. Considering the time and cost, the TASCC method (Covino et al., 2010b; Piper et al., 2017) was applied in this study. Hydrologic and biological characteristics were collected and measured to examine their relationship with uptake metrics.
2 MATERIALS AND METHODS
2.1 Study area
This study was conducted in a hilly watershed, Xiaogang Watershed, in the southwest of Zhejiang Province, China (Figure 1). The dominant climate is subtropical monsoon climate, which is warm and humid, providing abundant rainfall. The mean temperature is 17.7°C. January is the coldest month with a mean temperature of 6.4°C. While the mean temperature in July is 28.4°C, the hottest month. The mean annual precipitation and evaporation in the area are 1,658.6 mm and 1,291 mm respectively. The rainy season is from March to September: 880.5 mm of rainfall comes between March and June, accounting for 53.1% of annual precipitation; while rainfall comes between July and September accounts for 25.6% of annual precipitation. The rainy season is prone to flooding and inducing geological disasters. Xiaogang Watershed drains through a hilly area of 500.3 km2, with elevations ranging from 120 m to 1,493 m. The land use type of the Xiaogang Watershed is dominated by undeveloped natural land.
[image: Figure 1]FIGURE 1 | Map of the Xiaogang watershed with experimental sites and the Xiaogang Hydrological Station marked with a triangle.
2.2 Experiment design
Our goal here was to measure NH4+-N uptake kinetics across seasonal and spatial scales. A total of six field experiments were conducted in a headwater named Shicangyuan (SCY) Stream every other month from May 2021 to March 2022 to examine the seasonal variation of ammonium uptake kinetics (Table 2). Besides, we conducted eight experiments across Xiaogang Watershed to investigate the spatial distribution of ammonium uptake between March 8 and 16, 2022 at Dadongba (DDB), Huangnan (HN), Paijukou (PJK), Zhudai (ZD), Doutan (DT), Dapankeng (DPK), Xiazhaijie (XZJ), and Shicangyuan (SCY) (Figure 1). The eight experiment sites were distributed along the upper and lower reaches of the watershed and the mainstream tributaries, with watershed areas ranging from 4 km2 to 420 km2 and discharge varying from 42 L s−1–7,224 L s−1 (Table 1). The DDB, HN, PJK, DT, and ZD experimental sites are on the mainstream of Songyang River, and the rest are on the tributaries.
TABLE 1 | Characteristics and land use data of the eight experimental streams.
[image: Table 1]2.3 Watershed characteristic data
To understand the impact of land use on nutrient uptake efficiency, the land use distribution within the study area was collected from the government maps based on satellite images. The proportion of different land use types was estimated for the drainage area of the sampling sites. Topographic characteristics (i.e., topographic gradient) were extracted from the digital elevation model (DEM). Water samples from eight streams during the spatial experiment were collected, filtered, and stored on ice before being sent to the lab for water quality characteristics including DOC, Cl−, TN, NH4+, NO3−, and chlorophyll a to further analyze the potentially influential factors. Two replicates were collected for each sample. Samples were kept in a dark polyethylene bottle with ice and analyzed at the lab within 24 h. Epilithic material was collected from rocks at each stream reach for benthic chlorophyll a and AFDM. Chlorophyll a concentration was measured using the spectrophotometry method; AFDM was measured from samples that were oven-dried at 60°C, weighed, and burned in a muffle furnace. These watershed characteristics were used to assess their potential impacts on uptake kinetics spatially. Since the water samples were not collected during the seasonal experiments at SCY, monthly sampling data of water quality data records at the mouth of the DDB stream were collected from the local government to show the water quality condition at the seasonal scale. The Pearson correlation coefficient was calculated to examine the internal correlation between these characteristics. Linear correlation was applied to examine the relationship between the uptake metrics and watershed characteristics.
2.4 Field experiments
The TASCC approach (Tracer Additions for Spiraling Curve Characterization) uses a slug addition at a single enrichment level and collects samples on the rising and falling limbs to obtain a set uptake rate (Covino et al., 2010b). It provides a rapid and relatively easy technique for quantifying ambient-spiraling parameters, nutrient uptake kinetics and kinetic model parameterization, and assessment of stream proximity to saturation. It could be readily generalized to other catchments including big rivers.
At the beginning of our TASCC experiments, stream measurements (e.g., discharge, width, depth flow velocity, temperature, etc.) were measured and background concentration was sampled first. The velocity was measured by a current meter which was multiplied by cross section area for discharge estimation. Initial specific conductance and water temperature at the downstream endpoints of the 600 m-long stream reach would also be measured before tracer addition (i.e., ambient N and Cl). NaCl (conservative tracer) and (NH4)2SO4 were weighted and dissolved to generate the solution to add to the stream as an instantaneous injection. Real-time specific conductance measurements were collected at the downstream endpoint at a 60 s time-step. The complete breakthrough curve was sampled with a conductivity meter according to specific conductance data. Stream water samples were taken at the downstream endpoint at intervals of 1–10 min depending on the variability of the conductivity curve; more frequent sampling was done when concentrations changed quickly. After the experiments, stream water samples were stored in high-density polyethylene bottles, cooled at 4°C, filtered, and examined in the lab within 24 h. For each sample, chloride (Cl−) values were determined using Ion Chromatography and ammonium-nitrogen (NH4+-N) by Salicylic acid spectrophotometry.
Nutrient spiraling, which is characterized by uptake length (Sw), the cycle length of the typical dissolved molecule flowing downstream, has enhanced the study of stream nutrient dynamics (Newbold et al., 1981). By graphing the natural log of the NH4+-N: Cl ratio of the injectate and each background-corrected sample taken downstream against stream distance, we were able to determine the added nutrient dynamic longitudinal uptake rates ([image: image]) for each sample. The dynamic uptake length ([image: image]), uptake rates ([image: image]) and uptake velocities ([image: image]) for added nutrients were calculated as
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where Q is the stream discharge (L3 T−1), [image: image] (Eq. 4, below) is the geometric mean of observed (background corrected) and conservative NH4+-N concentration (M L−3), w is the stream width (L) of the experimental reach. In general, the water samples collected need to meet the following conditions: [image: image] (Li et al., 2021). Conservative NH4+-N is the amount of NH4+-N that would have arrived at a sampling site if NH4+-N traveled conservatively (i.e., no uptake, maximum that could arrive), and we calculate this as the product of observed Cl values (background corrected) and the NH4+-N: Cl ratio of the injectate.
[image: image]
The ambient uptake length ([image: image]) was calculated by regressing the [image: image] values against in-stream concentration and extrapolating to ambient concentration to estimate [image: image] (Payn et al., 2005; Covino et al., 2010a). Ambient areal uptake rates ([image: image]) and uptake velocities ([image: image]) were calculated as
[image: image]
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where Q is stream discharge (L3 T−1), [image: image] is the ambient stream NH4+-N concentration (M L−3), [image: image] is the average wetted stream width (L).
The sum of ambient (background) and added nutrient intake throughout the addition experiment represents total nutrient uptake. Total nutrient uptake ([image: image]) was calculated as the sum of ambient and added nutrient spiraling values for TASCC techniques (Covino et al., 2010a):
[image: image]
where [image: image] is the ambient uptake rate (M L−2 T−1), [image: image] is the dynamic areal uptake rate of added nutrient (M L−2 T−1) for each sample. Total dynamic uptake velocity ([image: image] was calculated as
[image: image]
where [image: image] is the geometric mean of the total observed and conservative NH4+-N concentration (M L−3) in each sample:
[image: image]
where [image: image] is the total observed NH4+-N concentration (M L−3) in the samples collected throughout the BTC (note that this concentration is not background corrected).
2.5 Model fitting and uptake metrics estimating
The Michaelis-Menten (M-M) model was used to estimate the maximum areal uptake rate parameter (Umax) and half saturation concentration parameter (Km) for each tracer test (Eq. 10), where [image: image] denotes the solute concentration of each sample or time point (mg L−1) (Syebold and McGlynn, 2018).
[image: image]
We also estimated ambient uptake length for our experiments based on the discharge and ambient concentration following Eq. 11 derived in Ye et al. (2017) to compare our data with the literature.
[image: image]
3 RESULTS
3.1 Stream characteristics
The monthly discharge data at Xiaogang Hydrometric Station exhibited great seasonality. From April through August, there was a flood period (consistent with the rainy season of the watershed). However, the ammonium-nitrogen concentration measured at Dadongba did not show clear seasonal variation (Figure 2).
[image: Figure 2]FIGURE 2 | The mean monthly discharge (Q) of Xiaogang Hydrological Station in 2021 and the monthly NH4+-N concentrations at Dadongba in 2021.
Agricultural land includes arable land and plantation land. Natural land (unused) includes woodland, wetland, and grassland. Other land includes commercial service land, industrial and mining land, residential land, public administration and public service land, transportation land, special land, and water conservancy facilities. SCY had the highest share of agricultural land (24.5%) and the lowest share of natural land (68.9%) among the seven experimental sites, while DPK had the highest share of natural land (92.5%) and the smallest percentage of agricultural land (4.8%) (Table 1).
Meanwhile, water quality data including NH4+-N, pH, conductance, dissolved oxygen (DO), chemical oxygen demand (CODMn), biochemical oxygen demand (BOD), total nitrogen (TN), total phosphorus (TP), fluoride, and fecal coliform bacteria (FCB) were collected at Dadongba on a monthly basis from local government records, as well as the discharge (Q) and temperature (T) data. Pearson correlation coefficients were calculated between each variable (Figure 3). Results show that DO and T were negatively correlated (p < 0.01) probably due to oxygen solubility with temperature, while Q and FCB had a significantly positive correlation (p < 0.01). What’s more, there was a significant positive correlation between Q and TP (p < 0.05), and a significant negative correlation between FCB and fluoride (p < 0.05). Both CODMn and Q had a positive correlation with T (p < 0.1). NH4+-N and conductance are also positively correlated (p < 0.1).
[image: Figure 3]FIGURE 3 | Matrix of Pearson correlation coefficients for Q, T and water quality factors at Xiaogang Station (* means p < 0.1).
3.2 Seasonal variation of uptake kinetics
The uptake data were estimated by conducting TASCC experiments every other month at the SCY experimental site. It could be seen that the Sw-amb was larger in summer and winter, smaller in spring and autumn, bottomed in September, and peaked in November (Figure 4). Both ambient [NH4+-N] concentrations (C0) and discharge (Q) peaked in November and Q also reached the lowest point in September (Table 2).
[image: Figure 4]FIGURE 4 | Ambient uptake length (Sw-amb), ambient areal uptake rate (Uamb), and ambient uptake velocity (Vf-amb) for ammonium nitrogen.
TABLE 2 | Nutrient uptake metrics for the seasonal experiments in the shicangyuan (SCY) experiment site.
[image: Table 2]It is obvious from the chart that the changes in ambient uptake velocity (Vf-amb) and ambient areal uptake rate (Uamb) were consistent in different seasons of the same location. The seasonality of the uptake kinetics characteristics was clear: the uptake capability reached its maximum at the end of the growing season in the fall; it then gradually decreased in the winter, reaching its minimal in January; after which the uptake metrics began to increase during the growing season.
Figure 5 shows the fitted Michaelis-Menten kinetic model for the seasonal experiments. Maximum uptake values (Umax) ranged from 9.72 to 43.82 (μg m−2 s−1). Half saturation constants (Km) ranged from 0.08 to 0.43 (mg L−1) (Table 2). As we can see, there were apparent differences between seasons in Km. The maximum areal uptake rate (Umax) escalated from January to November (Figure 5A). This seasonal trend was also seen in the ambient areal uptake rate (Uamb) value in Figure 4, which was the smallest in January and kept rising until September. The response to nutrient addition was faster in September, presenting a steep rise to Umax (Table 2; Figure 5A). In comparison, Km values from January to July were larger so the curve appeared flat. Curves in May and July were similar and almost overlapped. Km value was larger in summer (May and July), smaller in autumn (September), and gradually recovered in winter and spring (January and March).
[image: Figure 5]FIGURE 5 | (A) Seasonal and (B) spatial variation in total areal uptake rates ([image: image]) versus the geometric mean of total nitrate NH4+-N concentration in Xiaogang Watershed, respectively. The Michaelis–Menten model fits are indicated with solid lines.
3.3 Spatial heterogeneity of uptake kinetics
Through our addition experiments, discharge (Q) varied from 123 L s−1–5,370 L s−1 and ambient ammonium nitrogen concentration (C0) varied from 0.056 mg L−1 to 0.234 mg L−1 among the eight streams (Tables 1, 3). Maximum uptake values (Umax) among the sites ranged from 5.92 μg m−2 s−1–237.84 μg m−2 s−1 (Table 3). Headwater SCY had the smallest value and PJK had the largest. In addition, half-saturation constants (Km) ranged from 0.03 mg L−1–4.39 mg L−1 spatially (Table 3). PJK on the mainstream had the lowest value, followed by DDB at the watershed outlet, and headwater XZJ had the highest value. Umax values generally increased with greater stream discharge, and PJK had a particularly high Umax value but the lowest Km value, indicating rapid response to increasing nutrient concentration and a high upper limit in uptake.
TABLE 3 | Nutrient uptake metrics for the spatial experiments in the shicangyuan experiment site.
[image: Table 3]For spatial scale, mainstream reaches (i.e., DDB, HN, and PJK) reacted more rapidly to increased nutrients, as can be seen in the smaller Km values at DDB, HN, and PJK sites relative to other sites located in tributaries (Table 3; Figure 5B). Umax should also be taken into account when considering Km. Although Utot-dyn at ZD responded more rapidly at lower concentrations, Umax at elevated concentrations was greater at DPK, XZJ, and DT (Figure 5B).
3.4 Relationship between uptake kinetics and watershed characteristics
Relationships between the uptake kinetics (ambient uptake length, ambient areal uptake rate, ambient uptake velocity, maximum uptake rate, half-saturation constant), and stream discharge Q, water temperature T, as well as ambient ammonium nitrogen concentration (i.e., in-stream concentration at the time of the experiment), were shown in Figures 6B,E,F,J–L,N,O. We found a positive correlation between Umax and stream discharge Q among 13 experiments, both seasonally and spatially (Figure 6D). That is, the correlation between uptake metrics and discharge at SCY was consistent both at seasonal and spatial heterogeneity scales. On the other hand, Uamb and Vf-amb were only correlated with discharge downstream at the spatial scale; while the correlation between Sw-amb and discharge was observed at the seasonal scale but not at the spatial scale downstream in the river network. There was a positive correlation between Uamb, Umax, and C0 throughout the year; yet this correlation with C0 was not seen across the watershed. The ambient concentration (C0) was correlated with Km at the spatial scale only (Figure 6M). These relationships were consistent with previously published research (e.g., Mulholland et al., 1990; Hart et al., 1992). Moreover, Uamb, Vf-amb, and Umax increased with temperature first and then decreased around 17°C, this rising and falling trend was more obvious spatially (Figures 6G–I).
[image: Figure 6]FIGURE 6 | Relationships between uptake metrics (ambient uptake length, Sw-amb; ambient areal uptake rate, Uamb; ambient uptake velocity, Vf-amb; the maximum areal uptake rate, Umax; and half-saturation constant, Km) and stream discharge Q (A–E), water temperature T (F–J), and ambient ammonium nitrogen concentration C0 (K–O). Red symbols indicate experiments at SCY through the year and blue symbols indicate experiments across the watershed. Solid lines indicate correlations at 0.1 level.
There is a positive correlation between Sw-amb and Q in Figure 6A through the year in SCY, which is consistent with Figure 7A showing the fitted relationship according to Eq. 11. But this only existed in one site instead of being across the watershed. Vf-amb and Q in Figure 6C are positively related significantly. While the fitted Vf-amb value is relatively stable according to the regressed equation in Figure 7C. In fact, the Vf-amb value rose with the increase of Q, whether seasonally or spatially in the study watershed rivers that didn’t reach saturation. Besides, instead of the predicted uptake length which increased with discharge, the measured ambient uptake length (Sw-amb) increased and then decreased with Q (Figures 7B,D). The higher the discharge, the larger the difference between measured and predicted Sw-amb. That is, the results fit from the regression equation underestimated the ability of uptake in the large flow condition downstream.
[image: Figure 7]FIGURE 7 | (A–D) Relationships between ambient uptake length (Sw-amb), ambient uptake velocity (Vf-amb) and the stream discharge (A,C) and ambient NH4+-N concentration (B,D). Red symbols indicate seasonal experiments and blue symbols indicate spatial experiments. The hollow triangle represents the result of estimated uptake metrics using the regressed Eq. 11.
3.5 Influences of stream characteristics
We further examined the relationships between stream ecological characteristics: dissolved organic carbon, river chlorophyll a, AFDM, and benthic chlorophyll a with stream discharge Q, water temperature T, and ambient ammonium nitrogen C0 among the eight reaches (Figures 8B–H,K–P). As we can see, DOC was positively correlated with discharge (Q) and river width (w) (Figures 8A,I). River chlorophyll a was also significantly positively correlated with river width (Figure 8J). The benthic chlorophyll a showed a rising and falling correlation with temperature, similar to the pattern between temperature and uptake metrics (Uamb, Vf-amb, Umax). Yet there was little correlation between these stream ecological characteristics and ambient concentration of ammonium.
[image: Figure 8]FIGURE 8 | (A–P) Relationships between stream ecological characteristics: dissolved organic carbon (DOC), river chlorophyll a, ash-free dry mass (AFDM), benthic chlorophyll a and stream discharge, Q (A–D), water temperature, T (E–H); stream width w (I–L) and ambient ammonium nitrogen C0 (M–P). The solid line indicates a correlation at 0.1 level.
We also collected land use data for the drainage area of seven experimental reaches (Figure 9). It was found that land use showed a positive correlation with the concentration of both nitrogen compounds: NH4+-N and NO3−N (p < 0.05). The larger the proportion of agricultural land, the higher the concentration of TN, NO3− and Cl−. On the other hand, AFDM declined with the proportion of agricultural land.
[image: Figure 9]FIGURE 9 | Relationships between the proportion of agricultural land and (A) NH4+-N concentration, (B) DOC, (C) total nitrogen (TN), (D) NO3-N concentration, (E) Cl− concentration, (F) river chlorophyll a, (G) ash-free dry mass, and (H) benthic chlorophyll a. The solid line indicates a significant correlation at 0.1 level.
4 DISCUSSION
4.1 Seasonal variability
In this study, a high degree of seasonality in NH4+-N uptake kinetics in the SCY stream was seen. On the seasonal scale, we observed that the maximum ambient areal uptake rate (Uamb) and ambient uptake velocity (Vf-amb) were reached in September, at the end of the growing season, when stream discharge (Q) was the lowest and ambient concentration (C0) was at a high level (Figure 4). Sw-amb is also correlated with Q significantly, consistent with the prediction of the regression equation. Further plots suggested that three uptake metrics (Uamb, Vf-amb, Umax) correlated with Q at both seasonal and spatial scales. Besides, the rising and falling trend between the uptake metrics and temperature indicated that there might be an optimal temperature (T) for uptake in our study region around 17°C, usually after the growing season (Figure 6). Compared with discharge and ambient concentration, the correlation between temperature and uptake metrics was not that significant.
The uptake capacity varies with time which validates the conclusion of previous studies that the nutrient uptake capacity of rivers is dynamic, i.e., the shape and magnitude of the kinetic curve varies seasonally (Syebold and McGlynn, 2018). As our results show, considerable seasonality of nutrient uptake was captured in this work, which has been noted in earlier research (Marti and Sabater, 1996; Simon et al., 2005; Hoellein et al., 2007). This indicated that simulations using only the uptake metrics estimated at one time and one place may not be representative of the aquatic ecosystem’s capability of nutrient retention across space and time. The seasonality of uptake capabilities may not be well captured by water quality models that scale uptake parameters with only temperature either. The overall quantity of ammonium nitrogen absorbed by the biotic community would have been significantly underestimated if we calculated seasonal uptake using just one set of kinetic parameters. The higher the discharge or concentration, the larger the divergence between the measured uptake metrics and the one predicted based on the regressed curves (Figure 7). That is, the uptake capability of the stream varies with discharge and concentration nonlinearly, the regression curves derived from traditional measurements at a single point/time were not able to capture this nonlinearity. This is crucial for water quality modeling, in that adopting a single set of removal rates from regression curves are accepted procedure when simulating the uptake of nutrients in stream networks. We suggest that more measurements are needed to better assess uptake variation at the seasonal scale, especially in dynamic systems that haven’t reached saturation.
4.2 Scaling impact
Under the same seasonal and precipitation conditions, different environmental circumstances lead to distinct uptake rates but still along the M-M curve (Figure 5B). Downstream, the uptake metrics (Uamb, Vf-amb, Umax) increased with rising stream discharge Q and were significantly correlated with Q, while their correlation with ambient NH4+-N concentration (C0) was more scattered (Figure 6). Among the uptake metrics, only the maximum areal uptake rate (Umax) showed a correlation with discharge both seasonally and spatially. On the other hand, though Uamb and Vf-amb were correlated with discharge at the spatial scale, their response to the seasonal variation of discharge was not monotonically. Compared with the predicted uptake length which increased with Q, the measured ambient uptake length (Sw-amb) increased and then decreased with Q (Figure 7). The higher the discharge, the larger the difference between the measured and predicted ambient uptake length. This is different from the consistency at the seasonal scale. The correlation between ambient uptake velocity (Vf-amb) and Q further suggested that the Vf-amb usually considered with little variation did show little correlation with ambient concentration but a relatively clear positive correlation with discharge downstream, which was not captured by the regression curve. That is, the uptake capability did not just change seasonally, but also varied spatially, increasing with discharge linearly downstream. With the increase in discharge/stream width, the biological activity increased even more.
4.3 Impacts of stream characteristics
The positive correlation between Vf-amb and Q was observed seasonally and spatially, which might be attributed to the increasing DOC and river chlorophyll a downstream. When discharge increased downstream, river width increased rapidly, while the riparian vegetation density decreased downstream. Thus, the streams were shadowed by riparian canopy at upstream sites. This light limitation was reduced downstream due to decreased riparian vegetation density and increased stream width. As a result, river chlorophyll a increased downstream (Figures 6, 8). Besides, according to the literature, the threshold ratio of molar DOC:NO3−-N across global ecosystems was from 2.2 to 5.2 (Taylor and Townsend, 2010; Syebold and McGlynn, 2018). This resource stoichiometry was found to strongly influence N accumulation by regulating microbial processes in C and N cycling: lower than the threshold, the system would be energy-limited; higher than that, it would be nutrient-limited (Sterner and Elser, 2002; Sinsabaugh et al., 2016). The C:N ratio (DOC:NO3−-N) in this study varied from 0.89 to 6.95 (Table 1), mostly smaller than the threshold except DPK. Therefore, most of our study streams were energy-limited. That is, the increase in DOC could further improve the uptake capability.
The optimal temperature shown in Figure 6 may be explained by chlorophyll a too, which also showed a similar rising and falling trend with temperature. This might be the suitable temperature for the aquatic ecosystem growth in our study watershed. The land use impacts on nitrogen concentration were also significant as expected. In particular, the concentrations of total nitrogen, nitrate, and chloride had a significant positive linear correlation with the proportion of agricultural land, thanks to the agricultural activities (Figure 9).
4.4 Uptake geometry
Our findings suggest that the uptake capability increased with Q and C0, but the impact of Q and C0 was different throughout the year and across the river network. We may hypothesize that, like hydraulic geometry, the uptake metrics also varied differently at-a-site and downstream.
The variation of discharge was much higher at spatial scale from upstream to downstream than the seasonal variation at certain sites; while the change of ambient concentration was similar seasonally and downstream. At-a-site (seasonally), the impacts of discharge on uptake metrics were relatively limited, while the change in C0 could have more important effects. On the other hand, downstream change in C0 is less influential than discharge variation when considering influences of hydrological conditions. This may be attributed to hydraulic geometry: stream width increased faster with discharge downstream, suggesting a larger wet perimeter, larger benthic area, less light limitation, and more growth space for benthic biota. The river chlorophyll a also increased with discharge downstream, that is, the pelagic biota (phytoplankton) also increased which might also help explain the increase of biota uptake (Vf-amb) downstream. Measurements of seasonal variation of biota were needed for further validation of our hypothesis.
As a result, we measured both seasonal and spatial uptake to capture the uptake geometry, which is different from the traditional assumption in numerical simulations. Our study emphasized the coupling relationship between hydrological and biological factors affecting uptake metrics and compared the differences between seasonal and spatial uptake factors, which could help improve the traditional assumptions of nitrogen uptake scaling in water quality models.
5 CONCLUSION
This study aimed to understand the impacts of seasonal and spatial scales on nutrient uptake efficiency. Nutrient addition experiments were conducted: six experiments at one upstream site throughout the year and eight experiments across the river network. The seasonality in our experiment is obvious. The nutrient uptake coefficient reached the highest value at the end of the growth season in September and decreased gradually afterwards. At our experimental site SCY, the correlation between the uptake metrics and the environmental concentration C0 is stronger on the seasonal scale.
The correlation between uptake metrics and discharge was different at the seasonal scale and the spatial scale. The measured uptake length (Sw-amb) was correlated with discharge at the seasonal scale but not at the spatial scale; while Uamb, Vf-amb were more correlated with discharge at the spatial scale with stream size. The uptake metrics that increase with Q at the spatial scale may be attributed to the positive correlation of DOC and river chlorophyll a, related to hydraulic geometry for the number of biological activities in the wet perimeter of different river channels. Generally speaking, as the Q increases downstream, the wider the river, the longer the wet perimeter, and the larger the area for biofilm and benthic biota growth, thus, the stronger the uptake capacity. In addition, Km was positively correlated with C0 at the spatial scale, indicating a faster response to the saturation of elevated C0 in different river reaches.
Our research tested the characteristics of uptake efficiency in time and space concurrently, emphasized the coupling relationship between hydrological and biological factors affecting uptake metrics, and compared the differences between seasonal and spatial uptake factors. The divergence between the measured uptake metrics and the ones fitted from regression indicated the necessity to update the traditional assumptions in the simulation of water quality models. More seasonal experiments at all the other streams are needed to fully compare the spatial and seasonal patterns in our study watershed. Based on the measured relationship across the river network, numerical simulation could be implemented to reconstruct a nutrient uptake map across the watershed. This study expanded the assumption of influences for uptake capacity in previous studies, that is, the different emphasis of discharge and environmental concentration on the impact of spatial and temporal uptake scales. We also found that the proportion of agricultural land has a positive correlation with the concentration of nutrient elements in the river, which indirectly affects the solute content of the river environment, and thus leads to different uptake capacities. Therefore, revitalizing land use type and hydraulic geometry can be suggested as effective means to improve uptake capacity for the river ecological environment.
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