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Land cover changes alter hydrologic (e.g., infiltration-runoff), biochemical (e.g., nutrient loads), and ecological processes (e.g., stream metabolism). We quantified differences in aquatic ecosystem respiration in two contrasting stream reaches from a forested watershed in Colorado (1st-order reach) and an agricultural watershed in Iowa (3rd-order reach). We conducted two rounds of experiments in each of these reaches, featuring four sets of continuous injections of Cl− as a conservative tracer, resazurin as a proxy for aerobic respiration, and one of the following nutrient treatments: (a) N, (b) N + C, (c) N + P, and (d) C + N + P. With those methods providing consistent information about solute transport, stream respiration, and nutrient processing at the same spatiotemporal scales, we sought to address: (1) Are respiration rates correlated with conservative transport metrics in forested or agricultural streams? and (2) Can short-term modifications of stoichiometric conditions (C:N:P ratios) override respiration patterns, or do long-term physicochemical conditions control those patterns? We found greater respiration in the reach located in the forested watershed but no correlations between respiration, discharge, and advective or transient storage timescales. All the experiments conducted in the agricultural stream featured a reaction-limited transformation of resazurin, suggesting the existence of nutrient or carbon limitations on respiration that our short-term nutrient treatments did not remove. In contrast, the forested stream was characterized by nearly balanced transformation and transient storage timescales. We also found that our short-lived nutrient treatments had minimal influence on the significantly different respiration patterns observed between reaches, which are most likely driven by the longer-term and highly contrasting ambient nutrient concentrations at each site. Our experimental results agree with large-scale analyses suggesting greater microbial respiration in headwater streams in the U.S. Western Mountains region than in second-to-third-order streams in the U.S. Temperate Plains region.
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Introduction

Watersheds are fundamental units of analysis in the study of hydrological processes and are the result of the co-evolution of global-to-local meteorological, geological, chemical, and biological processes over geological timescales (Wang et al., 2016; Li et al., 2018). Human intervention has resulted in watershed modifications with comparable impacts at the local to planetary scales but has occurred over significantly shorter timescales, marking a newly proposed geological epoch (Crutzen, 2006; Zalasiewicz et al., 2011; Wilson et al., 2018). The Anthropocene has been used to describe the period where human activity has become the dominant influence on climatic and environmental processes (Wilson et al., 2018). While only a few places could arguably be considered undisturbed by anthropogenic activities, relatively undisturbed forested watersheds feature low anthropogenic disturbances and pollution, 80% or more natural vegetative cover, and population densities below 5 individuals/km2 (Lewis et al., 1999). Within the myriad of interests in understanding the impacts of human modifications on biotic and abiotic processes, hydrologists and ecologists are particularly interested in quantifying the differences in the functioning of stream ecosystems draining watersheds along the disturbance continuum (i.e., forested-agricultural-urban) to create baselines in assessments, mitigate and prevent pollution, and restore ecosystems (Wohl et al., 2015; Regier et al., 2020; Maaß et al., 2021; Paul et al., 2021).

Land cover changes are one of the most common and impactful results of anthropogenic activities and typically involve the transformation of forests, shrubs, and grasslands into agricultural, semi-urban, or urban areas. Along with these changes, terrestrial and aquatic ecosystems are altered (Downing et al., 1999; Newbold et al., 2015; Sleeter et al., 2018; Gomes et al., 2021; Paul et al., 2021) and in some cases even local atmospheric processes such as urban heat islands become concerning (He et al., 2007; Rahaman et al., 2022). Land use and land cover changes alter hydrologic processes beyond the distribution of rainfall, infiltration, and runoff fluxes, impacting water quality and ecological processes (Tasser et al., 2005; Wu et al., 2017; Watson et al., 2018). In recent decades, stream metabolism has become a reference framework to compare results from within (e.g., over time) and across watershed studies linking land use changes to impacts on ecological processes. Stream ecosystem metabolism combines the cumulative photosynthetic and heterotrophic activity and is typically quantified in field settings through diel-oxygen curves and gas-exchange coefficients that allow estimates of gross primary production (GPP) and ecosystem respiration (ER) (Odum 1956; Grace et al., 2015). Stream metabolism is strongly linked to physicochemical attributes of lotic ecosystems, including photosynthetically active radiation, turbidity levels, water depth, and carbon inputs with varying lability (Vannote et al., 1980; Webster, 2007). Together, ER and GPP are measures of the cumulative processes primarily responsible for biological nutrient uptake in streams and thus provide vital information for understanding nutrient dynamics in lotic ecosystems.

The comparison between stream metabolism in forested and agricultural streams can help us understand how less-disturbed stream ecosystems may respond to anthropogenic changes to land use and land cover. While it is generally expected that the increased water temperatures, lability of organic matter, and nutrient concentrations in agricultural streams should result in increased ecosystem respiration compared to forested systems (Griffiths et al., 2013; Tank et al., 2021), it is also expected that the geomorphologic modifications implemented in those streams to increase conveyance capacities should consistently reduce water-sediment interactions, retention times, and carbon and nutrient processing in metabolically active zones (Niyogi et al., 2004; Ocampo et al., 2020; Emanuelson et al., 2022; Dorley et al., 2023). Therefore, it is unclear if stream ER is consistently higher (or lower) in agricultural streams than in forested streams, and why. In this study, we quantified differences in ER in representative reaches of two contrasting watersheds: a 1st-order reach within a forested, sub-alpine to alpine catchment in Colorado and a 3rd-order reach in a predominantly agricultural watershed in Iowa. In each site, we conducted two rounds of experiments, each consisting of four sets of continuous injections of Cl− as a conservative tracer, resazurin as a proxy for aerobic respiration, and one of the following nutrient treatments: (a) N, (b) N + C, (c) N + P, or (d) C + N + P. The co-injection of conservative and reactive tracers and nutrients allowed us to quantify how changes in stoichiometric conditions and discharge affect respiration at the same observational spatiotemporal scales. These methods allowed us to address the following questions about the role of land use and land cover on stream ecosystem metabolism: (1) Are respiration rates correlated with conservative transport metrics in forested or agricultural streams? and (2) Can short-term modifications of stoichiometric conditions (C:N:P ratios) override respiration patterns, or do long-term physicochemical conditions control those patterns?



Methods


Site descriptions

We conducted tracer injections in two stream reaches located in watersheds with contrasting differences in hydrology, land use, land cover, and biogeochemical regimes. In 2018, we conducted tracer studies in a 450 m stream reach of Como Creek, located in the Front Range of the Rocky Mountains in Colorado (USA). This snowmelt-driven stream, characterized by sequential pools and riffles, drains a forested and largely undisturbed watershed with about 20% alpine meadow-tundra and 80% conifer forest (Ries et al., 2017; Emanuelson et al., 2022). The streambed contains gravel and boulders, and the bedrock is shallow (Natural Resources Conservation Service, n.d.). In 2019, we conducted tracer studies in our second site, an 850-m stream reach of Clear Creek, located in an agricultural region in eastern Iowa (USA). This low-gradient system is exposed to high nutrient loading as it drains a watershed with ~93% of cultivated crops (corn and soybean) and ~6% of urban land use (Ries et al., 2017). The streambed of this reach contains a mix of silty sand and clay particles. Land cover and key site characteristics for the stream reaches in Colorado and Iowa, referred to as forested and agricultural reaches hereafter, are summarized in Figure 1 and Table 1 using information from Model My Watershed (Stroud Water Research Center, 2017).

[image: Figure 1]

FIGURE 1
 Land use and land cover obtained from the U.S. Geological Survey’s (USGS) The National Map tool and on-site photos of our (A) forested stream and (B) agricultural streams.




TABLE 1 Average site characteristics for both experimental sites.
[image: Table1]



Stream tracer injections

In each reach, we completed two rounds of experiments, each consisting of four sets of injections of Cl− as a conservative tracer, resazurin (Raz) as a proxy for aerobic respiration, and one of the following nutrient treatments: (a) N, (b) N + C, (c) N + P, or (d) C + N + P. After each injection, we allowed the stream to return to ambient conditions for at least 24 h. Discharge values, nutrient injectate ratios, and resazurin masses used are summarized in Table 2. In our study, the nutrient treatments are treated as known system modifications (control variables) to alter metabolism, and we use the transformation of Raz (González-Pinzón et al., 2012, 2014, 2016; Knapp et al., 2018; Dallan et al., 2020), which occurred at the same spatiotemporal scales of the nutrient additions, to calculate how changes in stoichiometric conditions and discharge affect respiration activity.



TABLE 2 Site discharge, nutrient injectate ratios, and resazurin (Raz) masses added in each injection completed in the forested and agricultural reaches.
[image: Table2]

Electrical conductivity and temperature signals were recorded with Campbell Scientific CS547A sensors installed at mid-depth in the thalweg. These sensors were connected to Campbell Scientific CR1000 dataloggers to record and store the data. Tracer BTCs of Raz were sampled from the stream thalweg using grab sampling. All samples were filtered in the field through a 0.7 μm GF/F pore-size filter (Sigma-Aldrich) and refrigerated at −4°C to limit degradation. All Raz analyses took place within a week after the end of each study site. At the laboratory, each sample was buffered to a pH of 8.5 (1:10 buffer-to-sample) following Knapp et al. (2018). The fluorescence signals were measured with a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies) using excitation/emission wavelengths of 602/632 nm for Raz and 571/584 nm for Rru and converted to concentrations based on an 8-point calibration curve (R2 = 0.99).



Modeling conservative transport

We calibrated the conservative transport parameters of the transient storage model presented in Eqs. 1, 2 using Cl− and stream-water electrical conductivity following Dorley et al. (2023). For this, we used a Matlab (The Mathworks Inc., Natick, Massachusetts) script from Knapp et al. (2018), which uses a joint calibration of conservative and reactive solutes through a non-linear, least-squares optimization routine to solve:
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where [image: image] [ML−3] and, [image: image] [ML−3] are the concentrations in the main channel and aggregate transient storage zone; [image: image] [L] is the distance of the study reach; [image: image][T] is time; [image: image] [LT−1] and [image: image] [L2T−1] are parameters representing advective flow velocity and the dispersion coefficient, respectively; [image: image] [T−1] is a volumetric flux parameter accounting for lateral inputs; [image: image] [T−1] is the first-order mass transfer rate coefficient parameter between the main channel and the aggregate transient storage zone; [image: image][−] is the capacity ratio parameter representing the relative contribution of transient storage-dominated to advection-dominated compartments in the stream, represented as areas along the reach; and [image: image] and [image: image] [T−1] are processing-rate coefficients in the main channel and transient storage zones (equaling zero for a conservative tracer).

We completed the parameter estimation using the Differential Evolution Adaptive Metropolis (DREAM [ZS]) algorithm (Vrugt et al., 2009). We jointly fit Cl− and Raz data in a first step of 100,000 model generations. We assessed model convergence using Gelman and Rubin [image: image] statistics (Gelman and Rubin, 1992). The goodness of fit between measured and simulated BTCs was quantified through the calculation of the residual sum of squares, (nRSS) [−], normalized by the squared theoretical peak tracer concentrations of each tracer BTC of the respective tracer at the given location. The medians of the best 1,000 model simulations were used to assess the agreement between our final model fits and a subset of possible curve fits. The details of the model-calibration procedure that we use in this work were presented in the supporting information of Gootman et al. (2020).

We estimated conservative-transport timescales from the transport parameters to describe the transient-storage timescale, [image: image] [T]; the advective timescale, [image: image] [T], as the time to first reach the maximum tracer concentration or near-constant concentrations in longer injections; and the mean travel time between the injection and sampling sites, [image: image] [T]:

[image: image]

where [image: image] and [image: image] are the zeroth and first-centralized temporal moments of the Cl− BTCs from each sampling site and are defined by:

[image: image]

where [image: image] is a time index, and [image: image] is the total number of samples available in a BTC.

We used non-dimensional temporal metrics to standardize for differences in reach lengths and compare conservative transport characteristics between the study reaches, i.e., [image: image] and [image: image].



Estimating the transformation of Raz as a proxy for microbial respiration

Since we can only get one transformation-rate coefficient from every observed BTC from the direct calibration of the transient storage model, we used the Tracer Addition for Spiraling Curve Characterization (TASCC) framework (Covino et al., 2010) to characterize uptake kinetics over the range of experimental concentrations observed. In TASCC, the ratio of reactive to conservative solute concentrations for every independent sample across the tracer BTCs is compared to the ratio of the concentrations of the injection solution to determine uptake metrics. TASCC-based transformation rate coefficients for Raz were estimated using:

[image: image]

Finally, we calculated reach-scale Damköhler numbers, [image: image] [−], to differentiate between reaction-limited ([image: image]) or transport-limited ([image: image]) Raz transformation (proxy for respiration) conditions:

[image: image]



Statistical analysis

We calculated standard deviations (std) based on repeated measures of the distribution of the transport parameters of Eqs. 1, 2 to create upper and lower boundaries of the uncertainties in our measurements (i.e., mean ± std). Because our data were not normally distributed, we used the Mann–Whitney U nonparametric statistical test to determine if there were statistically significant differences in magnitudes within and across sites, following a similar procedure in Ensign and Doyle (2006). For the Mann–Whitney U test, we set our significance level ([image: image], alpha) equal to 0.05.

We explored the Pearson correlation coefficients (r) between the transport parameters of Eqs. 1, 2, and associated metrics, to establish direct (r > 0.1), inverse (r < −0.1), and non-existent correlations (−0.1 < r < 0.1). We classified the strength of the correlations as uncorrelated (0 < r < |0.1|), weakly correlated (|0.1| < r < |0.5|), moderately correlated (|0.5| < r < |0.8|), strongly correlated (|0.8| < r < |1.0|) and included p-values for each correlation.




Results and discussion


Conservative transport and metrics of physical controls

We compared discharges ([image: image]), calibrated conservative transport parameters (mean velocity, [image: image]; mass-transfer rate coefficients, [image: image]; and the relative contribution of transient storage-dominated to advection-dominated compartments in the stream [image: image]), and non-dimensional temporal metrics ([image: image] and [image: image]) to identify differences in transport processes between our contrasting study reaches. We found that [image: image], [image: image], [image: image], and [image: image] were significantly greater in the agricultural reach, whereas [image: image] values were significantly greater in the forested reach (Figure 2).

[image: Figure 2]

FIGURE 2
 Transport parameters and non-dimensional time metrics for the study reaches. Comparisons are based on the combination of eight nutrient injections conducted at each site (e.g., two rounds of N, N + C, N + P, and C + N + P treatments). Asterisks represent significant differences in magnitudes between rounds with p < 0.01 (**) and p ~ 0 (****) based on the Mann–Whitney U nonparametric statistical test.


Greater discharges in the agricultural reach are expected due to the size of the contributing watershed (Table 1). Despite featuring greater longitudinal slopes, the forested stream had slower velocities due to increased channel roughness and smaller hydraulic radius. Greater mass-transfer rates, [image: image], and correspondingly shorter transient-storage timescales, [image: image], suggest the existence of transient storage zones that are loaded and unloaded much faster in the agricultural reach. These results agree with our perceptual model and field observations suggesting that the continuous dredging and straightening of an agricultural channel increases its drainage (advective) capacity, as reflected in greater [image: image] ratios, but also creates recirculation zones along the banks when sediments get deposited and plants grow under low-flow conditions [cf. Figure 6 in Emanuelson et al. (2022)]. Due to the low permeabilities of the streambed sediments (i.e., clay and silt, Table 1), transient storage largely occurred within the main channel and was short-lived in the agricultural reach.

Greater [image: image] values in the forested reach indicate a greater size-based contribution of transient storage zones in proportion to the main channel. This result, combined with smaller [image: image] values, suggest that water entering storage zones in the forested reach remains there much longer than in the agricultural reach. Since the forested reach has a shallow bedrock, most transient storage occurred in lateral pools that were loaded during higher flows and became less connected during flow recession periods or even during diel fluctuations forced by evapotranspiration. Interestingly, the [image: image] ratios were not significantly different between reaches, suggesting that transient storage processes scaled about equally in proportion to mean travel times [image: image], which generally decrease with discharge and increase with reach length (Kilpatrick and Wilson, 1989; Jobson, 1997; Camacho and González, 2008). To summarize, we found that both stream reaches had limited interactions with the subsurface (i.e., shallow bedrock in the forested stream and impermeable streambed textures in the agricultural stream), and that surface transient storage zones were loaded and unloaded faster in the agricultural stream (greater [image: image] values), causing shorter transient storage timescales there ([image: image]). However, when the transient storage timescales were normalized by the mean travel time, we found no significant differences between the two reaches, which suggests that transient storage was proportional to discharge and reach length.



Raz transformation (proxy for respiration) as a function of physical and stoichiometric controls

We analyzed changes in the transformation rate coefficients of Raz ([image: image]) with respect to discharge ([image: image]) and the non-dimensional metrics [image: image] and [image: image] to identify how comparable physical characteristics influenced stream respiration (Figure 3). We found consistently greater [image: image] in the forested stream (p ~ 0, Figure 3), but no correlations (p > 0.05) between [image: image] and each of the three metrics of conservative transport ([image: image]and [image: image] in either reach (Figures 2A–C), or [image: image] and [image: image] (not shown). We also analyzed trends within each reach using the dimensional timescales, and found that [image: image] decreased strongly with discharge in both reaches (R > 0.92 and p < 0.05; Figure 3D), but found no correlations (p > 0.05) between [image: image], [image: image], and [image: image] (Figures 3E,F). To summarize, we consistently found greater respiration activity in the forested stream despite the mean water temperature of 9.3°C during the experiments was almost half of that in the agricultural reach (Table 1), but no correlations between respiration, discharge, and advective or transient storage timescales within a given reach.

[image: Figure 3]

FIGURE 3
 Correlation plots between the mean values of the transformation rate coefficients of Raz ([image: image]) from each tracer experiment and discharge (A); the non-dimensional conservative transport metrics [image: image](B), and [image: image] (C); the advective timescale (E); and the transient storage timescale (F). Panel (D) shows the correlation between the advective timescale and discharge.


Combining the results from the two rounds of nutrient treatments completed in each reach (e.g., N vs. N), we found significantly greater (p ~ 0) discharges, [image: image], and significantly smaller (p ~ 0) transformation rate coefficients of Raz, [image: image], in the agricultural reach for the same nutrient treatment (Figure 4). Comparing combined data from the two rounds from each study reach (e.g., N vs. N + C in the forested stream), we found that neither [image: image] nor [image: image] were significantly different across nutrient treatments.

[image: Figure 4]

FIGURE 4
 Combined discharge (A) and transformation rate coefficients of Raz (B) for the two rounds of experiments conducted in the agricultural and forested reaches organized by nutrient treatment. Asterisks represent significant differences in magnitudes for treatments N, N + C, N + P, and C + N + P with p < 0.05 (*), p < 0.01 (**), and p ~ 0 (****) based on the Mann–Whitney U nonparametric statistical test.




Differences in respiration patterns: forested vs. agricultural streams

We compared the timescale of the transformation of Raz, which indicates oxygen consumption through aerobic respiration, with respect to the transient storage timescale at both reaches. For this, we used the framework of the non-dimensional Damköhler number (Harvey et al., 2013; Pinay et al., 2015; Krause et al., 2017; Ocampo et al., 2020). Figure 5 shows that the agricultural reach was characterized by reaction-limited conditions, i.e., Da << 1, indicating the suboptimal utilization of resources that become available to transient storage zones. Since transient storage zones are ecotones with some of the most metabolically active compartments found in stream networks (Gooseff et al., 2004; Covino et al., 2010, 2011; Knapp et al., 2017; Gootman et al., 2020), reaction-limited transport typically indicates the existence of nutrient or carbon limitations to metabolism or the absence of enough biomass due to recent unfavorable conditions. In contrast, the forested reach was characterized by Da ~ 1, suggesting the existence of conditions that favored a more optimal utilization of resources supplied to transient storage zones, i.e., the transformation and transient storage timescales were nearly balanced. Even though our experiments featured the addition of multiple nutrient treatments (i.e., N, N + C, N + P, C + N + P) to favor different stoichiometric conditions that could influence stream respiration (inferred through Raz transformation), our results show clear clustering of site-specific Da values (Figure 5). This result suggests that the effects of our nutrient additions were not more influential than the other highly contrasting physicochemical characteristics of the two study reaches and watersheds.

[image: Figure 5]

FIGURE 5
 Transformation timescale vs. transient storage time scale compared across the agricultural and forested sites. Da is the Damköhler number, which can be calculated as a ratio of the transient storage timescale to the transformation timescale and serves as an indicator for reaction- vs. transport-limited conditions.


From our field sampling, ambient concentrations of nitrate averaged 0.035 (±0.002) mg/L in the forested reach and 5.727 (±0.688) mg/L in the agricultural reach, i.e., a two-order of magnitude difference. We corroborated the trends found in our values with Smith et al. (2003), who generated estimates of background total nitrogen (TN) and total phosphorous (TP) yield and concentrations throughout the stream-river network in 14 ecoregions of the conterminous U.S. That study found 75th % quartile TN = 0.21 (±0.05) mg/L and TP = 0.02 (±0.005) for the Western Forested Mountains region, where our forested reach is located. Similarly, Smith et al. (2003) found 75th % quartile TN = 0.62 (±0.26) mg/L and TP = 0.06 (±0.020) for the Corn Belt and Northern Great Plains region, where our agricultural reach is located. Our results and those from Smith et al. (2003) suggest clear differences in ambient stoichiometric conditions, which are associated with the drastic differences in land use and land cover in our two study watersheds, and most likely influence the significant differences in respiration activities found.

Hill et al. (2017) analyzed 1879 streams and rivers across the continental U.S. and found increased microbial respiration from east to west. When the data were organized by U.S. ecoregions, the weighted mean (±standard error) of stream microbial respiration in headwaters located in the Western Mountains region was 6.99 (±2.72) mol C m−2 d−1, and 0.59 (±0.22) mol C m−2 d−1 in second-to-third order streams for the Temperate Plains region. Our findings of greater respiration activities in Como Creek, the forested stream, agree with those from the metanalysis by Hill et al. One of the most consequential effects of these findings is that headwater streams in the Western Mountains region are expected to generate an order of magnitude higher respiratory C losses than second and third-order streams in the Temperate Plains region.

To summarize, we found that our nutrient treatment injections had a minimal influence on the significantly different respiration rates. This result is most likely due to the more significant influence of ambient nutrient concentrations on metabolic processes at the two contrasting reaches and watersheds we studied. Interestingly, all the experiments conducted in the agricultural stream featured a reaction-limited transformation of Raz, a proxy for aerobic respiration, suggesting the existence of nutrient or carbon limitations that our short-term nutrient treatments did not remove. Beyond limitations associated with nutrients or carbon, biomass limitation is also plausible. Contrary to the agricultural site, the forested stream featured a greater and more balanced transformation of Raz with respect to the transient storage timescales.




Conclusion

This study quantified stream respiration differences between two contrasting stream ecosystems (forested vs. agricultural) to answer: (1) Are respiration rates correlated with conservative transport metrics in forested or agricultural streams? and (2) Can short-term modifications of stoichiometric conditions (C:N:P ratios) override respiration patterns, or do long-term physicochemical conditions control those patterns? Regarding research question (1), our results showed that both stream reaches had limited interactions with the subsurface (i.e., shallow bedrock in the forested stream and impermeable streambed textures in the agricultural stream), and that surface transient storage zones were loaded and unloaded faster in the agricultural stream (greater [image: image] values), causing shorter transient storage timescales there ([image: image]). However, when the transient storage timescales were normalized by the mean travel time, we found no significant differences between the two reaches, which suggests that transient storage was similarly proportional to discharge and reach length. Interestingly, we consistently found greater respiration activity in the forested stream, but no correlations between respiration, discharge, and advective or transient-storage time-scale metrics associated with conservative transport.

With regards to research question (2), our results showed that our nutrient treatments had a negligible influence in the significantly different respiration rates between the two sites. Due to the lack of correlations between respiration, discharge, and timescales and the minimal influence of our nutrient treatments in the results, it is likely that respiration rates are mainly influenced by differences in ambient nutrient concentrations at each site, and associated differences in microbial composition and function. Our results agree with large-scale analyses suggesting greater microbial respiration in headwater streams in the Western Mountains region, compared to second-to-third order streams in the temperate plains region.
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