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Biogeochemical properties of soils play a crucial role in soil and stream chemistry throughout a watershed. How water interacts with soils during subsurface flow can have impacts on water quality, thus, it is fundamental to understand where and how certain soil water chemical processes occur within a catchment. In this study, ~200 soil samples were evaluated throughout a small catchment in the Front Range of Colorado, USA to examine spatial and vertical patterns in major soil solutes among different landscape units: riparian areas, alluvial/colluvial fans, and steep hillslopes. Solutes were extracted from the soil samples in the laboratory and analyzed for major cation (Li, K, Mg, Br, and Ca) and anion (F, Cl, NO2, NO3, PO4, and SO4) concentrations using ion chromatography. Concentrations of most solutes were greater in near surface soils (10 cm) than in deeper soils (100 cm) across all landscape units, except for F which increased with depth, suggestive of surface accumulation processes such as dust deposition or enrichment due to biotic cycling. Potassium had the highest variation between depths, ranging from 1.04 mg/l (100 cm) to 3.13 mg/l (10 cm) sampled from riparian landscape units. Nearly every solute was found to be enriched in riparian areas where vegetation was visibly denser, with higher mean concentrations than the hillslopes and fans, except for NO3 which had higher concentrations in the fans. Br, NO2, and PO4 concentrations were often below the detectable limit, and Li and Na were not variable between depths or landscape units. Ratioed stream water concentrations (K:Na, Ca:Mg, and NO3:Cl) vs. discharge relationships compared to the soil solute ratios indicated a hydraulic disconnection between the shallow soils (<100 cm) and the stream. Based on the comparisons among depths and landscape units, our findings suggest that K, Ca, F, and NO3 solutes may serve as valuable tracers to identify subsurface flowpaths as they are distinct among landscape units and depth within this catchment. However, interflow and/or shallow groundwater flow likely have little direct connection to streamflow generation.
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Introduction

Montane ecosystems play an important role in the quality and availability of water in the western United States (U.S.) (Godsey et al., 2019; Bhat et al., 2021). Within montane regions, headwater systems are closely coupled to upland landscape processes and can be more temporally and spatially variable than downstream reaches (Gomi et al., 2002; Kaiser and McGlynn, 2018). Understanding how soil water chemistry varies across topographic features within these regions is essential for managing forest and water resources, especially when considering anthropogenic climate change and disturbances in montane systems (Covino, 2017; Dai et al., 2018; Bukoski et al., 2021). Topography influences surface and subsurface hydrology, and thus spatial patterns of vegetation, soil chemistry, and nutrients (Seibert et al., 2007; Molina et al., 2019; Sadiq et al., 2021). Topographically-driven flowpaths influence soil structure via weathering, altering the physical and chemical characteristics and hydrologic capacities of soils (Hook and Burke, 2000; Seibert et al., 2007; Sadiq et al., 2021). With climate change impacting montane zone dynamics at a disproportionally high rate, understanding topographic variation in soil solutes and their control on water quality is of growing importance (Seidl et al., 2017; Langhammer and Bernsteinová, 2020; Hale et al., 2022).

Several characteristics like the distribution of organics or subsurface geologic structure and composition can alter soil chemistry, thereby influencing the chemistry of subsurface flow as it reaches a stream. Identifying variations in soil water chemistry can therefore aid in determining flowpaths from the landscapes to the stream (Jencso and McGlynn, 2011; Herndon et al., 2015; Covino, 2017; Botter et al., 2020; Li et al., 2021). Soil solutes have been evaluated mainly through concentration-discharge (C-Q) relationships of stream samples, which infer how different flowpaths in the subsurface impact stream solute concentrations (Godsey et al., 2009; Herndon et al., 2015; Chorover et al., 2017; Botter et al., 2020). Generally, solutes behave chemostatically (Godsey et al., 2009); however, C-Q relationships can vary by the specific solute and wetness conditions (Godsey et al., 2019; Zhi et al., 2019; Botter et al., 2020; Bukoski et al., 2021). For instance, stream samples with elevated concentrations of magnesium (Mg), fluoride, (F), and sodium (Na) are commonly considered to indicate deep flowpaths along bedrock (Kiewiet et al., 2020; Bukoski et al., 2021; Xiao et al., 2021). In contrast, nitrogen (N), calcium (Ca), phosphate (PO4), and potassium (K) concentrations are typically related to shallow flow through vegetated areas, and sulfate (SO4) can be associated with redox conditions (Christopher et al., 2006; Jin et al., 2014; Kiewiet et al., 2020; Bukoski et al., 2021). While stream C-Q relationships can provide valuable information regarding broad flowpath characteristics, they do not allow for a finer-scale evaluation of stream contributions from specific landscape features within the catchment. By knowing how different topographic features and catchment positions effect soil solute production and transport, a greater understanding may be gained on where the dominant flowpaths exist within a catchment and how flow through specific landscape units can affect stream chemistry (Godsey et al., 2009).

Spatial differences in subsurface flow paths and solute transport can be strongly influenced by several soil properties including, structure, degree of weathering, and composition, which are largely attributable to topography (Newman et al., 1998; Seibert et al., 2007; van Meerveld et al., 2015; Pei et al., 2021). For example, the classic concept of the soil catena on a single parent material defines low lying areas as organic rich with the proportion of mineral soil increasing upslope (Milne, 1936, 1947; Bushnell, 1943). This organization arises in part from geomorphic and hydrometeorological processes. Moving laterally within hillslopes, convex and concave topographies also have been observed to give rise to similar organization with greater organic matter contents observed in concave swales and greater mineral content in convex or planar positions (Andrews et al., 2011). Linked to these spatial patterns in soil composition have been similar spatial patterns in soil water solute concentrations (Jin et al., 2011), where the greater degree of spatial connectivity to the hillslope controls stream water solute concentration and fluxes (Wen et al., 2020). Hydrometeorological conditions controlled either by aspect (i.e., variation in incoming solar radiation) or micro-topographic variations can lead to the distinctly different vegetation types and density, surface temperature, and chemical weathering patterns (Piatek et al., 2009; Opedal et al., 2015; Molina et al., 2019). Together, these factors control soil solute concentrations due to nutrient composition and amount of leaf litter, minerology, soil moisture retention, and surface temperature (Berg and Laskowski, 1997; Christopher et al., 2006; Piatek et al., 2009; Covino, 2017).

Given the importance of soil on solute generation, this study focuses on differences in soil solute concentration among different landscapes within the catchment through soil sampling and lab extraction of soil water. We have designed our sampling and analysis based on these spatial factors, aiming to observe the extent of soil solute differences within the catchment due to these distinct topographies and micro-climates. Laboratory extraction of soil water is a less resource- and labor-intensive way to determine the potential spatial variability in water chemistry in comparison to in situ methods such as distributed suction or zero-tension lysimeters. By extracting cation and anions via soil extractions (simulated infiltration and runoff), the spatial variability in soil chemistry can be determined and used to evaluate spatial contributions to stream flow (Covino, 2017).

The goal of this study was to determine how soil solute concentrations vary across landscape units (hillslopes, riparian areas, and alluvial/colluvial fans) in a montane catchment. We specifically investigated: how do major cations and anions vary with depth within a given landscape unit; and how do cations and anions differ among the landscape units within the catchment? Last, we used our results of our spatial sampling and paired it with stream data within the catchment to determine if a specific landscape unit or depth was a major contributor to stream flow.



Methods


Site description

We conducted this study in the Manitou Experimental Forest (MEF, 39.1006°N, 105.0942°W), located roughly 45 kilometers northwest of Colorado Springs, Colorado, USA. At ~2750 m elevation above mean sea level, this montane catchment has a semi-arid climate, with a 20-year annual average precipitation of 304 mm, most of which occurs in afternoon thunderstorms during the growing season (April through August). The climate is generally cool, ranging in average temperatures of −2°C low in January and a 19°C high in July (Frank et al., 2021). Topography of the area is variable, ranging from steep hillslopes to gradual alluvial/colluvial fans and densely vegetated riparian areas. Dominant plants species include ponderosa pine (Pinus ponderosa), Douglas-fir (Pseudotsuga menzisii), and aspen (Populus tremuloides), with Engelmann (Picea engelmannii) and blue spruce (Picea pungens) growing in the damper areas of the landscape (USFS, 2019). Soils in the area are primarily sandy loam and sandy gravelly loams, weathered from sandstone and granitic formations, ranging from slightly acidic to alkaline (pH 6.1–7.8) (Ortega et al., 2014). The drier south-facing slopes are characterized by looser, very gravelly coarse sandy loam, and north-facing slopes had finer gravelly coarse sandy loam (NRCS, 2022). Soils become more organic and fine in the alluvial/colluvial fan and riparian areas, with fine and very fine sandy loams accompanied by increased vegetation density (NRCS, 2022). Bedrock lies about 1.8 m below the ground surface; however there are numerous outcroppings across the landscape (Ortega et al., 2014).

Soils were collected from the headwaters of Hotel Gulch within MEF which includes an unnamed stream system (Hotel Stream for the purposes of this study). Hotel Stream consists of a main reach (A) and an intermittent reach (B), and the stem below their confluence (AB). Samples were taken from three sites along stream reach A (A0, A3, and A5 with the site code increasing with distance from the headwaters). Reach B only had one sampling site, as it had a shorter stream length and had more homogenized environment compared the A reach. Similarly, sampling was conducted at one site on reach AB, below the convergence of reach A and reach B (Figure 1). To observe spatial patterns in soil chemistry, the study area was aggregated into three major landscape units: hillslopes, alluvial/colluvial fans, and riparian. Hillslopes are characterized by steep slopes and are dominated by larger conifers and are more sparsely vegetated than the riparian or south-facing fan landscapes. Riparian landscapes are dominated by dense willow (Salix exigua) in close proximity to the stream and have dense, damp, and heavily organic soils. Alluvial/colluvial fans are similar to riparian, but have sandier soils deposited from upslope areas and more homogenous, slender cinquefoil (Protentilla gracilis) dominated vegetation. Fans are mostly present on the south-facing side of the stream, and differed from the hillslopes in both vegetation patterns and in slope, with more grassy vegetation and gradual grades (NRCS, 2022). Each A site had alluvial/colluvial fan landscape units and sampling sites at B and AB did not. B is characterized by steep slopes on both the north and south-facing slopes, intermediated by a riparian area around the stream. Site AB is similar to other A sites, with a wider area between slope aspects; however, it did not have a distinct fan landscape unit (Figure 1).


[image: Figure 1]
FIGURE 1
 Sampling sites and stream reaches within the study area at Manitou Experimental Forest. Star on inset map indicates the location of the catchment.




Soil and stream sample collection and lab processing

At 62 sample locations within the catchment, bucket-type augers were used to sample from four depths: 10, 30, 50, and 100 centimeters (Table 1). Three replicate samples were taken at each sampling location, and each was sealed in a plastic bag to maintain field saturation. Location coordinates were recorded using a handheld GPS. Once collected, the samples were placed in coolers with ice packs for transportation to the laboratory and were stored in a −28°C freezer until processing.


TABLE 1 Vegetation characteristics at each landscape unit and number of samples at each landscape unit and depth.
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Soil samples were processed using a water extraction method to determine solute chemistry. Once thawed, large rocks and organic materials were removed from the soils using a 2 mm sieve. Next, 10 g of sieved soils were individually measured, placed in an Erlenmeyer flask, saturated with ultra-pure deionized water, overturned to mix the solution, and placed on a shaker table for 24 h at 200 rpm. Once removed from the shaker table, samples were placed in a centrifuge (ThermoFisher Sorvall ST 16) to separate the sediment from the extraction solution. Fifty mL of the soil solution was placed into centrifuge vial and spun at 5,000 rpm for 20 min. The supernatant water was then transferred from the centrifuge vials to HDPE bottles for filtering, removing most of the sediments. The extracted water samples were stored at 2°C and were filtered within 48 h of centrifuging.

Stream samples were collected daily to weekly from the end of the snowmelt in early May through early October 2020. Portable automatic samplers were installed at site AB during the summer months of 2020 to automatically collect daily stream samples (model-6712, Teledyne ISCO, Lincoln, NE, USA). Stream samples were collected in HDPE bottles and kept at 2°C until filtering within 24 h of collection. Stream stage data were recorded every 5 min at the most downstream site (AB), using a capacitance water level logger (Odyssey Dataflow Systems Limited) from May through early October 2020. Stage data were converted to discharge using a rating curve based on fifteen salt dilution measurements following Moore (2004).

All samples (soil supernatant and stream water) were filtered using vacuum-assisted filtering towers with glass microfiber filters (Whatman: 42 Nuclepore 1 μm glass microfiber filters, Grade GF/G). Filtered supernatant and stream samples were then transferred to opaque Nalgene bottles and frozen until solute concentration analysis. To measure solute concentrations, the filtered samples were analyzed by ion chromatography for both anions (F, Cl, NO2, Br, NO3, PO4, and SO4) and cations (Li, Na, NH4, K, Mg, and Ca). Sample duplicates along with analytical blanks and known standards were ran in each run to ensure instrument accuracy (±2.5% of the known concentrations from the standards).



Data analysis

To evaluate spatial and vertical differences among solutes, several series of t-tests were run among depths, landscape units, and depths at specific landscape units. Each solute distribution was found to be non-normal, thus, non-parametric t-tests (Wilcoxon Signed Rank test) were used for similarity testing. First, t-tests were run for each total solute at each landscape unit to identify any significant differences in solutes between depth for each landscape. Next, t-tests were run for average solute concentrations among all depths between landscape units to determine if there were any significant differences in concentration among different areas. Last, another series of t-tests were conducted among each landscape, for each solute, at every individual depth. These multiple statistical comparisons allowed us to identify differences in solute concentration among landscape units, depths, and landscape units at each depth. All t-tests were evaluated at the α = 0.05 level of significance.

To examine the relationship between spatial soil solutes and stream water chemistry, we used molar ratios to provide a normalized metric to compare stream and soil chemistry (Roy et al., 1999). We calculated the molar ratios K:Na, Ca:Mg, and NO3:Cl for both the soil extracts and the stream water samples by converting solute concentrations to molar concentrations and then dividing each of the chosen solutes by their respective atomic weights. The molar concentration of the solutes in the chosen ratios were divided (ex: K/Na) to calculate the molar ratio. A series of similarity tests were run between the stream and soil molar ratio data (Wilcoxon Signed Rank test). Comparisons were first made among all soil and stream molar ratios in bulk. Further comparisons were made among all soil molar ratios and stream molar ratios aggregated by season (fall, spring and summer) to see if hydrologic seasonality influenced the contribution of soil solutes in the stream. Then, molar ratio comparisons were made among soil sample landscape units and stream sample seasons. Molar ratios were then compared among the different sampling locations, subset by the stream along which they were sampled (A, B, or AB). Additionally, comparisons were made among bulk stream molar ratios and soil sample depth. Lastly, molar ratios for soil sample depths among each landscape unit was compared to bulk stream molar ratio data. All t-tests were evaluated at the α = 0.05 level of significance.




Results


Solute concentrations within each landscape unit

Concentrations of Br, and for the most part NO2, in the soil extracts were below the IC detection level; therefore, these solutes were not included in statistical comparisons. While significant differences were found among depths and landscapes in NO2, the differences in concentrations were minimal (0.21–0.35 mg/l; Table 3). Additionally, no significant differences were found in Na at any landscape unit across depths. No significant differences were found among any solutes (p < 0.05) between the north- and south-facing aspects of the riparian areas. Consequently, these data were combined when comparing the riparian area solutes to other landscape units.


Riparian differences with depth

Within the riparian landscape units, K and Ca differed across depths (Figure 2). For K, concentrations at 10 cm and >10 cm differed (p < 0.01), with mean concentrations ranging from 1.04 mg/l (100 cm) to 3.13 mg/l (10 cm), decreasing with depth (Table 2; Supplementary Figure 3). Mean Ca concentrations ranged from 2.67 mg/l (100 cm) to 4.21 mg/l (10 cm), decreasing with depth (Table 2). Calcium was found to have only borderline significance between 10 cm and 100 cm (p = 0.06) (Figure 2). Significant differences were found in F and SO4 for riparian landscapes across depths (Supplementary Figure 1). Fluoride concentrations differed between 10 cm and >10 cm (p < 0.05), and between 50 and 100 cm (p < 0.01) (Supplementary Figure 1). Mean concentrations of F ranged from 0.55 mg/l (10 cm) to 1.62 mg/l (100 cm), increasing with depth (Table 3). Sulfate showed a different pattern of significance across depths in riparian areas, with significant differences found between 10 and 30 cm, and 10 and 50 cm (p < 0.01) (Supplementary Figure 1). Concentrations of SO4 ranged from 0.69 mg/l (50 cm) and 1.00 mg/l (10 cm) with no clear pattern (increasing or decreasing) across depths (Table 3).
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FIGURE 2
 Bar charts displaying cation concentrations across sampled depths. Letters denote significance among depths at p < 0.05. Data presented are limited to solutes which were used for molar ratio comparisons with stream samples.



TABLE 2 Mean and standard error for each of the studied cation concentrations at each depth, and bulk, for every landscape unit.
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TABLE 3 Mean and standard error for each of the studied anion concentrations at each depth, and bulk, for every landscape unit.
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Alluvial/colluvial fan differences with depth

We found significant differences in K, Mg, and Ca for alluvial/colluvial fans among the sampled depths (Figure 2; Supplementary Figure 3). Potassium showed significant differences between 10 and 100 cm, as well as borderline significance between 10 and 30 cm (p < 0.05) (Figure 2). Mean concentrations for K ranged from 0.93 mg/l (100 cm) to 2.32 mg/l (10 cm), decreasing with depth (Table 2). Significant differences in Mg were found between 10 and >10 cm (p < 0.01) (Figure 2). Mean concentrations of Mg ranged from 0.33 mg/l (100 cm) to 0.51 mg/l (10 cm), decreasing with depth (Table 2). Calcium had a similar pattern of significance as K, with significant differences found between 10 and >10 cm (p < 0.05) (Figure 2; Supplementary Figure 3). Mean concentrations of Ca ranged from 2.28 mg/l (100 cm) to 3.85 mg/l (10 cm), decreasing with depth slightly, but with a substantial drop in concentration below 10 cm (Table 2). Fluoride and NO3 also differed across depths (Figure 3; Supplementary Figures 1, 4). Fluoride had significant differences between 10 and >10 cm (p < 0.05) (Supplementary Figure 1), and mean concentration ranged from 0.34 mg/l (10 cm) to 0.91 mg/l (100 cm), increasing with depth (Table 3). Nitrate had significant differences between 10 and >10 cm (p < 0.01), with additional significant difference found between 30 and 100 cm (Figure 3; Supplementary Figure 4). Mean concentrations of NO3 were all relatively low and ranged from 0.45 mg/l (100 cm) to 0.88 (10 cm), decreasing with depth (Table 3).
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FIGURE 3
 Bar charts displaying anion concentrations across sampled depths. Letters denote significance among depths at p < 0.05. Data presented are limited to solutes which were used for molar ratio comparisons with stream samples.




North-facing hillslope differences with depth

North-facing hillslopes had significant differences in Li, K, Mg, and Ca across depths (Figure 2; Supplementary Figure 3). While a significant difference was found between 50 and 100 cm (p < 0.01) for Li, concentrations only ranged 0.03 mg/l (50 cm) to 0.04 (10 cm) and were below the detection level for many samples, consequentially removing them from further analysis. Potassium had significant differences between 10 and 50 cm, as well as 10 and 100 cm (p < 0.05) (Figure 2; Supplementary Figure 3), with mean concentrations ranging from 0.76 mg/l (100 cm) to 1.78 mg/l (10 cm), decreasing with depth (Table 2). Significant differences in Mg concentrations were between 10 and 30 cm, as well as 10 and 50 cm (p < 0.01) (Figure 2; Supplementary Figure 3). Mean concentrations of Mg ranged from 0.22 mg/l (30 cm) to 0.33 mg/l (10 cm), with higher concentrations at 10 cm and relatively constant concentrations below 10 cm (Table 2). Calcium was found to have significant differences only between 10 and 30 cm (p < 0.05), with borderline significance between 10 and 100 cm (p = 0.055) (Figure 2). Mean concentrations ranged from 1.48 mg/l (30 cm) to 2.28 mg/l (10 cm), with a significantly higher concentration at 10 cm, and then increasing with depth slightly between 30–100 cm (Table 2).

Significant differences were found in F, Cl and NO3 concentrations in north-facing hillslopes at different depths (Figure 3; Supplementary Figures 1, 4). Fluoride concentrations differed between 10 and 50 cm (p < 0.01), as well as 10 and 100 cm (p < 0.05). We found differences among the intermediate depths as well with significant differences between 30 and 50 cm (p < 0.05), as well as 30 and 100 cm (p < 0.05) (Supplementary Figures 1, 4). Mean concentrations of F increased with depth, ranging from 0.074 mg/l (10 cm) to 0.13 mg/l (100 cm) (Table 3). Chloride was found to have significant differences at 10 and 30 cm (p < 0.05), as well as 10 and 100 cm (p < 0.05) (Figure 3). Concentration of Cl ranged from 0.37 mg/l (30 cm) to 0.58 mg/l (10 cm), with no obvious pattern across depths (Table 3). The only significant difference found for nitrate across depths was at 30 and 50 cm (p < 0.05) (Figure 3). Mean concentrations of NO3 ranged from 0.30 cm (30 cm) to 0.53 mg/l (100 cm), generally increasing with depth, but with the lowest concentration being at 30 cm (Table 3).



South-facing hillslope differences with depth

Within south-facing hillslopes, significant differences were found in K, Mg, and Ca (Figure 2). Potassium had significant differences between 10 and >10 cm (p < 0.05) (Figure 2; Supplementary Figure 3), with mean concentrations ranging from 0.70 mg/l (100 cm) to 2.21 mg/l (10 cm), decreasing with depth (Table 2). Significant differences in Mg were found between 10 and 30 cm, as well as 10 and 50 cm (p < 0.05) (Figure 2). Magnesium mean concentrations ranged from 0.33 mg/l (30 cm) to 0.44 mg/l (10 cm), with concentrations being generally consistent below 10 cm (Table 2). Significant differences in Ca were found between 10 cm and 100 cm (p < 0.05) (Figure 2). Concentrations of Ca ranged from 2.35 mg/l (100 cm) to 3.09 mg/l (10 cm), decreasing with depth (Table 2). Significant differences were found in F, NO3, and Cl in south-facing hillslopes at different depths (Supplementary Figures 1, 4; Figure 2). Fluoride was found to have significant differences between 10 and 50 cm (p < 0.05), and 10 cm and 100 cm (p < 0.05) (Supplementary Figure 1). Mean concentrations of F ranged from 0.14 mg/l (10 cm) to 0.80 mg/l (100 cm), increasing with depth (Table 3). Nitrate had one significant difference at depth between 30 and 50 cm (p < 0.05; Figure 3), and mean concentrations decreased with depth, ranging from 0.34 mg/l (100 cm) to 1.19 mg/l (10 cm) (Table 3). Chloride was found to be significantly different at depth only between 30 and 50 cm (p < 0.05) (Figure 3). Concentration of Cl ranged from 0.37 mg/l (50 cm) to 0.55 mg/l (30 cm), with generally higher concentrations in the shallower soils (Table 3).




Bulk differences among landscape units
 
Riparian areas vs. other landscape units

Significant differences in total cation concentrations from all depths between riparian and other landscape units were found for K, Mg, and Ca (Figure 4). Potassium concentrations differed between riparian and north-facing hillslope landscape units (p < 0.05) (Figure 4), with mean concentrations of 1.63 mg/l and 1.09 mg/l, respectively (Table 2). Magnesium differed between riparian and all other landscapes (p < 0.05) (Figure 4). Bulk Mg concentrations ranged from 0.27 mg/l to 0.47 mg/l with north-facing hillslopes being the lowest and riparian areas being the highest (Table 2). Calcium was found to have significant differences between riparian areas and the hillslopes (p < 0.01), as well as alluvial fans (p < 0.05) (Figure 4). Bulk Ca concentrations ranged from 3.37 mg/l at riparian areas to 1.79 mg/l at north-facing hillslopes (Table 2).
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FIGURE 4
 Significance matrices for non-parametric t-test comparisons of soil extract cations among different landscape units at each depth. The shade of the comparison is dependent on the level of significance, with lower p-values being lighter, and higher p-values being darker. Matrices shown are limited to solutes which were used for molar ratio comparisons with stream samples.


Significant differences in total anions concentration between riparian areas and other landscape units were found in F, Cl, NO3, and SO4 (Figure 5; Supplementary Figure 2). Fluoride was found to have significant differences between riparian areas and all other landscape units (p < 0.01) (Supplementary Figure 2). Mean concentrations of total F ranged from 0.11 mg/l to 1.13 mg/l, with north-facing hillslopes having the lowest concentration, and riparian having the greatest (Table 3). Chloride differed between riparian areas and south-facing hillslopes (p < 0.05) (Figure 5), with mean concentrations ranging from 0.43 mg/l in south-facing hillslopes to 0.61 mg/l in riparian areas (Table 3). Nitrate differed between riparian areas and north-facing hillslopes (p < 0.05), as well as riparian areas and alluvial/colluvial fans (p < 0.01) (Figure 5). Total mean concentrations of NO3 ranged from 0.39 to 1.41 mg/l, with the lowest concentrations being in north-facing hillslopes and the greatest in the alluvial/colluvial fans (Table 3). Total SO4 concentration were found to have significant differences among riparian areas and fans, as well as riparian areas and both aspects of hillslopes (p < 0.01) (Supplementary Figure 2). Mean concentrations of total SO4 ranged from 0.60 mg/l in south-facing hillslopes to 0.80 mg/l in riparian areas (Table 3).
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FIGURE 5
 Significance matrices for t-test comparisons of anions among different landscape units at each depth. The shade of the comparison is dependent on the level of significance, with lower p-values being lighter, and higher p-values being darker. Matrices shown are limited to solutes which were used for molar ratio comparisons.




Alluvial/colluvial fans vs. other landscape units

In addition to the significant differences found between riparian and alluvial/colluvial fan landscapes, significant differences in total cations among alluvial/colluvial fans and other landscapes were found in K, Mg and Ca (Figure 4). Potassium concentrations differed between fans and north-facing hillslopes (p < 0.05). Magnesium was found to only have a significant difference between fans and north-facing hillslopes (p < 0.01) (Figure 4). Calcium concentrations differed between fans and north-facing hillslopes (Figure 4). Along with the significant differences found between riparian and alluvial/colluvial fan landscapes for anions, significant differences were also found between alluvial/colluvial fans and other landscape units for F, Cl, and NO3 (Figure 5; Supplementary Figure 2). Fluoride differed between fans and both aspects of the hillslopes (p < 0.05) (Supplementary Figure 2). Similarly, NO3 was also found to have significant differences between fans and both aspects of the hillslopes (p < 0.01) (Figure 5). Chloride concentrations differed between fans and south-facing hillslopes (p < 0.05) (Figure 5).



North- vs. south-facing hillslopes

In addition to the above noted comparisons, significant differences in cation concentrations were found between north- and south-facing hillslopes in Mg and Ca (p < 0.01) (Figure 4). Lastly, along with the significant comparisons evaluated above, significant differences in total cations were found between north- and south-facing hillslopes in F and NO3 (p < 0.01) (Figure 5, Supplementary Figure 2).




Comparisons between landscape units at depth

Based on the previous analyses, comparisons of solutes among each landscape unit at specific depths were limited to solutes which were found to have clear patterns in significant differences. Potassium, Mg, and Ca were evaluated at 10 and >10 cm depths. Differences in concentration for F and NO3 were evaluated for each sampled depth. Cl and SO4 were only analyzed at bulk concentrations, as they were found to only have significant differences among depths at a single landscape unit. The following analyses will build upon each other, with the previously noted landscape significance patterns being included in the analyses of the following landscape comparison.


Riparian vs. other landscape units

Differences at 10 cm: At 10 cm, riparian areas differed from all other landscape units in Mg, Ca, F, and NO3 concentrations. Magnesium differed between riparian areas and north-facing hillslopes (p < 0.05) (Figure 4). Similarly, Ca was found to have the same pattern of significance between riparian areas and north-facing hillslopes (p < 0.05) (Figure 4). Fluoride differed in concentrations among riparian areas and both aspects of the hillslopes (p < 0.01) (Supplementary Figure 2). Lastly, NO3 was found to only have significant differences between riparian areas and alluvial/colluvial fans (p < 0.01) (Figure 5).

Differences at >10 cm: For solutes analyzed at >10 cm, K, Mg, and Ca had significant differences between riparian and other landscape units. Potassium differed between riparian areas and north-facing hillslopes (p < 0.05) (Figure 4). Significant differences in Mg were found among riparian and all other landscape units (p < 0.05) (Figure 4). Calcium had a similar pattern to Mg, with significant differences among riparian areas and all other landscape units (p < 0.01) (Figure 4). Of the solutes evaluated at 30 cm, F and NO3 had significant differences among riparian areas and other landscape units. Fluoride concentrations differed among riparian areas and both aspects of the hillslopes (p < 0.01), with additional borderline significance found between riparian areas and fans (p = 0.055) (Supplementary Figure 2). Significant differences for NO3 at 30 cm were found between riparian areas and north-facing hillslopes (p < 0.01), as well as riparian areas and fans (p < 0.05) (Figure 5). Fluoride and NO3 both had significant differences between riparian areas and other landscape units at 50 cm. Similar to 30 cm, F was found to have significant differences in concentration among riparian areas and both aspects of hillslopes at 50 cm (p < 0.01) (Supplementary Figure 2). Nitrate differed between riparian and fan landscapes at 50 cm (p < 0.05) (Figure 5). At 100 cm, F was the only solute of those tested to have significant differences between riparian areas and other landscape units. Fluoride concentrations differed among riparian areas and all other landscape units (p < 0.05) (Supplementary Figure 2).



Alluvial/colluvial fan vs. other landscape units
 
Differences at 10 cm

In addition to the significance found between riparian areas and other landscape units, significant differences in solute concentrations between alluvial/colluvial fans and other landscape units were found in Mg, Ca, and NO3 and F. Magnesium was found to have significant differences between fans and north-facing hillslopes (p < 0.05) (Figure 4). Similarly, significant differences in Ca were only found between fans and north-facing hillslopes (p < 0.01) (Figure 4). Nitrate was found to have significant differences among fans and both aspects of hillslopes (p < 0.05) (Figure 5). Fluoride was found to have a significant difference between fans and north-facing hillslopes (p < 0.01) (Supplementary Figure 2).



Differences at >10 cm

For solutes evaluated at >10 cm, significant differences between fans and other landscape units were found in K, Mg, and Ca. Potassium concentrations were found to be significantly different between fans and both aspects of hillslopes (p < 0.05). For Mg, significant differences were found only between fans and north-facing hillslopes (p < 0.01) (Figure 4). Calcium was found to have a similar pattern, with a significant difference between fans and north-facing hillslopes (p < 0.01) (Figure 4). Of the solutes analyzed at 30 cm, significant differences in concentrations between fans and other landscape units were found in F NO3, and Cl. Fluoride was found to have significant differences between fans and north-facing hillslopes at 30 cm (p < 0.05) (Supplementary Figure 2). Nitrate was found to have significant differences in concentrations among fans and both aspects of the hillslopes (p < 0.05) (Figure 5). Chloride was found to have significant differences between fans and north-facing hillslopes at 30 cm (p < 0.05) (Figure 5). At 50 cm, significant differences in solute concentrations between fans and other landscape units were found in both F and NO3. For fluoride, significant differences were found between fans and north-facing hillslopes (p < 0.01) (Supplementary Figure 2). Nitrate was found to have a similar pattern, with differences between fans and north-facing hillslopes (p < 0.05) (Figure 5). At 100 cm, significant differences in solute concentration between fans and other landscape units were found in F and NO3. Significant differences in F were found between fans and north-facing hillslopes (p < 0.01) (Supplementary Figure 2). Nitrate differed fans and south-facing hillslopes in NO3 at 100 cm (p < 0.05) (Figure 5).




North- vs. south-facing hillslopes

As all other comparisons have been exhausted by the analysis detailed in the prior sections, only differences in solute concentrations between north- and south-facing hillslopes are addressed in this section. At 10 cm, significant differences between north-facing hillslopes and other landscape units (for the remaining comparisons) were found in Mg, Ca, F, and NO3 (p < 0.05 for all solutes; Figures 4, 5; Supplementary Figure 2). Of the solutes evaluated at >10 cm, significant differences among north-facing hillslopes and other landscape units at >10 cm were found in Mg and Ca. Both solutes were significant in north- and south-facing hillslope comparison (p < 0.01) (Figures 4, 5; Supplementary Figure 2). At 30 cm and 50 cm, NO3 and F concentrations differed among north-facing hillslopes and other landscape units (p < 0.05; Figure 5 and Supplementary Figure 2). At 100 cm, significant difference in solutes concentrations among north-facing hillslopes and other landscape units were found only for F (Supplementary Figure 2).




Comparisons among stream and soil solute molar ratios

Soil solute molar ratios were compared with stream solute molar ratios in bulk, among stream seasonality, soil sample landscape unit, soil and stream sampling location based on stream reach, soil sample depths, and soil sample landscape unit at depth. Average soil molar ratio amounts were 2.24 for K:Na, 4.28 for Ca:Mg, and 0.79 for NO3:Cl. Average stream molar ratio amounts were 0.22 for K:Na, 3.79 for Ca:Mg, and 0.22 for NO3:Cl. For all tested comparisons among the molar ratios of the soil extracts and the stream waters, we found significant differences (p < 0.05). In each comparison and for each of the considered molar ratios, mean values were higher in the soil samples than in the stream samples (Figure 6). It must be noted that the stream samples often yielded concentrations of NO3 below detection level, reducing the robustness of the NO3:Cl molar ratio and associated tests.
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FIGURE 6
 Molar ratio-discharge relationships of 2020 stream samples (gray) for Ca:Mg. K:Na, and NO3 in comparison to mean soil molar ratio values of the sampled landscape units (light blue, riparian; dark blue, alluvial/colluvial fans; orange, hillslopes).





Discussion


Solute concentrations between landscape units

Our findings indicate that aspect was not a control on solute concentrations in riparian and alluvial/colluvial fan landscapes; however, differences were found between north- and south-facing hillslopes. All solute concentrations were greater in the near-stream landscape units (riparian and alluvial/colluvial fan) than in the hillslopes, and nearly all solutes were higher in riparian areas than alluvial/colluvial fans (Tables 2, 3). Additionally, south-facing hillslopes were found to have higher concentrations than north-facing hillslopes in nearly all solutes (PO4 and SO4 were marginally higher on north-facing hillslopes). Increased concentrations of solutes in these near-stream landscape units was expected and can be partially due to the increased vegetation density leading to higher concentration of organically-derived solutes in riparian (willows, grasses, and forbs) and alluvial/colluvial fan areas (higher density of grassy vegetation), as well as the tendency for subsurface flow to flush downslope toward the stream (Christopher et al., 2006; Piatek et al., 2009; Jin et al., 2011; Herndon et al., 2018; Pei et al., 2021). Concentrations of organically-derived solutes, such as K and NO3 being greater in riparian and fan landscapes is clear, as there is expected to be more leaf litter and root materials (and their decomposition) in those soils when compared to hillslopes (Hedin et al., 1998; Piatek et al., 2009). Increased concentrations in near-stream units can also be spatially driven by the flushing of solutes from hillslopes toward riparian areas, which is consistent with the data found in this study (Jin et al., 2011; Covino, 2017; Mosimane et al., 2017). Additionally, areas with less dense, tree-dominated vegetation have generally been found to have greater rates of flushing and less solute retention of base anions and cations when compared to the dense grassy and willow dominated riparian areas (Pei et al., 2021).

Soil structure and texture influences solute retention and transport (Sullivan et al., 2022). Coarser soils with larger pore spaces more actively transport solutes through subsurface flow when compared to more dense and finer grained soils, explaining the increase in concentrations in riparian and fan landscapes as those soils were more dense and fine-grained than the hillslopes (Pei et al., 2021; NRCS, 2022). Additionally, soil with a relatively high clay fraction, as seen in the riparian and alluvial/colluvial fan areas, retain solutes more readily than coarser and sandier soils, further supporting the increase in most solute concentrations in riparian and alluvial/colluvial fan areas (Pei et al., 2021; NRCS, 2022). We did not complete a quantitative assessment of soil textures in this study, but a qualitative evaluation of the soils for riparian and alluvial/colluvial fans soils showed finer soils with higher clay content compared to those of the hillslopes.

While the vegetative and topographic explanations for solute behaviors are clear for differences between near-stream and hillslope landscapes, these factors do not clearly explain the increased concentrations of solutes in south-facing hillslopes when compared to north-facing hillslopes. The north-facing hillslopes, while having more vegetation and finer soils, were observed to have lower concentrations of solutes, working opposite of the processes described above (Tables 2, 3) (NRCS, 2022). A possible explanation is that preferential subsurface flowpaths along root systems could potentially flush the solutes from the north-facing hillslopes at a higher rate than on the south-facing hillslopes, because vegetation was denser in the north-facing aspect (Creed and Band, 1998; Pei et al., 2021). Additionally, higher soil moisture and cooler soil temperatures could contribute to lower solute concentrations in the north-facing hillslopes (Piatek et al., 2009). In addition to the flushing of solutes from hillslopes to valleys, wetter soils can dilute and transport soil solutes more readily when compared to drier soils, which have a higher level of solute retention (Piatek et al., 2009). The temperature of soils is also connected to wetness, as it had been found that warmer soils retain soil solutes more than cooler soils. Nitrate has been found to be flushed at particularly high rates in persistently wet soils and during snowmelt events (Creed and Band, 1998; McHale et al., 2002; Pei et al., 2021). Even with gradual topography, significant temperature differences between slope aspect occur due to the increased insolation that south-facing hillslopes receive compared to north-facing hillslopes (Rorison et al., 1986; Bennie et al., 2008). As the north-facing hillslopes are both cooler and wetter than the south-facing due to decreased direct insolation, greater canopy cover and delayed snowmelt, these processes could possibly explain the increased concentrations in south-facing hillslopes.

The amount of variation among landscape units differed among specific solutes, with some having larger differences in concentrations by location. Of the studied solutes, F, Ca, and NO3 had notably large variations among depths and landscape units (Tables 2, 3). Less spatial variation was found in SO4 and Cl, with higher concentrations in riparian areas than the other landscape units. For the geogenically-derived solutes (F, Ca, Cl, and SO4), these large differences between the riparian areas and hillslopes could be partially due to the deposition solutes from stream flow into the near-stream riparian areas. Geogenically-derived solutes in stream waters have been found to increase in summer months from an increased proportional contribution from groundwater, leading to the deposition of these solutes into the riparian areas, which could be a factor in the observed increase in solutes in riparian areas when compared to the hillslopes (McHale et al., 2002; Piatek et al., 2009). While variations of SO4 were less than other solutes, higher concentrations in riparian areas could be explained by the release of SO4 from the erosion and weathering of pyrite, a mineral prominent in MEF soils, which was then flushed down the hillslopes and remineralized in riparian areas from subsurface flow (Piatek et al., 2009; Herndon et al., 2018). Nitrate behaved differently than other solutes in that there were much higher concentrations in the fan landscapes than any other, and mean concentrations in riparian areas were closer to those of the hillslopes (Table 3). One possible explanation for this could be due to the particularly high transport of NO3 during snowmelt, rainfall events, and areas of high runoff (Creed et al., 1996; McHale et al., 2002; Piatek et al., 2009). While other solutes show a flushing pattern from the hillslopes to storage in the riparian areas, this behavior of NO3 to be flushed more actively in areas with high flow may be able to explain the high concentrations in fans, as there is not as much flow in the fans when compared to riparian landscapes (Creed et al., 1996; McHale et al., 2002; Piatek et al., 2009; van Meerveld et al., 2015).



Solute concentrations at depth

For nearly all of the studied solutes, mean concentrations either decreased with depth (K and NO3) or showed a clear pattern of high concentrations in shallow depth (10 cm) and constant lower concentrations below (30–50 cm) (Mg and Ca), with the exception of F, which increased with depth (Tables 2, 3). Smaller variations were found in Li, Na, Cl, and SO4, with more homogenous mean concentrations between depths. While this pattern of high surface concentrations was expected for the organically-derived solutes, it contrasted expectations for geogenically-sourced solutes like Mg and Ca, except for F. For the organic solutes, higher surface concentrations can be explained by greater amounts of leaf litter and roots within the shallowed depths (Christopher et al., 2006; Covino, 2017; Herndon et al., 2018). Calcium was particularly high in the surface level soils, which is supported by other studies finding high concentrations of Ca associated with the decomposition of plant material in shallow soils (Christopher et al., 2006). Reactive transport modeling efforts have shown that predicting near surface (< 200 cm) soil water concentrations of some geogenic species (e.g., Ca, Si, and K) can only be achieved by adding in vegetation nutrient cycling modules (Sullivan et al., 2019). Magnesium was expected to increase in concentration with depth due to its geogenic derivation, but did not follow this pattern and was found to have higher concentrations at shallower depths (Pei et al., 2021). This contrast in findings may be caused by the uptake and redeposition of Mg by plants within the catchment, making it behave more like the organically-derived solutes (Jin et al., 2011). Magnesium is a macronutrient for living plants and can be found in the leaf litter of pine species within MEF (Berg et al., 2021). While this process has been found to be minimal in other studies, this could be a driver for high surface concentrations of Mg within MEF, as the Pikes Peak granite bedrock of the area is poor in Mg (Smith, 1999; Jin et al., 2011). Another process that could lead to high concentrations of solutes in surface soils is evapoconcentration of solutes in shallow soils. While subsurface flow has a flushing effect on solutes, the evapoconcentration of solutes when the near surface soil is dried can lead to higher concentrations of solutes above the deeper subsurface (Mosimane et al., 2017). High surface levels of K, Mg, Ca, Cl, and SO4 have been attributed to evapoconcentration in previous studies and is supported by the data of this study as well (Mills, 2016; Mosimane et al., 2017).

Of the studied geogenically-derived solutes, F was the only one to show the expected pattern of increasing concentrations with depth. This was the case across all landscape units; however, there was more variation within the fans and south-facing hillslopes than riparian areas and north-facing hillslopes (Table 3). This clear pattern of increase in depth may be attributed to the high concentration of F within the Pikes Peak granite bedrock being weathered through subsurface flow (Smith, 1999). The decreased variability with depth in the riparian areas and north-facing hillslopes may be caused by the trend of increased flushing on the north-facing hillslopes, and the consequent channeling of concentrations within the downslope riparian areas across all depths (Piatek et al., 2009).



Simple model of runoff generation and comparison to other studies

Our results from comparing molar ratios between the stream and soils suggest that shallow, lateral subsurface or soil matrix flow is not a large contributor to streamflow in this system. While previous studies have found that shallow soils can be chemically connected to streams, particularly in storm conditions and agricultural environments, our findings indicate little chemical connectivity between the streams and shallow soils (Figure 6; McGuire and McDonnell, 2010; Jencso and McGlynn, 2011; Zhi and Li, 2020). While chemo-dynamic soil solute patterns have been observed with changing seasons in other studies, additional temporal sampling would needed to evaluate this within MEF (Xiao et al., 2021). We speculate that the lack of connection between the soil and the stream is indicative of a system that is dominated by deeper groundwater flowpaths. Stream water and soil sampling during storm events, as well as groundwater sampling, would allow for a more insightful analysis of subsurface contribution to stream chemistry in this catchment; however, this intensity of sampling was beyond the scope of this study.

Our observed spatial patterns of soil solute concentrations both confirm and contrast findings of previous studies regarding soil solute transport and spatial variations. Generally, this system displayed expected patterns of solute concentrations among depths and landscape units throughout the catchment. Biogenically-sourced solutes were found to be in higher concentration near the surface when compared to deeper samples, and in landscape units with more dense vegetation. However, many geogenic solutes, in particular Mg, contrasted our expectations with concentrations higher in near-surface soils which is most-likely caused by bioaccumulation in leaf litter (Berg et al., 2021; Xiao et al., 2021). This pattern among geogenic solutes appears to be site specific, with expected patterns being displayed in F, which is prominent in the catchment's bedrock material (Smith, 1999). Topographically, solute concentrations were found to follow the trends of previous studies in unaltered catchments, displaying a slight flushing pattern in shallow soils, indicated by the accumulation of solutes in the near-stream landscape units (Jin et al., 2011; Covino, 2017; Mosimane et al., 2017; Zhi and Li, 2020; Xiao et al., 2021).



Possible hydrologic tracers

When evaluating the data for possible hydrologic flow tracers, factors include which solutes were found to have distinct patterns among landscape units and at depths. When patterns of variation can be identified between these two factors, where subsurface flow occurs both spatially and vertically can be inferred (Reza et al., 2017). Our initial results of variation in solutes across landscape units and depth suggested that K, Ca, NO3, and F could possibly be valuable solute tracers within Hotel Gulch as each had distinct patterns of variation either spatially, at depth, or both. While the lack of stream and soil connectivity found in this study restricts the amount of inference that can be made about stream solute source locations and subsurface flow dynamics, these solutes could be of interest in future studies evaluating solute chemistry in the catchment, as they display significant variability.

Lastly, our use of ultra-pure deionized water rather than simulated rainwater solutions could influence the measured concentrations of solutes extracted from the soil. Use of pure water as the eluent in this soil extraction experiment targets water-soluble constituents in soil that are expected to be the weakest bound forms in the solid phase (Takeda et al., 2006). Alternative extraction solutions such as using dilute unbuffered salts formulated to simulate precipitation would be expected to be slightly more aggressive and also release exchangeable ions in the soil (Jones and Willett, 2006). Solute concentrations of rain at the MEF are dilute and ranged from < 0.3 mg/l (e.g., Li and NH4) to 1.7 mg/l (Ca) and therefore, we would not expect the rain to substantially increase the exchange or release of solutes in comparison to the deionized water used in this study.




Conclusion

Through the sampling and analysis of ~200 samples within a headwater catchment of MEF, we examined the spatial variation in soil solutes and how the solutes may be used as tracers of hydrologic flowpaths to the stream. Of the studied soil solutes, it was found that K, Ca, F, and NO3 could potentially be valuable tracers of subsurface flow through a catchment and provide information on how and where water is traveling beneath the surface toward a stream. Several solutes such as K, NO3, and Mg, were found to be in high concentration in near surface soils (10 cm) and in densely vegetated areas, displaying an importance of biotic cycling for solute accumulation and transport within the catchment. However, using molar ratios to compare soil extracts to stream water indicated that shallow subsurface flow through the soil was not likely to be a major contributor to stream water chemistry. This study provides a local and physical evaluation of topographic effects on soil water chemistry, both confirming the found unchanged behaviors of many solute relationships under differing discharge levels, while also contrasting expectations in certain solutes patterns such as Mg. While limitations to the depth of which inferences can be made based on this study exist, it can be used as a preliminary resource for further study of soil solute behaviors, tracers within a catchment, and their implications on water quality and availability.
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Landscape unit F Cl NO NO3 POy S04

Mean/ Mean/ Mean/ Mean/ Mean/ Mean/
STD error STD error STD error STD error STD error STD error

North-facing
hillslope
10em 0.07/0.01 0.58/0.06 023/0.03 034/0.02 0.60/0.11 0.64/0.03
30em 0.08/0.01 0.37/0.06 NA/NA 0.30/0.01 0.39/NA 0.65/0.05
50cm 0.12/0.01 0.51/0.07 NA/NA 0.38/0.03 1.20/0.86 0.86/0.26
100cm 0.13/0.02 0.39/0.06 NA/NA 0.55/0.21 0.40/0.02 0.58/0.03
Bulk 0.11/0.01 0.48/0.03 023/0.03 0.39/0.05 0.73/024 0.68/0.06
South-facis
hillslope
10cm 0.14/0.02 0.40/0.07 028/0.02 119/0.21 0.53/0.10 0.65/0.03
30cm 0.26/0.08 0.55/0.04 022/<001 0.62/0.09 033/0.04 0.61/0.03
50cm 0.50/0.17 037/0.07 022/<001 0.55/0.07 NA/NA 0.57/0.05
100cm 0.80/0.20 0.38/0.07 020/0.01 034/0.02 NA/NA 0.63/0.06
Bulk 0.40/0.07 0.43/0.03 024/<001 0.67/0.08 0.46/0.07 0.60/0.02
Alluvial/colluvial fan
10cm 034/0.15 052/0.07 035/0.04 3100062 0.58/0.13 0.72/0.05
30cm 0.60/0.20 0.49/0.05 025/0.01 1.16/0.18 057/0.18 0.64/0.05
50cm 090/0.22 0.58/0.07 022/0.01 071/0.11 1.14/0.60 0.62/0.06
100cm 091/0.14 0.49/0.09 021/0.01 0.45/0.05 0.58/NA 0.53/0.04
Bulk 0.70/0.10 052/0.03 026/0.01 141/024 067/0.13 0.65/0.03
Riparian
10cm 0.55/0.12 0.78/0.11 026/0.02 0.88/0.31 071/031 1.00/0.09
30cm 1.18/021 0.68/0.12 021/0.01 0.72/025 NA/NA 0.70/0.05
50cm 125/0.16 0.52/0.06 021/<001 0.56/0.13 032/0.13 0.69/0.05
100cm 1.62/021 052/0.06 021/NA 0.45/0.08 NA/NA 0.84/0.10

Bulk 1.13/0.10 0.61/0.05 023/0.01 0.65/0.10 0.66/0.18 0.80/0.04
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North-facing
hillslope
10cm 0.04/NA 0.66/0.09 1.78/0.33 0.33/0.03 2.24/0.30
30cm 0.04/<0.01 0.55/0.05 0.96/0.15 0.22/0.01 1.48/0.60
S0em 0.03/<001 067/0.09 082011 0.24/001 1.63/0.07
100em 0.04/<0.01 0.57/0.04 0.76/0.17 0.23/0.02 1.72/0.16
Bulk 0.04/<0.01 0.65/0.04 1.09/0.11 0.27/0.01 1.79/0.10
South-facing
hillslope
10cm 0.04/NA 0.69/0.06 2.21/0.41 0.44/0.04 3.09/0.04
30cm 0.04/<0.01 0.67/0.05 1.17/0.27 0.33/0.02 2.55/0.02
50cm 0.03/<0.01 0.68/0.01 0.93/0.17 0.34/0.03 2.69/0.03
100cm 0.04/<0.01 0.54/0.20 0.70/0.10 0.34/0.02 2.35/0.02
Bulk 0.04/<0.01 0.61/0.05 1.33/0.15 0.36/0.01 2.61/0.13

Alluvial/colluvial fan

10cm 0.04/<0.01 0.69/0.07 2.32/0.41 051/005 3.85/0.45
30cm 0.04/<0.01 0.75/0.17 1.26/026 038/0.03 2.69/0.21
50cm 0.04/<0.01 0.84/0.20 1.26/025 038/0.04 2.64/0.28
100cm 0.04/<0.01 084/0.22 093/0.11 033/002 228/0.17
Bulk 0.04/<0.01 0.80/0.09 143/0.15 0.40/0.02 2.86/0.16
Riparian

10cm 0.04/<0.01 0.72/0.10 3.13/0.68 056/0.08 421/0.69
30em 0.04/<0.01 1.14/0.28 1.15/0.15 0.49/0.07 3.47/0.45
50cm 0.04/<0.01 073/0.14 1.08/0.12 042/0.03 3.00/0.18
100cm 0.04/<0.01 0.95/0.16 1.04/0.15 039/0.03 2.67/0.19

Bulk 0.04/<0.01 0.85/0.09 1.63/0.22 047/0.03 337/0.23
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