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Chemical weathering of minerals is the principal mechanism by which base cations (Ca2+, Mg2+, K+, and Na+) are released and acidity is neutralized in soils, bedrock, and drainage waters. Quantifying the release of base cations from watershed soils is therefore crucial for the calculation of “critical loads” of atmospheric acidity to forest ecosystems. We used a mass-balance approach to estimate the rate of release of base cations in 25 headwater catchments in the Catskill region of New York, an area historically subject to high inputs of acid deposition. In 2010–2013, total net base cation release via geochemical processes averaged 1,704 eq ha–1 yr–1 (range: 928–2,622). Calcium accounted for 58% of this total, averaging 498 mol ha–1 yr–1 (range: 209–815). Mass balance estimates of net geochemical release of base cations were most strongly driven by stream export and biomass uptake fluxes, with only minor contributions from precipitation. Documented rates of base cation depletion from soil exchange sites in the region were also small relative to the net geochemical release rates. We observed a significant influence of bedrock type on net base cation release rates (P = 0.002), and a weak but significant negative correlation with watershed elevation (r = −0.51). Relationships with other geographic factors such as aspect and watershed size were not significant. Net base cation release was 4.5 times higher than precipitation inputs of SO42– and NO3–, suggesting that sources of acidity internal to the watershed are now more important drivers of weathering than acid deposition. Our data suggest that release of base cations from most Catskill forest soils is sufficient to neutralize existing inputs of acidity.
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INTRODUCTION

Because of their proximity to midwestern industries and power plants, as well as east coast urban areas, the Catskill Mountains of New York receive among the highest rates of atmospheric deposition of SO2 and NOx in the United States (Lovett et al., 2000). Between 1998 and 2000, for example, wet deposition in the Catskill region had an average pH of 4.4, approximately 10 times more acidic than the background conditions (Driscoll et al., 2003). In acid-sensitive areas of New York, such as the Catskills, acidic deposition has impacted soils, the health of sensitive tree species, fish and other aquatic organisms, and has negatively affected water quality. Acidic deposition alters soils, reducing their ability to neutralize further inputs of strong acids and prolonging the time needed for ecosystems to recover from acidification (Driscoll et al., 2003).

The 1990 Amendments to the Clean Air Act (CAAA) were part of the first federal legislation focused on the issue of acid deposition (Driscoll et al., 2001; Likens et al., 2001). As a result of these efforts, SO2 emissions decreased 73% in the United States between 1990 and 2011 (U.S. EPA, 2014). Even though there have been substantial reductions in acid deposition in the northeastern United States as a result of the CAAA, the acid neutralizing capacity (ANC) of surface waters in the region has been slow to recover. At the Biscuit Brook watershed in the southern Catskills, for example, sulfate and nitrate in precipitation declined at a rate of 1.0 μeq L–1 yr–1 between 1984 and 2002, while the ANC in the stream water increased by only 0.5 μeq L–1 yr–1 (Murdoch and Shanley, 2006). While there has been some recovery of ANC and pH in regional surface waters, base cation concentrations have declined (calcium [Ca2+], magnesium [Mg2+], sodium [Na+], and potassium [K+]), and the soils have continued to acidify (Likens et al., 1996; Warby et al., 2009).

A possible explanation for the declining stream Ca concentrations in the northeastern United States is the depletion of exchangeable Ca pools from soils (Bailey et al., 1996; Lawrence et al., 1999; Driscoll et al., 2001; Warby et al., 2009). Long-term soil studies have provided evidence of considerable and statistically significant decreases in exchangeable Ca in the soils of the northeast (Warby et al., 2009). For example, Bailey et al. (2005) reported a 77% decrease of exchangeable Ca in the Oa and A soil horizons on the Allegheny Plateau in Pennsylvania between 1967 and 1997. This suggests that mineral weathering rates of base cations may be too slow to neutralize fully the acid inputs to the soil (Bailey et al., 2005) and that current base cation export from watersheds in the northeastern United States may not be sustainable. These findings are consistent with studies in acid-sensitive areas around the world (Paces, 1986; Yamada et al., 2013; Cremer and Prietzel, 2017).

The decline in surface water Ca concentrations and the depletion of exchangeable Ca from the soils in the northeastern United States suggest that mineral weathering rates may not be sufficient to fully neutralize acid inputs. Unfortunately, it is not possible to observe and quantify directly the release of base cations through mineral weathering in the field, making it difficult to obtain accurate estimates of field weathering rates (Futter et al., 2012) and to assess the response of weathering processes to changes in acid deposition. For example, long-term monitoring of stream chemistry at the Hubbard Brook Experimental Forest in New Hampshire showed an increase in pH from 4.1 to 4.4 between 1963 and 1988, resulting from decreases in atmospheric sulfate deposition; however, the silica concentrations in stream water remained essentially constant, suggesting that no apparent decrease in weathering rates had occurred (White and Brantley, 1995).

The “critical load” for an acid-sensitive ecosystem is an estimate of the maximum amount of acid deposition that an ecosystem can receive without causing acidification of the soil and water. Critical loads are helpful in setting standards for pollutants, particularly sulfur and nitrogen (Sverdrup and De Vries, 1994; Duarte et al., 2013). Chemical weathering of minerals constitutes the major source of dissolved base cations in most catchments (Moldan and Černý, 1994). Since both chemical weathering of silicate minerals and exchange of exchangeable base cations in the soil for incoming H+ ions result in stoichiometrically equivalent rates of base cation release and H+ ion neutralization, the release rate of base cations can be taken as a measure of the critical load in areas underlain by silicate parent materials (Moldan and Černý, 1994).

In this project we estimated the net geochemical release of base cations in 25 small headwater catchments in the Catskills using watershed mass balance calculations. The net geochemical release is the net mobilization of base cations from soils and parent materials. It includes weathering of minerals, net release from soil exchange sites, and potential inputs from deep groundwater sources, if applicable. Mass balance studies have often been used to assess base cation sinks and sources in small watersheds (e.g., April et al., 1986; Paces, 1986; Lewis et al., 1987; Giovanoli et al., 1988; Sarin et al., 1989; Johnson et al., 1994; Hyman et al., 1998). Because these fluxes are calculated from the differences between annual inputs and outputs, the resulting estimates are uncertain (Futter et al., 2012). By studying 25 small watersheds in the region, we were able to characterize the variation in the estimated net geochemical release rates and identify the most important terms in the mass balance. We were also able to assess the dependence of base cation release on bedrock type.

Catskill streams ultimately drain to the New York, Delaware, and Chesapeake Bays; impaired soils and surface waters in Catskill headwaters could therefore have negative impacts on these downstream systems (Lovett et al., 2000). Additionally, Catskill watersheds supply about 90% of the drinking water to New York City, with its population of approximately 9 million people. Biogeochemical processes in Catskill watersheds result in exceptional water quality. Indeed, New York is one of a handful of cities in the United States that is not required to filter its drinking water. The release of Ca, Mg, Na and K to Catskill streams is thus a crucial process in providing healthy and appealing drinking water to the largest metropolis in the United States.



MATERIALS AND METHODS


Study Site

This study was conducted in the Catskill Park in New York State (Figure 1). The Catskill Mountains cover approximately 5,000 km2 in southeastern New York, with Slide Mountain as the highest peak at 1,274 m (Lovett et al., 2000). The mountains of the Catskills are flat-topped and have deeply carved valleys that formed during deglaciation. The ancient Acadian Mountains eroded and formed a large plateau, known as the Catskill Delta (Titus, 1998). The Catskill Mountains are the remains of the down-cutting of the Catskill Delta by glacial activity (Titus, 1998).
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FIGURE 1. Map of the Catskill Park in New York State with boundaries of the study watersheds and elevation shading.


The bedrock in the Catskill region generally consists of sandstone and shale deposits of Devonian age, which are covered by glacial till of largely local origin (Kudish, 2000; Lovett et al., 2000; Ver Straeten, 2013). The sampling locations for the headwater catchments in this study are located on either the Lower Walton formation, the Upper Walton formation, or the Oneonta formation (Figure 2). These three formations are all composed of sandstone, shale, mudstone, and minor conglomerates; however, the Lower and Upper Walton formations contain a higher percentage of shale and mudstone, and the Oneonta formation contains a higher percentage of minor conglomerates (Ver Straeten, 2013).
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FIGURE 2. Locations of the study watersheds superimposed on a map of bedrock geology. Bedrock geology layer taken from Ver Straeten (2013).


About 20,000 years ago, the Laurentide ice sheet, which had covered the Catskill region and extended as far south as New York City, began to melt (Kudish, 2000). It is estimated that deglaciation in the Catskills ended between 16,000 and 18,000 years ago, with the melting of the ice sheet leaving behind extensive deposits of glacial till. This mantle of till, which ranges from a few cm to over 30 m thick, makes up most of the parent material of the soils today (Kudish, 2000; Ver Straeten, 2013). Because of the glacial history of the region, the soils of northeastern North America are much younger than soils in non-glaciated areas to the south (Kudish, 2000).

The most common soil types in the Catskills are Inceptisols. Catskill soils tend to be medium-textured, sandy-loams, containing on average around 60% sand, 30% silt, and 10% clay (Kudish, 2000). At higher elevations in the Catskills, some soils are classified as Spodosols, which contain a higher fraction of sand and are found in smaller, localized pockets. Catskill soils are highly acidic, with low concentrations of exchangeable base cations and low pH (Johnson, 2013).

The Catskill region is largely forested, with the lower elevations (<500 m) dominated by mixed oak forests (Lovett et al., 2000). The northern hardwood forest association dominates at elevations between 500 and 1,100 m, with sugar maple (Acer saccharum), American beech (Fagus grandifolia), and yellow birch (Betula allaghaniensis) as the primary species (Lovett et al., 2000). At higher elevations (>1,100 m), some of the forests are dominated by balsam fir (Abies balsamea) and red spruce (Picea rubens); however, the spruce-fir forest type is generally limited in the Catskills (Kudish, 2000; Lovett et al., 2000).

In the Catskills, the climate today features cool summers and cold winters (Lovett et al., 2000). The average annual temperature varies from about 10°C near sea level in the Hudson Valley to about 4°C at the highest recording station at Winnisook Lake near Slide Mountain (Kudish, 2000). The mean annual precipitation varies across the Catskills. The eastern Catskills receive additional precipitation from coastal storms, especially during the winter, and thunderstorms are frequent in the southern Catskills, especially during the summer (Kudish, 2000).

This study focuses on estimating the input-output budgets of base cations from 25 headwater catchments throughout the Catskill Park (Figures 1, 2). The catchments are located at mid to high elevations and are mainly covered by northern hardwoods. A list of watershed names and locations may be found in Supplementary Table 1.



Study Period

We estimated watershed mass balances for the 2011, 2012, and 2013 water years, running from July 1 of the previous year to June 30. Forest area and biomass data used to develop trends in nutrient uptake for the mass balance calculations were taken from the 2005 and 2015 results reported by the USDA Forest Service’s Forest Inventory and Analysis (FIA) National Program (see section “Net Uptake by Biomass,” below).



Sampling and Analytical Methods

The streams draining the 25 watersheds were sampled monthly from 2010 through 2013. A 2-L grab sample was taken near the centroid of flow from each stream and the sample bottle was rinsed three times with stream water prior to sample collection. The samples were filtered within 2 h using a 0.45-μm membrane filter and vacuum hand pump apparatus. Samples were kept cold prior to filtration and while being transported from the field to the lab. Once in the lab, samples were stored at approximately 4°C until analysis.

Quality control was maintained in the form of field blanks, duplicate samples, continuing calibration verification standards (CCVs), and laboratory blanks. Field blanks were brought into the field as 2-L bottles containing deionized water and were treated identically to stream samples. Duplicate samples were taken from 2 to 4 sites each month and concentrations compared for consistency. There were no instances in which solute concentrations differed by more than 10 percent.

Stream pH was measured using a silver-chloride combination electrode. Hydrogen ion concentrations were calculated from pH using the following relationship (Stumm and Morgan, 1996):
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where: [H+] = concentration of hydrogen ion (mol/L)

pH = measured pH of the water sample

No ion activity correction was applied in the calculation of [H+] because the ionic strength of the samples was very low for all sites and sampling dates.

Nitrate, sulfate, and other anions were measured using a Dionex DN-500 Ion Chromatography System (Thermo Fisher Scientific, Waltham, MA) with a potassium hydroxide eluent and a conductivity detector. Ammonium (NH4+) concentrations were measured on a flow-injection analyzer using the phenate method (Cappo et al., 1987). Concentrations of Ca, Mg, Na, and K were measured by inductively coupled plasma, optical emission spectrometry.

Soil samples were collected in 2011 as described by Johnson (2013). Samples from C horizons were analyzed for total Ca, Mg, Na, and K at the Peter Hooper GeoAnalytical Lab at Washington State University. After grinding, 3.5 grams of sample were analyzed for loss-on-ignition (500°C) and then fused at 1,000°C with dilithium tetraborate (Li2B4O7). The beads were reground and re-fused prior to x-ray fluorescence spectroscopy (XRF) analysis. Results were reported as oxide percentages and converted to molar concentrations.



Methods for Constructing Watershed Mass Balances

For any element i, the balance of inputs to and outputs from the soil solution can be expressed as (Bricker et al., 1994):
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where: P = atmospheric input

G = net geochemical release

S = streamwater export from the watershed

B = net uptake by biomass in the watershed

It is possible to estimate the net geochemical release of element i by solving for G if the other terms are known. This approach assumes negligible net change in the storage of i in the vadose zone from year to year. For the 25 Catskill watersheds, regional precipitation and deposition chemistry data were used to estimate P, while measured stream chemistry was used to estimate S. Estimates of the net uptake of base cations by forest vegetation in the Catskills, B, were derived from data from the USDA Forest Service’s FIA program. In addition, regional studies of soil base cation depletion provide estimates of the net rate of depletion of base cations from soil exchange sites.


Atmospheric Input (P)

The atmospheric input of each element was estimated by multiplying the concentration in precipitation by the precipitation amount. To estimate precipitation amount for each watershed, we applied an inverse distance weighting (IDW) procedure to data from precipitation gaging stations in the region, archived by the National Climate Data Center (NOAA/NCDC., 2013). The IDW method was preferred due to the relatively sparse network of gages in the region. IDW involves calculating weights (λ) which are applied to data from precipitation gaging locations and which are scaled so that their sum is equal to one (Krivoruchko, 2011). We used Geographic Information Systems (GIS) to determine the three closest precipitation stations to each watershed location. Using the known precipitation quantities (Z) from gaging stations within and near the Catskills (NOAA/NCDC., 2013) and the IDW weights for the three closest gaging stations, we determined the monthly precipitation inputs into each catchment using Eqs. 3 and 4:
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where: Ẑ(s0) = predicted precipitation amount at location s_0 (the watershed)

Z(si) = measured precipitation amount at gaging location s_i

N = number of precipitation gaging stations used for prediction; N = 3 in this study

λi = IDW weight for the ith precipitation gaging station

di0 distance between locations s_i and s_0.

For gaged locations that had missing precipitation data for a particular month, we used a linear regression relationship with the closest gaged location to estimate the missing precipitation value. The distances and weights used to determine the precipitation amount in each catchment may be found in Supplementary Tables 2,3.

We expected to find higher precipitation amounts at higher elevations; however, no relationship was observed between precipitation and elevation in the gaging stations used in this study. Because it is well-known that deposition of strong acids generally increases with increasing elevation, we used GIS techniques to determine the percent of each watershed above 1,000 m and applied an enhancement factor (Weathers et al., 2000):
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where: WEF = watershed enhancement factor

EL = fraction of elevation less than 1,000 m

EG = fraction of elevation greater than 1,000 m

The calculated enhancement factors for the 25 watersheds may be found in Supplementary Table 4.

The Biscuit Brook watershed is the only location in the Catskill region that is part of the National Atmospheric Deposition Program (NADP: site NY68)1. Precipitation chemistry has been measured at Biscuit Brook since 1983. We multiplied the monthly average solute concentrations in the precipitation at the Biscuit Brook NADP site by the estimated precipitation amounts for the study watersheds, and then summed these monthly fluxes for each water year for each watershed. Dry deposition data were not used for estimating deposition of SO42–, NO3–, and NH4+, only wet deposition data from the NADP were used. Using data from the Claryville site (CAT175) in the Clean Air Status and Trends Network (CASTNET), which is co-located with the Biscuit Brook NADP site, we determined that dry deposition of SO42–, NO3–, and NH4+ were insignificant in estimating total (wet + dry) deposition (6, 2, and 15%, respectively)2. To take elevation effects into account, enhanced deposition values in each study watershed were calculated for NH4+, NO3–, and SO42– (Eq. 6), which have been shown to increase with elevation in the region (Weathers et al., 2000):
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where: Dh = enhanced deposition, mol ha–1 yr–1

Db = base deposition at Biscuit Brook monitoring station, mol ha–1 yr–1

The concentration of H+ was also adjusted to account for the adjustments made to NH4+, NO3–, and SO42–. To do this, we used Eq. 7, where “base” refers to the original precipitation flux of each solute and “adj” refers to the adjusted solute flux after taking the watershed enhancement factors into account:
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Application of Eq. 7 preserves the charge balance in precipitation inputs to the study watersheds.



Stream Export (S)

To quantify the stream chemistry, the streams draining the watersheds were sampled during the 2011, 2012, and 2013 water years for chemical analysis. The samples were filtered and measured for pH (field and lab), NH4+, base cations (Ca2+, Mg2+, Na2+, K+), and acid anions (NO3–, SO42–, Cl–) using methods described above.

We used the USGS StreamStats database to estimate the daily flow for each watershed on the particular day that it was sampled3. For study watersheds where direct discharge measurements were not available, we used the ratio of the watershed area above the stream sampling point to the watershed area at the nearest gaging station downstream to determine the daily flow for the ungaged location. Gianfagna et al. (2015) showed that this watershed-area-ratio approach provides good estimates of average daily streamflow in small watersheds in the Catskills. The daily discharge for the gage at the Winnisook catchment was not available after March 31, 2013; therefore, we used a linear regression between the average daily flow at nearby Biscuit Brook and the corresponding values at Winnisook to estimate the daily flows for Winnisook for the remainder of the 2013 water year (R2 = 0.83):
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Using the solute concentrations and the daily flow on each sampling date, we calculated the annual flow-weighted average for each solute. We then used these flow-weighted concentrations and the daily discharge values to calculate the mass flux of each solute in the stream water. We then determined the stream export (S) for each element using Eq. 9, where Q is the average volumetric flow rate of the stream, C is the volume-weighted solute concentration in the stream, and A is the watershed area:
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Net Uptake by Biomass (B)

Areas of various forest types, along with aboveground and belowground biomass, were available through the USDA Forest Service’s FIA program (USDA Forest Service, 2016). The datasets were assembled by county (Delaware, Greene, Ulster, and Sullivan), forest type group, and year (1993, 2005, 2010, and 2015). The FIA forest type groups were re-categorized as northern hardwood, southern hardwood, spruce-fir, or pine (Table 1).


TABLE 1. Forest Inventory Analysis (FIA) forest types (i.e., the entries in the table) were grouped into one of four broader categories (northern hardwood, southern hardwood, spruce-fir, or pine) for the calculation of biomass nutrient uptake.

[image: Table 1]To calculate biomass nutrient pools, we used nutrient stocks in a northern hardwood forest studied by Whittaker et al. (1979) and corresponding area-weighted biomass means (Whittaker et al., 1974) to compute average nutrient concentrations for forest biomass. We then multiplied the total biomass (aboveground plus belowground) of each recategorized forest type in each county for each year by the computed nutrient concentrations, and divided by the respective forest areas. We then estimated the average rate of change in the nutrient pools for the period of 2005–2015 for each forest type. The FIA database includes biomass for live trees greater than 2.5-cm diameter at breast height. The exclusion of shrubs, herbs, and smaller saplings is not a significant source of uncertainty, as these forests have sparse understories. For example, Whittaker et al. (1974), working in a similar forest type, reported that shrubs and herbs accounted for 0.12% of total forest biomass (0.19 Mg ha–1 vs. 161.7 Mg ha–1).

The proportions of each forest type in each of the watersheds were determined using GIS. The GIS shapefile layer of the distribution of forest types in the Catskill Mountains was obtained from Lovett et al. (2002) and their forest types were re-categorized as northern hardwood, southern hardwood, spruce-fir, or pine to match our re-categorization of the FIA data (Driese et al., 2004; Table 2). Using GIS, an elevation cut-off was imposed for areas classified as “oak dominated.” Any area where the forest type was “oak dominated” at an elevation greater than 800 m was reclassified as “northern hardwood.” Any area where the forest type was “oak dominated” at an elevation less than 800 m was classified as “southern hardwood” (Table 2). The proportions of each forest type in each watershed are shown in Supplementary Table 5. We then multiplied the average change in nutrient pools for each forest type by the corresponding percent of each forest type in each watershed to estimate the rate of net biomass uptake for each cation in each watershed (Bi).


TABLE 2. Forest types delineated by Lovett et al. (2002) and Driese et al. (2004) were grouped into one of four broader categories (northern hardwood, southern hardwood, spruce-fir, or pine) for the assessment of forest type distribution within the study watersheds.
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Net Depletion From Soil Exchange Sites

To estimate the average annual net depletion of base cations from soil exchange sites, we used the average annual change for each exchangeable base cation from 1984 to 2001 for the Catskills/Poconos region as reported by Warby et al. (2009; Table 3). We then multiplied these estimated depletion rates by the average mass of soil in the O, A, and 0–10 cm layers in the study watersheds from Johnson (2013). This approach assumes that base cation depletion has occurred primarily in the O, A, and upper mineral soil layers. The resulting estimates were compared to the calculated net geochemical release to evaluate the relative importance of exchangeable base cation depletion to the net losses.


TABLE 3. Average annual change for each exchangeable base cation from 1984 to 2001 for the Catskills/Poconos region and the average annual rates of net depletion (negative) or accumulation (positive) from soil exchange (data sources: Warby et al., 2009; Johnson, 2013).

[image: Table 3]


Statistical Methods

The significance of bedrock type as a factor influencing net geochemical release rates was tested using one-way analysis of variance after testing for normality using the Shapiro-Wilk test. Pearson correlation coefficients (r values) were used to assess linear correlations. All statistical analyses were performed using Minitab 16 (Minitab Inc., State College, PA, United States).



RESULTS


Geochemical Release Rates as Estimated by Watershed Mass Balances

Using the mass-balance approach, we estimated that the average net geochemical release rate of Ca for the period of 2010–2013 for all of the watersheds was 498 mol ha–1 yr–1 (range: 209–815 mol ha–1 yr–1) (Table 4). The average net geochemical release rates of K, Mg, and Na were 72, 218, and 200 mol ha–1 yr–1, respectively (Table 4). The average total net release of base cations was estimated to be 1,704 eq ha–1 year–1 (range: 928–2,622 eq ha–1 yr–1). On average, Ca accounted for approximately 58% of the total base cation weathering on an equivalence basis, while K, Mg, and Na accounted for 4, 26, and 12%, respectively. Net geochemical release of Ca also varied more than the release of other base cations, both on a year-to-year basis (Table 4) and a site-to-site basis (Figure 3). Net geochemical release values for each watershed in each water year may be found in Supplementary Tables 8–10.


TABLE 4. Average annual net geochemical release rates for base cations for all watersheds.
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FIGURE 3. Histograms of net geochemical release rates using the mass-balance approach.


The watersheds with the lowest rates of net base cation release were Windham Ridge (watershed #6), Pecoy Notch (#24) and Black Brook (#37) (Table 4). Winnisook (#15) had the lowest net geochemical release rate for total base cations (928 eq ha–1 yr–1) and the lowest net H+ consumption rate (8 eq ha–1 yr–1) (Table 4). Black Brook had the lowest net release rate for Na (87 mol ha–1 yr–1) (Table 4). Windham Ridge had the lowest net release of Ca and K (209 and 17 mol ha–1 yr–1, respectively), while Pecoy Notch had the lowest net release for Mg (129 mol ha–1 yr–1).

The watersheds with the highest net geochemical release rates (Table 4) were Hollow Tree, Little Timber, and Fall Brook (watersheds #35, #8, and #17). Hollow Tree had the highest Ca, Mg, and total base cation release rates (815, 327 mol ha–1 yr–1 and 2,622 eq ha–1 yr–1, respectively) (Table 4). Little Timber had the highest Na net release rate (368 mol ha–1 yr–1), while Fall Brook had the highest rate for K (161 mol ha–1 yr–1). The Myrtle watershed (#43) had the highest net H+ consumption (211 eq ha–1 yr–1) (Table 4). Hollow Tree also had relatively high net geochemical release rates for Na and K (264 and 74 mol ha–1 yr–1, respectively) and a high net H+ consumption rate (197 eq ha–1 yr–1) (Table 4).

Precipitation input played a relatively minor role in the input-output budgets of base cations in the study watersheds. Consequently, the calculation of the net geochemical release rates was heavily dependent on the biomass uptake and stream export terms (Figure 4). For example, at the Biscuit Brook and Black Brook watersheds, we estimated that Ca input via precipitation averaged 24.8 and 22.3 mol ha–1 yr–1, respectively (Figure 4). In contrast, the biomass accumulated Ca at estimated average rates of 126 and 133 mol ha–1 yr–1 at Biscuit Brook and Black Brook, respectively, and Ca was exported via streamflow at average rates of 286 and 595 mol ha–1 yr–1, respectively (Figure 4). Therefore, biomass uptake and stream export were the dominant terms in the estimation of net geochemical release rates of base cations using the mass-balance approach.
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FIGURE 4. Terms used in calculating the net geochemical release rate of Ca using the mass-balance method in four watersheds (mol ha– 1 yr– 1). Positive values indicate sources of Ca and negative values indicate sinks. Windham Ridge had the lowest net geochemical release rate for Ca in the study, while Hollow Tree had the highest. Note that biomass uptake may be either a source or sink of base cations depending on whether the forest is declining or aggrading.


From 2010 to 2013, decreasing trends in both atmospheric deposition and stream export of base cations were observed (Table 5). Sulfate in precipitation decreased by 32% from 2010 to 2013, NO3– was reduced by 19%, and Ca exported via stream water decreased by 34%. Calcium and the total base cations showed decreases in stream export each year, while Mg, Na, and K either increased or remained constant from the 2011 water year to 2012 and then decreased in 2013 (Table 5). The year-to-year trends in net geochemical release rates of base cations were consistent with the trends in acid deposition and stream export of base cations (Table 4). The average net geochemical release rates of Mg, Na, and K increased slightly from the 2011 water year to 2012 and then decreased in 2013, while Ca and the total base cations showed decreases in net release rates each year (Table 4).


TABLE 5. Average annual deposition fluxes of SO42– and NO3– and average annual stream output of base cations for all watersheds.

[image: Table 5]


Patterns Related to Bedrock Types

The major geological formations in the study area are the Lower and Upper Walton formations and the Oneonta formation. The Lower and Upper Walton formations are composed of sandstone, red, green, and dark gray shale/mudstone, and minor conglomerates. The Oneonta formation is composed of sandstone, minor conglomerates, and red, green, and dark gray shale/mudstone (Ver Straeten, 2013). Sandstone in the Catskills consists of litharenites, which are rich in quartz and sand-size grains composed of weathered rock (Ver Straeten, 2013). The major grain types of the sandstones in the Catskills include quartz, metamorphic, and sedimentary rock pieces with lesser quantities of feldspars, igneous rock fragments, dolostone, rare calcite, and clay-size particles (Ver Straeten, 2013). Catskill shales and mudstones are composed of microscopic clay minerals, with illite and chlorite dominating the clay minerals (Ver Straeten, 2013). Conglomerates, on the other hand, are sedimentary rocks that are rich in gravel.

Bedrock type has a significant influence on net geochemical release rates of base cations (Figure 5). With the exception of Na, we observed higher release rates in watersheds located on the Lower and Upper Walton formations and lower release rates on the Oneonta formation (Figure 5). The watersheds on the Oneonta formation had an average total base cation release rate of 1,089 eq ha–1 yr–1, whereas the watersheds on the Lower and Upper Walton formations experienced on average, higher net geochemical release rates of total base cations (1,741 and 1,989 eq ha–1 yr–1, respectively) (Figure 5).
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FIGURE 5. Net geochemical release rates for the three dominant bedrock types. For the Oneonta, Lower Walton, and Upper Walton Formations, N = 4, N = 10, and N = 11, respectively. Median values are shown as a bold lines, the extent of the boxes are defined by the lower (25%) and upper (75%) quartiles. Individual values are plotted for samples that lie more than 1.5 times the interquartile range from the box. Differing letters indicate significantly different means, using one-way ANOVA (P < 0.05).




DISCUSSION


Watershed Mass Balances

Mass-balance studies have been used extensively in the United States and Europe to monitor the impact of acidic deposition on water quality and ecosystem processes. Using this approach, we found that Ca and total base cations were released from soil and parent materials in the Catskill watersheds at average rates of 498 mol ha–1 yr–1 and 1,704 eq ha–1 yr–1, respectively, between 2010 and 2013. In the United States and Europe, similar geochemical release rates have been observed using this approach. Johnson et al. (1994) compiled the net release rates of base cations in catchments affected by acidic deposition located throughout the United States and Europe. They reported a range of Ca net release rates between 0 and 575 mol ha–1 yr–1, with the lowest release rate occurring at a spruce-dominated catchment in the Solling forest region of Germany and the highest rate occurring at the Panther Lake watershed in the Adirondacks. The range in the total base cation release rate was found to be between 160 and 2,290 eq ha–1 yr–1, with the lowest release rate occurring at the Zota catchment in the southern Alps of Switzerland and the highest release rate occurring at the X-14 catchment in the Czech Republic (Johnson et al., 1994). The catchments in the Catskills were on the upper end of this range of net geochemical release rates; indeed, 36% of the Catskill watersheds had average Ca release rates greater than the range reported by Johnson et al. (1994). The total base cation release rates for the Catskill catchments were more often within the range of values listed in Johnson et al. (1994), with 22 of the 25 Catskill catchments falling within the range of values reported for catchments across the United States and Europe. It is worth noting that many of the studies reported by Johnson et al. (1994) did not factor vegetation uptake into their weathering calculations. If they had done so, many of these estimates would have been higher than the reported values.

Estimating biomass uptake of base cations proved to be essential to the mass-balance estimates. Biomass uptake of base cations was one of the most important terms in the estimation of net geochemical release rates in the Catskills using the mass-balance approach. The net biomass uptake of Ca, for example, ranged from -31 mol ha–1 yr–1 at the Myrtle watershed to +161 mol ha–1 yr–1 at Kelly Hollow. Negative uptake values occurred where forest biomass was declining over time. In this circumstance, forest vegetation represents a net source of base cations. The variation in both the magnitude and sign of this term indicates that estimating biomass uptake should be considered when calculating input-output budgets of base cations in watershed studies. However, the biomass term is often disregarded in input-output studies. FIA data are publicly available for forested lands across the United States. Therefore, it should be possible to incorporate biomass uptake estimates into mass-balance studies in the United States to obtain more accurate estimates of net release rates.

Depletion of base cations from cation exchange sites in the soil can only account for a fraction of the net geochemical release in Catskills watersheds. Depletion of exchangeable Ca from O horizons and surface mineral soils between 1984 and 2001 averaged 47 mol ha–1 yr–1 (Table 3). This represents less than 10 percent of the average net geochemical release for the study watersheds (498 mol ha–1 yr–1) and only 23 percent of the minimum net release rate (209 mol ha–1 yr–1, at Windham Ridge; Table 4). Depletion of other exchangeable cations was negligible, ranging from 1.5 mol ha–1 yr–1 for Na to an average net accumulation of 3.1 mol ha–1 yr–1 for K (Table 3), all less than two percent of the estimated net geochemical release rates. Exchangeable base cation pools in Catskills soils are very small. For example, the average pool of exchangeable Ca in the entire soil profile in the 25 study watersheds was estimated to be 10,055 mol ha–1 in 2011 (Johnson, 2013). If depletion of exchangeable Ca were the sole source of the net geochemical depletion we observed, all of the exchangeable Ca would be gone in just 17.5 years. Therefore, the net geochemical release must be largely explained by mineral weathering in soils, glacial till and bedrock underlying the watersheds. The net export of base cations in streamwater is largely driven by weathering release, which in turn reflects strong acid inputs.

In the Great Smoky Mountains National Park, Cai et al. (2010) used an input-output budget to estimate net base cation release in the high-elevation Noland Divide Watershed. They used wet deposition, throughfall, soil lysimeters, and stream collection stations located in the watershed to create input-output budgets for the period of 1991–2006 (Cai et al., 2010). Net ion retention or depletion in the watershed was estimated as the difference between throughfall and stream export. They estimated average annual atmospheric deposition fluxes of SO42– and NO3– of 1,110 and 1,073 mol ha–1 yr–1, respectively, an order of magnitude greater than the annual deposition fluxes of SO42– and NO3– we estimated for the Catskills in 2010–2013 (96 and 180 mol ha–1 yr–1, respectively). The higher deposition of SO42– and NO3– in the Great Smoky Mountains reflects higher rates of atmospheric acid deposition occurring at the earlier point in time and the higher elevation of the watershed (1,680–1,920 m mean sea level; Cai et al., 2010) than the watersheds in the Catskills.

Cai et al. (2010) found that Ca, Mg, Na, and K were exported from Noland Divide at average rates of 433, 165, 443, and 182 mol ha–1 yr–1 from 1991 to 2006, respectively. In the Catskills, Ca, Mg, Na, and K were exported at similar average rates of 472, 217, 235, and 57 mol ha–1 yr–1 between 2010 and 2013, respectively. However, the estimated net geochemical release rates of base cations in the Catskills were much greater than in the Noland Divide Watershed. In the Catskills, Ca, Mg, Na, and K were released at average rates of 498, 218, 200, and 72 mol ha–1 yr–1, respectively, from 2010 to 2013. In the Great Smoky Mountains, Ca, Mg, and Na were released at average rates of 39, 23, and 66 mol ha–1 yr–1, respectively, and K was retained at 447 mol ha–1 yr–1 between 1991 and 2006 (Cai et al., 2010). In the Noland Divide Watershed, the authors made the assumption that the retention of the K was due to assimilation into forest biomass since they did not account for biomass uptake in their calculations. If 447 mol ha–1 yr–1 of K was taken up by forest biomass, it is likely that hundreds of mol ha–1 yr–1 of Ca and Mg were also assimilated, which would raise the estimated geochemical release rates at Noland Divide to levels similar to the estimates for the Catskills.

Net geochemical fluxes were also estimated using a geochemical mass balance approach by Hyman et al. (1998) in the Cone Pond watershed in central New Hampshire from 1989 to 1994. The Cone Pond watershed is susceptible to continued acidification as a result of low-alkalinity drainage waters, acidic Spodosol soils, and a thin layer of glacial till. Hyman et al. (1998) developed mineral weathering reactions using mineral abundance throughout the soil profile and mineral chemistry. They found that the weathering of plagioclase feldspar was the principal weathering reaction (171 mol ha–1 yr–1; Hyman et al., 1998). Calcium had an average net geochemical release rate of 75 mol ha–1 yr–1; however, silicate weathering was responsible for only 71% of the Ca release, with the remaining 22 mol ha–1 yr–1 attributed to the depletion of exchangeable Ca from soil pools (Hyman et al., 1998). The catchments in the Catskills had average net Ca and Mg release rates of 498 and 218 mol ha–1 yr–1, respectively, nearly an order of magnitude greater than the average net release rate of Ca and Mg (34.7 mol ha–1 yr–1) in Cone Pond. In addition, the average net release rates of Na and K at Cone Pond (129.1 and -2.3 mol ha–1 yr–1, respectively) were lower than those observed in the Catskills (200 and 72 mol ha–1 yr–1, respectively). Hydrogen ion was neutralized at an average rate of 356 eq ha–1 yr–1 at Cone Pond and 177 eq ha–1 yr–1 in the Catskills. At Cone Pond, H+ inputs were not completely neutralized; 52% was neutralized via silicate weathering and 42% was exported via streamflow (Hyman et al., 1998). The thin till and base-poor conditions at the Cone Pond watershed resulted in shorter residence time for groundwater; as a result, the soil was not able to neutralize acidic inputs (Hyman et al., 1998). The lower net H+ consumption rate in the Catskill watersheds despite much greater net geochemical release rates indicates that there is an important internal source of H+ in the watersheds. Carbon dioxide produced by respiration in the soil is likely to be the principal mechanism of internal H+ generation.

April et al. (1986) estimated net geochemical release rates for base cations using mass balances in two watersheds in the Adirondacks—Woods Lake and Panther Lake, which were impacted by acid deposition. These two watersheds were intensively monitored during the 1970s and 1980s as part of the Integrated Lake-Watershed Acidification Study (ILWAS), with the purpose of studying the effects of acid deposition on lake acidification in the northeastern United States. April et al. (1986) used the composition of stream water in both watersheds and estimates of inputs via wet and dry deposition to estimate weathering rates for 1978–1980. The average mass-balance-based base-cation release rates for the Woods Lake and Panther Lake watersheds in comparison to this study are shown in Table 6.


TABLE 6. Average net geochemical release rates for two watersheds in the Adirondacks (April et al., 1986) and for the watersheds in this study.

[image: Table 6]The Catskill watersheds in this study generally experienced higher net geochemical release rates than the two watersheds in the Adirondacks. In the Woods Lake watershed, the authors determined that weathering reactions were not adequate to neutralize the acid inputs (April et al., 1986). The lower base-cation release rates in the Woods Lake watershed were attributed to a combination of a decline in the amount of mineral surfaces exposed to weathering, thin soil and till exposure in the basin, and high surface runoff within the watershed (April et al., 1986). The shallow soils and thin till at the Woods Lake watershed result in shorter residence time for groundwater and were not able to neutralize acidic inputs fully (April et al., 1986).

In the Panther Lake watershed, the estimated average total base cation release rate was 1,679 eq ha–1 yr–1, similar to the average total base cation release rate for the Catskill watersheds in 2010–2013 of 1,704 eq ha–1 yr–1. Higher rates in Panther Lake, compared to Woods Lake, were attributed to thicker till and deeper flow paths in the Panther Lake watershed. Unlike the Woods Lake watershed, acidic deposition was largely neutralized in the Panther Lake watershed as a result of the deeper glacial till (April et al., 1986). In the Catskill watersheds, which also feature relatively deep till, the average total base cation release rate (1,958 eq ha–1 yr–1) greatly exceeded the average net H+ consumption rate (177 eq ha–1 yr–1). These three watersheds thus span a range of H+ neutralization conditions. In Woods Lake and Panther Lake in the 1980s, weathering was driven by strong acid inputs, with Woods Lake soils unable to completely neutralize those inputs. In the Catskills in 2010–2013, strong acid inputs represented only about 10% of the H+ required to generate the observed weathering fluxes. Weathering in these watersheds appears now to be largely driven by CO2 acidity derived in watershed soils.



Relation to Parent Material and Bedrock Geology

To determine if the net geochemical release rates of base cations are proportional to concentrations found in the parent material, we computed the molar ratios of the release rates for the base cations and compared them to those in C horizon soils. The parent material of soils in the Catskills is extremely base-poor. Using Na as a reference element for mineral weathering, molar ratios were computed for Ca:Na, Mg:Na, and K:Na. The average molar Ca:Na ratio for the net geochemical release rates was 2.49, whereas the molar Ca:Na ratio in C horizon soils was much lower (0.20). In contrast, the Mg:Na and K:Na ratios in C horizon soils (5.74 and 9.13, respectively) were both much larger than the ratios for the net geochemical release rates (1.09 and 0.36, respectively). Incongruous rates of base cation release, often featuring elevated Ca losses, have been reported in numerous weathering studies (Johnson et al., 1994). Nevertheless, the very high net geochemical release rates for Ca in Catskills watersheds, relative to other base cations, suggests a source of Ca below the C horizon, in deeper till layers or bedrock fractures.

We observed that the watersheds with the highest net geochemical release rates were underlain by the Upper Walton formation, while the watersheds with the lowest net release rates were located on the Oneonta formation (Figure 5). Watersheds underlain by the Lower Walton formation were intermediate, with net geochemical release rates significantly greater than those in watersheds on the Oneonta formation. According to Ver Straeten (2013), the Lower and Upper Walton formations have greater amounts of shale and mudstone than the Oneonta formation. Shales and mudstones contain a large fraction of clays and are bonded together by compaction, dewatering, and clay diagenesis, not by cementitious materials (Ver Straeten, 2013). Therefore, the shales and mudstones in the Lower and Upper Walton formations have relatively low rock strength and are less resistant to weathering. Unlike the Lower and Upper Walton formations, the Oneonta formation has a larger fraction of conglomerates. Conglomerates have a higher rock-strength than the shales and mudstones, and as a result, they are more resistant to weathering (Ver Straeten, 2013). The weathering processes that are largely responsible for the production of base cations in Catskill watersheds may be occurring in soils, till or underlying bedrock. However, the weathering signature of the underlying bedrock is particularly important because the soils develop in till, which is largely derived from local sources.



Geographic Factors That May Influence Weathering Rates

Higher elevations in the Catskills are dominated by very resistant sandstone and conglomerate units while the lower elevations are dominated by mudrocks, which are more easily weathered (Ver Straeten, 2013). Therefore, rock units in the higher elevations are more difficult to weather and we expected to find a decrease in base cation release rates with increasing elevation. There was a weak, but significant negative correlation (r = −0.51; P < 0.01) between watershed elevation and the mass-balance-derived net geochemical release rate for total base cations (Figure 6B). There was also a decreasing trend in the release rate of Ca with increasing elevation; however, it was only marginally significant (r = -0.39; P = 0.056; Figure 6A). The lack of strong correlations indicates that factors other than these are more important in determining geochemical release rates.
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FIGURE 6. Correlations between watershed average elevation and (A) the net geochemical release rate of Ca (P = 0.055); (B) the total base cation net geochemical release rate (P = 0.009). Least-squares regression lines are shown for reference only.


We also investigated the relationship between the weathering release rates and watershed area. We hypothesized that watersheds with a greater area would have longer average flow paths and greater water residence time in soils, which might result in higher weathering rates (Johnson et al., 1994). However, we did not find any significant correlations between net geochemical release rates and watershed area. In addition, we hypothesized that there would be higher release rates for catchments located on south-facing slopes in the Catskills as a result of warmer temperatures due to higher solar radiation; however, there were no apparent correlations observed between aspect and base cation release rates for the Catskill catchments.



Weathering Rates and Critical Loads

McNulty et al. (2007) utilized national-scale databases to construct mass balance equations in order to estimate critical acid loads and exceedances for forest soils across the United States between 1994 and 2000. Base cation weathering rates were estimated using a clay correlation-substrate method, which required a combination of percent clay and parent material data. McNulty et al. (2007) estimated that the average base cation weathering rate for most of New York State was between 500 and 1,000 eq ha–1 yr–1, with a few localized areas experiencing between 1,000 and 2,000 eq ha–1 yr–1. The average total base cation weathering release rate for this Catskill study (1,704 eq ha–1 yr–1) is near the upper end of the observations from McNulty et al. (2007). Only two of the watersheds in the Catskills (Winnisook and Windham Ridge) had a base cation release rate less than 1,000 eq ha–1 yr–1, while 14 of the watersheds had a release rate between 1,000 and 2,000 eq ha–1 yr–1, and nine watersheds had total base cation release rates greater than 2,000 eq ha–1 yr–1.

For the period of 1994–2000, McNulty et al. (2007) estimated that the average annual critical acid load for the Catskill region was relatively low (less than 2,000 eq ha–1 yr–1) compared to the rest of the United States. The authors also found that forested watersheds in the New England region typically exceeded the critical acid load by more than 500 eq ha–1 yr–1 between 1994 and 2000. Further reductions in acid deposition since 2000 suggest that the rate of critical loads exceedance has likely decreased in the northeastern United States. However, since acid deposition has historically been a driver of mineral weathering, reductions in acid inputs affect weathering rates and, hence, critical loads. We observed year-to-year decreases in total base cation geochemical release rates that corresponded to year-to-year decreases in acid deposition (Table 5). Nevertheless, by 2010–2013 base cation release via geochemical processes was 4.5 times greater than acid deposition inputs to our watersheds (1,704 vs. 375 eq ha–1 yr–1: Tables 4, 5). Together with the observation that only three of the 25 streams we studied exhibited pH values below 6.0 (Winnisook, Falls Brook, Rondout Creek), this suggests that in much of the Catskill region geochemical processes in soils and parent material are now sufficient to neutralize current rates of strong acid inputs.



CONCLUSION

We estimated annual net geochemical release rates of Ca, Mg, Na, and K for 25 watersheds in the Catskill region for the period 2010–2013 using watershed mass balance concepts. Our results demonstrated the importance of the biomass uptake (which is often ignored in mass-balance studies) and stream export terms for estimating net release of base cations from forested watersheds. Precipitation inputs and the net depletion of exchangeable base cations from soil exchange sites were relatively minor contributors to watershed input-output budgets for base cations. There was a significant relationship between bedrock type and net geochemical release rates, with watersheds located on the Lower and Upper Walton formations having higher base cation release rates, and watersheds located on the Oneonta formation experiencing lower release rates. Net geochemical release rates decreased with increasing elevation, but we did not find strong evidence that they were significantly related to other geographic factors such as aspect and watershed area. The net geochemical release of base cations far exceeded acid inputs on an equivalent basis, suggesting that internal sources of acidity—most likely CO2 generation in watershed soils—have replaced acid deposition as the dominant driver of weathering in these watersheds.

The results of this study will aid in estimating critical loads of acid deposition for the Catskills. Our findings suggest that geochemical processes in soils and parent materials in the region are generally sufficient to neutralize acidic inputs. High base cation release rates relative to atmospheric inputs of strong acids indicate that the ANC of forest soils is adequate. The development and application of critical loads based on field measurements could help to maintain the purity of the water supply for New York City and to preserve the Catskill ecosystem.
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Units are mol ha=" yr=" except for total base cations (eq ha=" yr=1). For each parameter, maximum values are shown in bold, while minimum values are shown in italics.





OPS/images/ffgc-04-667605-t003.jpg
Change in exchangeable base cation

Net depletion rate

Cation
cmols kg1 C mol kg~ Cyr~1 mol ha=1yr—?
Ca -6.2 -1.82 x 1073 -47.41
Mg 0.2 5.88 x 107° 1.53
K 0.2 1.18 x 104 3.06
Na -0.1 -5.88 x 10~5 153






OPS/images/ffgc-04-667605-t006.jpg
Constituent Woods Lake Panther Lake Catskills average

Ca 83 574 498
Mg 14 147 218
Na 25 204 200
K -21 32 72
Total base cations (eqha~' yr=1) 198 1,679 1,704

Units are mol ha=1 yr=1, unless otherwise noted. Negative values indicate net accumulation. The period of studly for Woods and Panther Lakes was 1978-1980.
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