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National Atmospheric Deposition Program (NADP) databases are important for quantifying and mapping the contribution of atmospheric deposition to soil provisioning ecosystem services. These databases provide information about the atmospheric deposition of potassium (K+) which is an essential element and component of many fertilizing materials. Atmospheric deposition flows (wet, dry, and total) serve as one input of K+ to soils; however, deposition varies spatially across the United States (U.S.). This study ranked an estimated provisioning value of soil ecosystem services due to atmospheric K+ deposition within the contiguous U.S. by state and region based on the 16-year period from 2000 to 2015. The total provisioning ecosystem value of atmospheric potassium deposition was over $406M (i.e., 406 million U.S. dollars) ($179M wet + $227M dry) per year based on a 5-year moving average of $500 per metric ton of potassium chloride (KCl) fertilizer in the U.S. The highest ranked regions for total value of K+ deposition per year were: (1) West ($86.5M), (2) South Central ($80.4M), and (3) Southeast ($80.2M). The highest ranked states for total value of K+ deposition per year were: (1) Texas ($44.3M), (2) California ($18.3M), and (3) New Mexico ($1.35M). Atmospheric potassium deposition is a source of K which is essential for human health. Given a U.S. population of 325.7 million people (2017), and a recommended daily intake of 4.7 g per person per day of K, it would require at least 1,531 metric tons/day of potassium to ensure that every person is able to meet their daily potassium requirement. In terms of monetary value, it will cost nearly $1.5M per day based on a moving 5-year average U.S. price of $500 per metric ton of KCl fertilizer. The results of this study provide a methodology to estimate and map the value of atmospheric potassium deposition for ecosystem services assessments, which can be helpful in conducting nutrient audits at various scales to address the United Nations (UN) Sustainable Development Goals.
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INTRODUCTION

The Millennium Ecosystem Assessment [Millennium Ecosystem Assessment (MEA), 2005] popularized the concept of ecosystem services as, “the benefits people obtain from ecosystems. These include provisioning services such as food, water, timber, and fiber; regulating services that affect climate, floods, disease, wastes, and water quality; cultural services that provide recreational, aesthetic, and spiritual benefits; and supporting services such as soil formation, photosynthesis, and nutrient cycling.” Both direct (e.g., provisioning services) and indirect (e.g., supporting services) ecosystem services are vital components for supporting life on our planet; however, the lack of valuing these services in the form of policy is contributing to the degradation of our planet's ecological systems (Costanza et al., 1997; Gowdy, 1997; Lovett and Noel, 2008; Dominati et al., 2010; Baveye et al., 2016). These ecosystem services have been highly impacted over the last 50 years and their degradation has consequentially affected human well-being [Millennium Ecosystem Assessment (MEA), 2005]. Economics focuses more on prices than value, which is exemplified with the highly held importance on direct services (e.g., provisioning services) than indirect services (e.g., supporting services) (Heal, 2000; Lovett and Noel, 2008). Provisioning services are goods that can be extracted from the environment, while supporting services relate to soil formation and nutrient cycling [Millennium Ecosystem Assessment (MEA), 2005].

Atmospheric deposition can act as either an ecosystem service (e.g., input of essential nutrients; Mikhailova et al., 2018) or as an ecosystem disservice (e.g., input of pollution; Swain et al., 1992). Previous research has also shown derived benefits from atmospheric deposition such as the deposition of Saharan dust on increased ocean and rainforest productivity (Swap et al., 1992; Hamza, 2008; Mahowald et al., 2017). Although the atmosphere and atmospheric deposition provide numerous ecosystem services, they do not always go through the market because the atmosphere often is considered to be a “free” or “public good” which is nonrival and non-excludable (Heal, 2000; Holzman, 2012). Mikhailova et al. (2018) argued that atmospheric deposition is not always a “public good” because its contents can be deposited in the land within “private boundaries” (e.g., a farm) making “atmospheric goods” into “private goods” for which consumption is “rival” and “excludable” (Heal, 2000). Very often, ecosystem services are difficult to monetize, because “nature is the most complex system” (Holzman, 2012). One commonly used valuation technique is based on estimating “replacement cost” (Holzman, 2012). This method, in which one evaluates the cost of replacing an ecosystem service with a perfect human-derived substitute, is used as a measure of the economic value of ecosystem services.

Groshans et al. (2018a,b) stressed the importance of translating science-based “biophysical accounts” into boundary-based “administrative accounts” and used this accounting framework to estimate the replacement cost of soil inorganic carbon (SIC) by soil order, state, region, land resource region (LRR) using the State Soil Geographic (STATSGO) soil database. Mikhailova et al. (2018) used this accounting framework and identified the input of atmospherically deposited Ca2+ ions to the continental United States (U.S.) as a provisioning ecosystem service because it is a component of “raw” agricultural liming material (CaCO3). Mikhailova et al. (2018) ranked an estimated provisioning value of soil ecosystem services due to atmospheric Ca2+ deposition within the contiguous U.S. by state and region. According to their calculations, the total provisioning ecosystem value of atmospheric Ca2+ deposition was $65M (i.e., 65 million U.S. dollars) based on an average 2014 price of $10.42 per U.S. ton of agricultural limestone (CaCO3) or nearly $355M based on an average 2014 price of $33.00 per U.S. ton gypsum (CaSO4∙2H2O) (Mikhailova et al., 2018). In another study related to atmospheric deposition, Groshans et al. (2018c) ranked the provisioning ecosystem services value of atmospheric Mg2+ deposition in the United States by soil order, state, and region. The total value of provisioning ecosystem services contributed from atmospheric Mg2+ deposition was $47M (e.g., 47 million U.S. dollars) based on a national average price (2014) of $12.90 per U.S. ton of agricultural dolomite (CaMg(CO3)2).

Potassium plays an important role in the ecosystem services and Sustainable Development Goals (SDGs) in order to sustain global human societies (Keestra et al., 2016). First of all, potassium belongs to soil chemical properties, and it plays an important role in soils, plants, human and animal nutrition (Hasanuzzaman et al., 2018; Islam et al., 2018). The significance of potassium in agriculture (especially as a soil macronutrient) is well documented (Manning, 2010) and the following examples are specifically linked to the selected SDGs (Keestra et al., 2016) (numbers 2, 3, and 15 correspond to the specific SDGs):

2. End hunger, achieve food security and improve nutrition and promote sustainable agriculture;

Potassium is an important nutrient, and Sheldrick et al. (2002) reported that the depletion of K is particularly severe which results in an annual global deficit of 20 kg K ha−1. In terms of monetary cost, this annual global deficit is valued at just over $19 ha−1 based on a moving 5-year average price of U.S. $500 per metric ton of potassium chloride (KCl) (Yager, 2016). According to Sheldrick et al. (2002), soil and surface balances for potassium can vary by different regions in the world. Sardans and Peñuelas (2015) reported global potassium contents in various soils with Aridisols, Mollisols, and Vertisols having the highest potassium contents, and Inceptisols, Andisols, and Spodosols having the lowest potassium contents.

3. Ensure healthy lives and promote well-being for all at all ages;

Potassium is extremely important for human health and various biological functions such as being a co-factor for many enzymes, required for insulin secretion, creatine phosphorylation, carbohydrate metabolism, and protein synthesis (Ringer and Bartlett, 2007). Given a global population of 7.7 billion people (2018), and a recommended daily intake of 4.7 g per person per day of potassium (U.S. Department of Health Human Services U.S. Department of Agriculture, 2015-2020), it would require at least 36,190 metric tons/day of potassium to ensure that every person is able to meet their daily potassium requirement. In terms of monetary value, this potassium requirement would cost $34.5M each day based on a moving 5-year average price of U.S. $500 per metric ton of potassium chloride (KCl) (Yager, 2016). Given a U.S. population of 325.7 million people (2017), and a recommended daily intake of 4.7 g per person per day of K, it would require at least 1,531 metric tons/day of potassium to ensure that every person is able to meet their daily potassium requirement. In terms of monetary value, it will cost nearly $1.5M per day based on a moving 5-year average U.S. price of $500 per metric ton of KCl fertilizer (Yager, 2016).

15. Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertification and halt and reverse land degradation and biodiversity loss.

Potassium is important for activation of 80 different enzymes responsible for various plant and animal processes (e.g., energy metabolism, starch synthesis, nitrate reducation, photosynthesis, sugar degradation etc.), and helping plants to adapt to environmental stress (e.g., drought, winter, diseases, et al.) (Brady and Weil, 2002). Potassium is a key soil nutrient for agricultural crops and a deficit in soil potassium can reduce plant yields and increase plant susceptibility to disease (Rawat et al., 2016). Plant ecosystems, including forests and grasslands growth can be limited by available potassium (Sardans and Peñuelas, 2015). Potassium is also involved in physiological water use mechanisms in plants and can help mitigate plant drought stress (Sardans and Peñuelas, 2015).

Unlike other soil nutrients, potassium is present in the soil solution only as K+ (Figure 1; Brady and Weil, 2002). Retention of K+ is dependent on cation exchange capacity (CEC) which is largely affected by the predominant clay minerals (e.g., illite, vermiculite, etc.) (Manning, 2010). Soil K+ retention is different for the 12 soil orders, with the lowest retention associated with highly leached and weathered soils (e.g., Ultisols, Oxisols). For soils with potassium deficiencies, the two most common soil fertilizers used for supplementing potassium are muriate of potash (MOP; more commonly referred to as potassium chloride or KCl) and sulfate of potash (SOP); more commonly referred to as potassium sulfate or K2SO4) (Havlin et al., 1999). United States consumption of KCl was 6,411,121 short U.S. tons in 2014 (USDA/ER, 2019), which would have cost almost 3 billion dollars assuming a 5-year moving average of $500 per metric ton of potassium chloride (KCl) in the U.S. (Yager, 2016).
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FIGURE 1. The role of atmospheric potassium deposition in the gains and losses of available soil potassium under average field conditions (adapted from Brady and Weil, 2002).



Although significant research has been done on potassium in soils and atmosphere, the contribution of atmospheric deposition of potassium to soils often is not accounted for in ecosystem services valuations (Manning, 2010) (Figure 1). For example, quantifying the gains and losses of available potassium in soil due to fixation dynamics, potassium release from soil minerals, erosional and leaching losses, etc., limit our ability to quantify the stocks and flows of potassium associated with ecosystem services (Bilias and Barbayiannis, 2019). The objective of this study was to assess and rank the contribution of atmospheric potassium (K+) deposition flows to soil provisioning ecosystem services within the contiguous U.S. by state and region. A monetary valuation of atmospheric wet, dry, and total K+ deposition was calculated based on a moving 5-year average price of U.S. $500 per metric ton of potassium chloride (KCl) (Yager, 2016). This method, in which we evaluate the cost of replacing an ecosystem service with a human-derived substitute (potassium chloride, KCl), is called the replacement cost approach, and it is commonly used as a measure of the economic value of ecosystem services.

MATERIALS AND METHODS

The Accounting Framework

Atmospheric potassium deposition (flow) from atmospheric capital into soil capital represents the amount of potassium defined in a spatial and temporal context, which is in this study is the quantity of potassium deposition (kg) per area (ha) per unit time (year) (Figure 2). Table 1 provides a conceptual overview of the accounting framework for valuation of various atmospheric potassium deposition flows: wet, dry, and total.
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FIGURE 2. Area-normalized annual mean K+ deposition (kg/ha) for the years 2000–2015 in the contiguous United States: (A) wet, (B) dry, and (C) total.




Table 1. Conceptual overview of the annual atmospheric K+ deposition accounting framework used in this study (adapted from Groshans et al., 2018b).
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The Monetary Valuation of the Atmospheric K+ Deposition Flows

The overall monetary valuation procedure used to calculate atmospheric deposition of K+ was adapted from the approach reported by Mikhailova et al. (2018) for calcium and by Groshans et al. (2018c) for magnesium deposition from the atmosphere. Briefly, annual atmospheric K+ deposition (kg ha−1) gradient maps were downloaded from the National Atmospheric Deposition Program (NADP) website (National Atmospheric Deposition Program (NRSP-3), 2018) in Grid format (Table 1). The maps' estimates of annual atmospheric K+ deposition were calculated using samples from field sites operated by the NADP and National Trends Network (NTN). Samples were collected from field sites weekly. Details on sample collection, laboratory methods, quality control, and mapping methods can be found in several open-source publications using the NADP website (National Atmospheric Deposition Program (NRSP-3), 2018). An inverse distance weighting algorithm was used to spatially interpolate precipitation-weighted annual mean K+ concentration (mg/L) measured at field sites to a continuous raster map layer with an approximate 2 km resolution. The resulting concentration map was then multiplied by annual precipitation maps developed using the PRISM precipitation model (Daly et al., 2008). The annual mean atmospheric K+ deposition (kg ha−1) over the study period was computed for each map cell using the Cell Statistics function in ArcGIS® 10.4 (ESRI, 2016) and then converted to U.S. dollars per area (i.e., hectare) and U.S. dollars in Microsoft Excel using the following equations:
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Note that the price values calculated in U.S. dollars and dollars per ha represent the money that would be required simply to purchase potassium chloride (KCl) without consideration of other important costs, such as the equipment, fuel, and labor that would be required to incorporate the potassium fertilizers into the soil, nor any external costs associated with extracting and processing of potassium chloride etc. (Groshans et al., 2018b). There is an implicit assumption that potassium deposition onto the soils is not lost because of erosion, runoff, etc. Also potassium sources found in deposition cannot be distinguished between redistribution and recycling. Potassium found in dust and rainfall likely comes from terrestrial sources that can quickly be re-deposited or be transported for large distances across the U.S. (Mikhailova et al., 2018). Dust deposition can be influenced by the loess extent. Therefore, loess distribution was incorporated into the maps based on previously mapped loess distribution using 0.1 × 0.1° gridded map layers derived from USGS (2016) maps (Lineback et al., 1983; Miller et al., 1988; Holbrook et al., 1990; Gray et al., 1991; Hallberg et al., 1991; Denne et al., 1993; Whitfield et al., 1993; Swinehart et al., 1994), and complied by Kohfeld and Harrison (2001).

RESULTS

Atmospheric K+ deposition provides a substantial monetary value to the U.S. in the form of goods (e.g., K+, etc.) and services (e.g., provisioning, etc.) for agricultural benefit (e.g., fertilizing, etc.) and therefore can be evaluated using commodity prices for potassium chloride (KCl) (Table 2). The total provisioning ecosystem value of atmospheric potassium deposition was $406M (i.e., 406 million U.S. dollars) ($179M wet + $227M dry) per year based on a 5-year moving average of $500 per metric ton of potassium chloride (KCl) in the U.S. The value of average annual K+ deposition varies across the country at the state and region scales based on data from time period of 2000–2015.


Table 2. Total value (rankings) and area-averaged value (rankings) of annual atmospheric wet K+ deposition for each state (region) for the 16-year period 2000–2015 based on a moving 5-year average price of U.S. $500 per metric ton of potassium chloride (KCl) (Yager, 2016).
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The highest ranked states for total value of wet K+ deposition per year were: (1) Texas ($18.2M), (2) Arkansas ($7.83M), and (3) Louisiana ($7.42M) (Table 2, Figure 3A). Area-normalized total mean annual values of wet K+ deposition varied by state from a low of $0.06 ha−1 (Nevada) up to 0.63 ha−1 (Louisiana) (Table 2, Figure 3A). The highest ranked regions for total value of wet K+ deposition were: (1) Southeast ($43.7M), (2) South Central ($40.1M), and (3) Midwest ($30.6M) (Table 2, Figure 4A). Area-normalized total mean annual values of wet K+ deposition varied by region from a low of $0.11 ha−1 (West) up to 0.41 ha−1 (Southeast) (Table 2, Figure 4A).
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FIGURE 3. Area-normalized value of annual K+ deposition ($/ha) for different states in the contiguous United States based on a moving 5-year average price of U.S. $500 per metric ton of potassium chloride (KCl) (Yager, 2016): (A) wet, (B) dry, and (C) total.
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FIGURE 4. Area-normalized value of annual K+ deposition ($/ha, top number), and value of total storage ($, bottom number) and for different regions in the contiguous United States based on a moving 5-year average price of U.S. $500 per metric ton of potassium chloride (KCl) (Yager, 2016): (A) wet, (B) dry, and (C) total.



The highest ranked states for total value of dry K+ deposition were: (1) Texas ($26.1M), (2) California ($14.0M), and (3) New Mexico ($10.5M) (Table 3, Figure 3B). Area-normalized total mean annual values of dry K+ deposition varied by state from a low of $0.14 ha−1 (South Dakota) up to 0.54 ha−1 (West Virginia) (Table 3, Figure 3B). The highest ranked regions for total value of dry K+ deposition were: (1) West ($63.2M), (2) South Central ($40.3M), and (3) Southeast ($36.5M) (Table 3, Figure 4B). Area-normalized total mean annual values of dry K+ deposition varied by region from a low of $0.20 ha−1 (Northern Plains) up to 0.41 ha−1 (East) (Table 3, Figure 4B).


Table 3. Total value (rankings) and area-averaged value (rankings) of annual atmospheric dry K+ deposition for each state (region) for the 16-year period 2000–2015 based on a moving 5-year average price of U.S. $500 per metric ton of potassium chloride (KCl) (Yager, 2016).
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The highest ranked states for total value of total K+ deposition were: (1) Texas ($44.3M), (2) California ($18.3M), and (3) New Mexico ($13.5M) (Table 4, Figure 3C). Area-normalized total mean annual values of total K+ deposition varied by state from a low of $0.29 ha−1 (North Dakota) up to 0.95 ha−1 (Arkansas) (Table 4, Figure 3C). The highest ranked regions for total value of total K+ deposition were: (1) West ($86.5M), (2) South Central ($80.4M), and (3) Southeast ($80.2M) (Table 4, Figure 4C). Area-normalized total mean annual values of total K+ deposition varied by region from a low of $0.36 ha−1 (Northern Plains) up to 0.75 ha−1 (Southeast) (Table 4, Figure 4C).


Table 4. Total value (rankings) and area-averaged value (rankings) of annual atmospheric total K+ deposition for each state (region) for the 16-year period 2000–2015 based on a moving 5-year average price of U.S. $500 per metric ton of potassium chloride (KCl) (Yager, 2016).
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DISCUSSION

Losses of potassium from the soil, particularly from highly leached and weathered soils, is a major problem causing soil degradation and threatening sustainable agriculture and development. Although several studies have attempted to conduct potassium audits at various scales, these audits lack monetary evaluation and rarely include the atmospheric K+ contribution (Sheldrick et al., 2002). An important distinction related to the potential impact of potassium deposition is if agricultural productivity increases with potassium additions which depends on the soil type and existing potassium stocks. Areas where deposition may have more significant impact are indicated by states where a higher percentage of soil samples require potassium additions to avoid profit loss (Figure 5). Deposition of potassium from the atmospheric to land surfaces can be a source of K+ to soils as well, for example, potassium in the rain across the U.S. tends to have relatively small and uniform concentrations (0.1–0.2 mg/l) over the whole country (Junge and Werby, 1958). Potassium from marine sources accounts for about 10% of K+ in the U.S. continental rain (Berner and Berner, 1996). Non-marine sources of K+ vary from area to area and include: dissolution of soil dust, potassium-containing fertilizers, pollen and seeds, biogenic and anthropogenic aerosols, and burning (e.g., forest, grasslands, etc.) (Berner and Berner, 1996). It is interesting to note that some states which have relatively high deposition rates of K+ (Figure 2) also have high crop needs for K+ fertilization (Figure 5); these states tend to be in the Southeast U.S. with Ultisols being the dominant soil order. Ultisols are highly weathered and leached soils, with low ability to retain nutrients in the soil matrix that are enriched in kaolinitic clays. Das et al. (2019) also reported a high need for K+ fertilization in cultivated kaolinitic red soils in eastern India.
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FIGURE 5. Percent of soil samples, which need yearly K additions to prevent loss of profit for the majority of agricultural crops in 2005 for different states in the contiguous United States (modified from Fixen et al., 2007).



The fact that atmospheric K+ deposition is not accounted for in the market can result in externalities leading to the inefficient use of soil resources, human-derived fertilizers, and decision-making about agricultural production (Groshans et al., 2018a,b). This study quantified and mapped contribution of atmospheric K deposition to soil provisioning ecosystem, services in the contiguous United States based on fertilizer replacement costs. The replacement cost method is best used in cases such as this, where it is employed to establish the economic value of a single, rather than multiple, ecosystem services (Sundberg, 2004). According to Heal (2000), there are pros and cons associated with the replacement cost approach. One of the advantages is that “it can work even if there is no marketed service for which the natural service contributed” (Heal, 2000). In other words, it allows one to estimate the monetary values of ecosystem services in an indirect way, even when ecological data are absent in the market. On the other hand, “replacements rarely replace all the services, so they capture only a part of the value” (Heal, 2000). Therefore, under some conditions, the replacement cost method may overestimate or underestimate the value of an ecosystem service (Pearce et al., 1996). It has also been argued that replacement cost “is not a proper estimate of the value unless the cost is incurred, however, if the supply were to start running out, then the market price would rise toward the replacement cost, which would become more relevant as an indicator of value” (Heal, 2000). Finally, the replacement cost method is based on the idealized assumption that the replacements used are perfect substitutes for ecosystem services and environmental goods. Such perfect substitutes, however, rarely exist (Edwards-Jones et al., 2000). Atmospheric K+ deposition is an important source of potassium because it is currently considered to be a “free public good,” which does not cost anything to produce, purchase, and distribute compared to commercial potassium fertilizers. It is not evenly distributed within the landscape and can fluctuate depending on the dynamic nature of the atmospheric deposition.

Failure to account for the value of atmospheric K+ deposition in the market can result in externalities that lead to the inefficient use of soil resources and poor decision-making about agricultural production (Groshans et al., 2018a). There are two potential methods for assessing the economic value of environmental resources. The first of these, the preference-based method, measures value in terms of individuals' willingness to pay (WTP) for environmental resources or their willingness to accept (WTA) compensation if they were deprived of those resources. The higher the WTP or WTA, the more the resource is worth. The second method for assessing the value of ecosystem resources is the cost-based method. This typically employs the “replacement cost” method, which measures the value of ecosystem goods and services by determining how much it would cost to replace them if they were damaged.

Both methods have their own strengths and weaknesses. When market information about the ecosystem service in question is adequate, the preference-based system can be quite useful, since WTP or WTA can be measured directly, as individuals can easily express their WTP or WTA based on the available market information. Although such direct measurement of WTP and WTA is the most straightforward and accurate approach, it's not frequently used in the evaluation of environmental resources, as the market information is usually inadequate in such cases.

When market information is inadequate, however, WTP or WTA can still be indirectly measured by examining the demands for related goods in the market. The Hedonic Pricing Method (HPM) is the most popular used method for indirectly measuring WTP and WTA. This method works by comparing the market prices of two goods that differ only in their ecosystem characteristics and services (De Groot et al., 2002). A classic example of this method is a study conducted by Wilson and Carpenter (1999) to determine the value of freshwater ecosystem services in the US. In their study, two properties were identified that were identical with the exception of the water quality for wetlands, rivers, streams, and lakes. The value of the water quality was determined by the difference in value between these two properties. While the HPM can be quite useful, the biggest challenge is to find two identical sites that differ only with respect to the particular ecosystem characteristic being studied. This is especially difficult when ecosystem services overlap and interact with each other, making it nearly impossible to isolate a single characteristic for study. Given these considerations, the preference-based method—whether direct or indirect—is not the appropriate approach for this study. This is because the market information regarding the atmospheric deposition of K+ is lacking, thereby ruling out the possibility of direct measurement, while indirect measurement is also ruled out by the fact that it would be nearly impossible to find the sort of nearly identical sites, differing only in their atmospheric K+ deposition, that would be necessary to conduct such a measurement. Thus, the cost-based approach is a more appropriate alternative for this study.

The replacement cost method is well-suited to cases such as this, where it will be employed to establish the economic value of a single ecosystem service, rather than several at once (Sundberg, 2004). According to Heal (2000), there are other pros and cons associated with the replacement cost approach. One of the advantages is that “it can work even if there is no marketed service for which the natural service contributed” (Heal, 2000). In other words, it allows one to estimate the monetary values of ecosystem services in an indirect way, even when ecological data are absent in the market, as is the case for the present study. On the other hand, “replacements rarely replace all the services, so they capture only a part of the value” (Heal, 2000). Thus, under some conditions, the replacement cost method may over- or underestimate the value of an ecosystem service (Pearce et al., 1996). It has also been argued that replacement cost “is not a proper estimate of the value unless the cost is incurred, however, if the supply were to start running out, then the market price would rise toward the replacement cost, which would become more relevant as an indicator of value” (Heal, 2000). Finally, the replacement cost method is based on the idealized assumption that the replacements used are perfect substitutes for ecosystem services and environmental goods. Such perfect substitutes, however, rarely exist (Edwards-Jones et al., 2000). Despite these drawbacks, however, the replacement cost method is still the most appropriate approach for the present study, as it at least makes possible the assessment of the economic value of atmospheric K+ deposition, even if those evaluations are somewhat idealized.

CONCLUSIONS

Atmospheric deposition contains remarkable quantities of potassium (K+), which can be considered a fertilizing material, but it has not been included in economic valuations of ecosystem services. These flows represent potential quantifiable ecosystem services provided by the atmosphere and deposited on land which provides important information across the contiguous United States for potassium audits on a more site-specific basis. Local audits could use the deposition information combined with soil and crop information to determine its realized value. NADP contains data on wet, dry, and total K+ deposition within the contiguous U.S. The amount of this atmospheric K+ fertilizing material varies by science-based biophysical accounts (e.g., soil order, parent material, climate etc.), and boundary-based administrative accounts (e.g., country, state, region etc.). This spatial distribution information could be linked to existing or future policy with regards to sustainable soil nutrient management. The fact that atmospheric K+ deposition has positive value but zero market price results in the negative externality and the inefficient use of land. Estimating the replacement cost of atmospheric K+ deposition is the crucial step to correcting the market failure. The results of this study provide market-based replacement costs of atmospheric K+ deposition within the administrative boundaries. Future research on atmospheric K+ deposition and ecosystems services should combine spatial and temporal variation in atmospheric replacement costs or other methods of valuation. Another important future research consideration is understanding supply and demand for atmospheric K+ deposition in terms of ecosystem services to meet the SDGs.
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(South Central) 1.12E408 @ 038 @ 036 @ 4.03E+07 @
Alabama 1.34E407 @n 0.30 33) 0.29 33) 3.83E+06 (25)
Florida 1.43E+07 @5) 050 €] 0.48 ® 6.82E+06 ®
Georgia 1.62E+07 0) 031 (9 030 (29) 4.48E+06 (18)
Kentucky 1.04E+07 @5) 034 @2 032 @2 3.38E+06 @5)
Mississippi 1.28E+07 @0) 031 0) 030 (80) 364E+06 @0)
North Carolina 1.26E407 (28) 0.42 ® 0.40 ® 5056406 (14)
South Carolina 7.96E+06 @9 026 36) 025 (36) 1.97E+06 (@0)
Tennessee 1.09E+07 @3 035 (20) 033 (20) 364E+06 @1
Virginia 1.08E+07 @6) 038 (14) 036 (14) 3726406 @n
(Southeast) 1.07E+08 [C) 036 @ 034 @ 3.65E407 )
Colorado 2.70E+07 ) 026 @7 025 37) 6.68E-+06 ©
Kansas 2136407 (13) 025 @9) 024 (89) 5.08E+06 (13)
Montana 381E+07 ® 019 @3) 0.18 ) 6.90E+06 @
North Dakota 2.00E+07 4 0.16 @7 015 @7 3.05E+06 @7
Nebraska 2.00E+07 15) 0.18 @5) 0.7 (@5) 3.44E+06 @3)
South Dakota 2.00E407 (16) 015 “@8) 014 (@8) 2.86E+06 @9)
Wyoming 2536407 ® 025 (@0) 024 (40) 6.04E+06 (10)
(Northern Plains) 1.72E408 @ 0.21 ©) 0.20 ©) 3.40E+07 (@
Arizona 2.94E407 ©) 033 5) 031 5) 9.26E+06 @
California 4.08E+07 @ 036 (19 034 (19) 1.40E+07 ®
Idaho 216407 (2 0.18 (@6) 017 (@6) 370E+06 ©9)
New Mexico 3.A5E+07 @ 035 @1) 033 @1) 1.05E+07 ®
Nevada 2.87E+07 © 031 @1) 030 @1) 8.47E+06 ®)
Oregon 251E407 © 0.19 (@4) 0.18 (@4) 4.55E+06 “n
Utah 2.20E407 (10) 037 (17 035 (17 7756406 ©
Washington 1.74E407 (9 030 %) 029 (84) 4.96E+06 (15)
(West) 2.16E+08 ) 031 @ 0.29 @ 6.32E+07 )
Totals or averages  7.78E+08 031 029 227E+08

Bold type indicates regions consisting of the states listed immediately above.
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