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Abstract

:

Atmospheric resources are very important for assessing ecosystem services at different administrative levels (e.g., state, region, etc.). Quantification of atmospheric calcium (Ca2+) deposition on the total basis provides incomplete information about the ecosystem services flows (both “natural” and “human-derived”), therefore lacking a systems approach to guide sustainable management of the flows which support many ecosystem services. This study assessed the value of wet, dry, and total atmospheric calcium deposition flows in the contiguous United States (U.S.) by different spatial aggregation levels (e.g., state, region) using information from the National Atmospheric Deposition Program (NRSP-3) and commodity prices of human-derived materials: agricultural limestone (CaCO3) and uncalcined gypsum (CaSO4•2H2O). The total provisioning ecosystem value of atmospheric calcium deposition flows was $66.7M (i.e., 66.7 million U.S. dollars) ($30M wet + $36.7M dry) based on an average 2014 price of $10.42 per U.S. ton of agricultural limestone (CaCO3) or nearly $364M ($164M wet + $200M dry) based on an average 2014 price of $33.00 per U.S. ton gypsum (CaSO4•2H2O). The quantified spatial distribution of wet, dry, and total atmospheric calcium deposition could be used to identify areas with opportunities for more efficient use of “human-derived” materials since they are already being supplied by atmospheric deposition.
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1. Introduction


Atmospheric-derived ecosystem services are important for achieving some of the United Nations (UN) 17 Sustainable Development Goals (SDGs) to sustain global human societies [1], for example: “2. End hunger, achieve food security and improve nutrition and promote sustainable agriculture; 3. Ensure healthy lives and promote well-being for people at all ages; 6. Ensure availability and sustainable management of water and sanitation for all, and 15. Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertification and halt and reverse land degradation and biodiversity loss”. Atmospheric-derived ecosystem services fall in all four types of ecosystem services: (1) provisioning; (2) regulating; (3) cultural, and (4) supporting [2]. Because the atmosphere is often considered to be a “public good”, the value of its services has rarely been considered [2]. Thornes et al. (2016) [2] reports that “the total economic value of the atmosphere is estimated to be at least between 100 and 1000 times the Gross World Product (GWP), which was approximately £43 Trillion in 2008.”



Mikhailova et al. (2018) [3] examined the role of markets in transforming atmospheric resources into goods and services by quantifying the contribution of average annual atmospheric total calcium deposition to soil provisioning services (e.g., food production; liming and fertilizer equivalent) in the contiguous United States. Quantification of atmospheric deposition on the total basis provides incomplete information about ecosystem services flows, however, thereby lacking a systems approach to guide sustainable management of the flows which support many ecosystem services [2,4,5].



Jones et al. (2016) [4] proposed a combined social-ecological system where ecosystem services (provisioning, regulating, cultural, and supporting) are dependent on “natural” capital and “human-derived” capital, stocks, and their flows. Because the atmosphere is an open system it can be better characterized as “natural”, “natural + human derived”, or “human-derived” types of capital (Table 1). Atmospheric “natural” capital would be typical for areas with minimum human impact and can be defined as the “natural” stock of physical assets in the atmosphere and “natural” processes from which humans obtain benefits [4] (Table 1). Atmospheric “human-derived” capital would be typical of urban environments and can be defined as the “human-derived” stock of physical assets in the atmosphere (e.g., fertilizer-enriched dust, etc.), and “human-derived” processes (e.g., climate regulation: urban heat island, etc.) from which humans obtain benefits [4] (Table 1). “Natural + human-derived” capital, stock, and processes are the mixture of “natural” and “human-derived” and can be found, for example, in peri-urban areas.



Atmospheric stocks are quantifiable amounts of material with units defined in a spatial context (e.g., volume of CO2 in parts per million) [4]. According to Jones et al. (2016) [4], stocks can be measured as separate constituent stocks (e.g., volume of CO2 in parts per million) or as composite stocks (e.g., air). Flows into or from stocks represent fluxes, that is, quantities per unit area per unit of time (e.g., mean Ca2+ deposition (kg ha−1) on a per year basis in Figure 1).



These flows/fluxes also can be determined as separate constituent stocks (e.g., annual mean wet Ca2+ deposition or annual mean dry Ca2+ deposition in kg·ha−1) or a composite stock (e.g., annual mean total Ca2+ deposition in kg ha−1) (Figure 2). In addition, these flows can be determined within science-based boundaries (e.g., soil order, etc.; Table 2) and/or administrative boundaries (e.g., country, state, region, etc.), and evaluated based on different substitutes. In the example provided in Table 2, mean atmospheric wet calcium deposition is evaluated as a separate constituent flow on the basis of two different substitutes: agricultural limestone (raises soil pH), and uncalcined gypsum (does not raise soil pH) based on data from Goddard et al. (2009) [6]. The top three soil orders with the highest total mean value of wet Ca2+ deposition based on a $10.42 price per U.S. ton of CaCO3 in U.S. (2014) were: (1) Mollisols ($8.76M), (2) Alfisols ($6.40M), and (3) Entisols ($2.93M). The top three soil orders with the highest area-normalized total mean annual value were: (1) Alfisols ($0.05 ha−1), (2) Mollisols ($0.05 ha−1), and (3) Histosols ($0.05 ha−1).



Top three soil orders with the highest total mean value of wet Ca2+ deposition based on a 2014 U.S. average price of $33.00 per U.S. ton of uncalcined gypsum were: (1) Mollisols ($47.8M), (2) Alfisols ($34.9M), and (3) Entisols ($15.9M). Top three soil orders with the highest area-normalized total mean annual value were: (1) Alfisols ($0.27 ha−1), (2) Mollisols ($0.27 ha−1), and (3) Histosols ($0.26 ha−1) (Table 2). The impact of wet Ca2+ likely varies by soil order, where highly weathered soil orders often contain little Ca2+. Carrillo et al. (2002) [7] found that for a site in Hawaii, Ca2+ deposition (wet, fog, and dry) can be a significant source, particularly in highly weathered soils where smaller quantities of Ca2+ are supplied from the weathering of rock substrate [7].



Although the atmospheric calcium deposition can be valued by soil order within the contiguous U.S., this type of analysis has limited application to decision making because decisions are made using administrative levels. Very often the atmosphere is considered a “public good” and many of its services do not always go through the market therefore creating negative externalities [10]. Mikhailova et al. (2018) [3] argued that it is not always a “public good” since atmospheric deposition (flow) can be deposited in the soils (pedosphere) within “private boundaries” in which case it becomes a “private good” (Table 1). The objective of this study is to conduct ecosystem services valuation of various (wet, dry, and total) atmospheric calcium deposition flows within the contiguous United States (U.S.) by different spatial aggregation levels (e.g., country, state, and region) using the State Soil Geographic (STATSGO) soil database.




2. Materials and Methods


2.1. The Accounting Framework


Atmospheric calcium deposition (flow) from atmospheric capital into soil capital represents the amount of calcium defined in a spatial and temporal context, which in this study is the quantity of calcium deposition (kg) per area (ha) per unit time (year) (Figure 1). Table 3 provides a conceptual overview of the accounting framework for valuation of various atmospheric calcium deposition flows: wet, dry, and total.




2.2. The Monetary Valuation


A monetary valuation of the mean (wet, dry, and total) atmospheric deposition of Ca2+ was calculated based on an average U.S. price of $10.42 in the year 2014 per U.S. ton of limestone (CaCO3) [8], and on an average U.S. price of $33.00 in the year 2014 per U.S. ton of uncalcined gypsum (CaSO4•2H2O) [9] at the country scale by state, and region. The annual mean atmospheric Ca2+ deposition (kg ha−1) over the study period was obtained from the National Atmospheric Deposition Program (NRSP-3) [12] and then the values were computed for each map cell using the Cell Statistics function in ArcGIS® 10.4 (ESRI, 2016) [13] and then converted to U.S. dollars per area (e.g., hectare) and U.S. dollars in Microsoft Excel using the following equations [3]:


$/ha= (Ca2+deposition, kg/ha)×100.09g CaCO340.08 g Ca2+×2.205 lbm1 kg×1 U.S. ton2000 lbm×$ priceU.S. ton CaCO3



(1)






$/ha= (Ca2+deposition, kg/ha)×172.17g CaSO4·2H2O40.08 g Ca2+×2.205 lbm1 kg×1 U.S. ton2000 lbm×$ priceU.S.ton CaSO4·2H2O



(2)






$= (price per area from eqn. 1 or 2)×(area in ha)



(3)







For example, the State of Iowa has an area of 1.46 × 107 ha and a state-wide annual mean wet Ca2+ deposition of 3.13 kg ha−1 (Table 4). Using these values in Equations (1) and (3), together with the average 2014 price of agricultural limestone of $10.42 per U.S. ton [8], results in an area-normalized value of $0.09 per hectare for Iowa or $1.31 million ($1.31M) for the entire state. In contrast, if the price of gypsum is used instead of agricultural limestone, then Equations (2) and (3) reveal that the annual wet deposition of Ca2+ would be valued at $0.49 per hectare and $7.12M total for Iowa. These values do not include other costs such as the as the equipment, fuel, and labor that would be necessary to incorporate the calcium amendments into the soil, nor any external costs associated with mining the limestone, gypsum, etc. [11]. It is assumed that all calcium being deposited onto the soils by deposition remains in the soil and is not subject to losses due to runoff, erosion, groundwater recharge, etc. The original sources of calcium in the atmosphere that make it available for deposition are not accounted for with these analyses, because calcium in rainfall and dust is thought to originate primarily from terrestrial sources (e.g., wind erosion of soils), there is likely calcium recycling and redistribution that occurs both spatially and temporally across the U.S.) [14].





3. Results


3.1. The Value of Annual Mean Wet Ca2+ Deposition at the Country Scale by State, Region (2000–2015)


The highest ranked states for total value of wet Ca2+ deposition based on a $10.42 price per U.S. ton of CaCO3 in the U.S. (2014) were: (1) Texas ($3.74M), (2) Kansas ($1.60M), and (3) Missouri ($1.38M). Top three states with the highest area-normalized total mean annual value were: (1) Iowa ($0.09 ha−1), (2) Missouri ($0.08 ha−1), and (3) Kansas ($0.08 ha−1) (Table 4).



The highest ranked states for total value of wet Ca2+ deposition based on a 2014 U.S. average price of $33.00 per U.S. ton of uncalcined gypsum were: (1) Texas ($20.04M), (2) Kansas ($8.75M), and (3) Missouri ($7.54M). Top three states with the highest area-normalized total mean annual value were: (1) Iowa ($0.49 ha−1), (2) Missouri ($0.42 ha−1), and (3) Kansas ($0.41 ha−1) (Table 4).



The highest ranked regions for total value of wet Ca2+ deposition based on a $10.42 price per U.S. ton of CaCO3 in U.S. (2014) were: (1) Midwest ($7.58M), (2) Northern Plains ($6.90M), and (3) South Central ($6.38M), while the highest ranked regions based on area-normalized wet Ca2+ deposition value were: (1) Midwest ($0.06 ha−1), (2) South Central ($0.06 ha−1), and (3) Northern Plains ($0.04 ha−1) (Table 4).



The highest ranked regions for total value of wet Ca2+ deposition based on a 2014 U.S. average price of $33.00 per U.S. ton of uncalcined gypsum were: (1) Midwest ($41.3M), (2) Northern Plains ($37.6M), and (3) South Central ($34.8M), while the highest ranked regions based on area-normalized wet Ca2+ deposition value were: (1) Midwest ($0.35 ha−1), (2) South Central ($0.31 ha−1), and (3) Northern Plains ($0.22 ha−1) (Table 4).




3.2. The Value of Annual Mean Dry Ca2+ Deposition at the Country Scale by State, Region (2000–2015)


The highest ranked states for total value of dry Ca2+ deposition based on a $10.42 price per U.S. ton of CaCO3 in the U.S. (2014) were: (1) Texas ($5.54M), (2) New Mexico ($2.44M), and (3) Kansas ($2.04M). Top three states with the highest area-normalized total mean annual value were: (1) Kansas ($0.10 ha−1), (2) Texas ($0.08 ha−1), and (3) Utah ($0.08 ha−1) (Table 5).



The highest ranked states for total value of dry Ca2+ deposition based on a 2014 U.S. average price of $33.00 per U.S. ton of uncalcined gypsum were: (1) Texas ($30.2M), (2) New Mexico ($13.3M), and (3) Kansas ($11.1M). Top three states with the highest area-normalized total mean annual value were: (1) Kansas ($0.52 ha−1), (2) Texas ($0.44 ha−1), and (3) Utah ($0.42 ha−1) (Table 5).



The highest ranked regions for total value of dry Ca2+ deposition based on a $10.42 price per U.S. ton of CaCO3 in U.S. (2014) were: (1) West ($9.97M), (2) Northern Plains ($7.85M), and (3) South Central ($7.28M), while the highest ranked regions based on area-normalized dry Ca2+ deposition value were: (1) South Central ($0.06 ha−1), (2) Midwest ($0.05 ha−1), and (3) Northern Plains ($0.05 ha−1) (Table 5).



The highest ranked regions for total value of dry Ca2+ deposition based on a 2014 U.S. average price of $33.00 per U.S. ton of uncalcined gypsum were: (1) West ($54.3M), (2) Northern Plains ($42.8M), and (3) South Central ($39.7M), while the highest ranked regions based on area-normalized dry Ca2+ deposition value were: (1) South Central ($0.35 ha−1), (2) Midwest ($0.29 ha−1), and (3) Northern Plains ($0.25 ha−1) (Table 5).




3.3. The Value of Average Annual Total Ca2+ Deposition at the Country Scale by State, Region (2000–2015)


The highest ranked states for total value of total Ca2+ deposition based on a $10.42 price per U.S. ton of CaCO3 in the U.S. (2014) were: (1) Texas ($9.28M), (2) Kansas ($3.65M), and (3) New Mexico ($3.51M). The top three states with the highest area-normalized total mean annual value were: (1) Kansas ($0.17 ha−1), (2) Iowa ($0.15 ha−1), and (3) Illinois ($0.14 ha−1) (Table 6).



The highest ranked states for total value of total Ca2+ deposition based on a 2014 U.S. average price of $33.00 per U.S. ton of uncalcined gypsum were: (1) Texas ($50.6M), (2) Kansas ($19.9M), and (3) New Mexico ($19.2M). The top three states with the highest area-normalized total mean annual value were: (1) Kansas ($0.93 ha−1), (2) Iowa ($0.84 ha−1), and (3) Illinois ($0.76 ha−1) (Table 6).



The highest ranked regions for total value of total Ca2+ deposition based on a $10.42 price per U.S. ton of CaCO3 in U.S. (2014) were: (1) Northern Plains ($14.80M), (2) West ($14.2M), and (3) Midwest ($13.4M), while the highest ranked regions based on area-normalized total Ca2+ deposition value were: (1) South Central ($0.12 ha−1), (2) Midwest ($0.12 ha−1), and (3) Northern Plains ($0.09 ha−1) (Table 6).



The highest ranked regions for total value of total Ca2+ deposition based on a 2014 U.S. average price of $33.00 per U.S. ton of uncalcined gypsum were: (1) Northern Plains ($80.4M), (2) West ($77.3M), and (3) Midwest ($76.0M), while the highest ranked regions based on area-normalized total Ca2+ deposition value were: (1) South Central ($0.67 ha−1), (2) Midwest ($0.64 ha−1), and (3) Northern Plains ($0.47 ha−1) (Table 6).





4. Discussion


4.1. Implications for Ecosystem Services and Sustainable Development Goals (SDGs)


Inclusion of atmospheric calcium deposition flows as part of ecosystem services valuation is important for achieving the SDGs to sustain global human societies [1]. Atmospheric calcium deposition flows (dry, wet, composite) are significant and valuable sources of Ca2+, which is an essential nutrient [15]. The significance of Ca2+ in the environment and agriculture (especially as a soil amendment) is well documented by Vargas et al. (2018) [16], and the following examples are directly linked to the selected SDGs [1]:



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



Atmospheric calcium deposition has many beneficial impacts on soils, including: increase in soil alkalinity [17], availability of nutrients and biota, and improved soil structure [16], which can promote sustainable agriculture and food security. Calcium from atmospheric deposition enriches the nutrient cycling which contributes to increased yield of grain and biomass necessary for food security [18].



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



Atmospheric deposition can be a significant source of “free-of-charge” calcium which is essential for human health [19].



6. Ensure availability and sustainable management of water and sanitation for all;



Atmospheric calcium deposition plays an important role in counteracting acid deposition in rain, acidification of watersheds, and lakes [20]. For example, studies have found that calcium-enriched Saharan dust deposition may have contributed to the progressive recovery of European lakes from acidification [21].



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



Atmospheric calcium contributes to the increases in the pH of rainwater, and can counteract the effects of acid deposition on ecosystems [22]. It is especially crucial in the forest ecosystems with soil-calcium depletion linked to acid rain [23]. Schlesinger et al. (1982) [14] reported that atmospheric deposition was an important source of calcium in a chaparral ecosystem of southern California.



Although remarkable progress has been made in communicating the value of atmospheric services, the monetary valuation of these services has not been adequately developed [2].




4.2. Economic Implications


The atmosphere is one of the most valuable resources on planet Earth yet its contributions to SDGs and ecosystem services are not recognized, but instead are taken for granted. Thornes et al. (2010) [2] identified twelve atmospheric ecosystem services, which encompass all four types of ecosystem services, for example: (1) provisioning (e.g., air; direct use for ecosystems and agriculture; fuel combustion; direct use for power; the extraction of atmospheric gases, etc.); (2) regulating (e.g., the cleansing capacity of the atmosphere and dispersion of air pollution, etc.); (3) cultural (e.g., atmospheric recreation and climate tourism; aesthetic, spiritual and sensual properties, etc.), and (4) supporting (e.g., production of atmospheric oxygen, etc.). Thornes et al. (2010) [2] estimated the total economic value of the atmosphere to be at least between 100 and 1000 times the Gross World Product (GWP), which is most likely a gross underestimation of its total economic value. The fact that the ecosystem services value, or “true value,” of atmosphere is not recognized in the current market results in a negative externality because atmosphere with a positive value has zero market price, resulting in the market failure and the inefficient use of atmospheric resources. There is an urgent need to identify as many atmospheric ecosystem services as possible as well as the methods to assess the economic value of them. Most of the time the atmosphere is evaluated based on its disservices such as acid rain, ozone depletion, climate change, severe storms, etc. [2]. For example, Munich (2009) [24] estimated the cost of atmospheric disservices in the form of severe weather events at $250 billion per year by 2050.



This study examined one of the 12 atmospheric services, which is ranked in the sixth place in value according to Thornes et al. (2010) [2]: 6. Direct use of the atmosphere for ecosystems and agriculture (service type: provisioning and supporting). This study used a systems-based approach [4] to ecosystem services valuation of various atmospheric calcium deposition flows: separate constituent flows (wet, dry), and composite flow (total). In this study, flow refers to the “stock flow” and it is defined as the quantity per unit area per unit of time (e.g., annual mean Ca2+ deposition (kg ha−1) in Figure 1). These flows also can be measured as separate constituent stocks (e.g., annual mean wet Ca2+ deposition or annual mean dry Ca2+ deposition in kg ha−1) or composite stock (e.g., annual mean total Ca2+ deposition in kg ha−1) (Figure 1).



These flows provide both provisioning (e.g., food), and supporting ecosystem services. The value of wet, dry, and total atmospheric calcium deposition flows was estimated in the contiguous United States (U.S.) by different spatial aggregation levels (e.g., state, region) using the State Soil Geographic (STATSGO) soil database, and the prices of human-derived materials: agricultural limestone (CaCO3), uncalcined gypsum (CaSO4•2H2O). The results demonstrate the complex nature of atmospheric calcium deposition flows with different contributions of wet and dry depositions within states and regions (Figure 1). This study used a “crisp” boundary approach in showcasing the monetary values of atmospheric calcium deposition flows without error assessment or uncertainty evaluation [25]. There are other sources of variation as well. For example, atmospheric calcium contributions can vary in value based on the type of human-derived materials they are being compared to. For example, the values are higher based on gypsum. It is important to note that the values of human-derived materials used in this study are average prices for the country, which are not fixed in time and space. A more detailed valuation would require direct market valuation using replacement cost method based on market-based value of liming and fertilizer commodities requires detailed information for a particular state (e.g., most suitable human-derived materials to use, transportation costs, etc.).



Although a systems approach was effective in separating the types of flows (e.g., separate constituents: wet, dry; composite: total) it was not possible to separate “natural” and “human-derived” atmospheric calcium deposition (e.g., calcium from loess-derived particle; suspended human-derived liming, fertilizer materials, etc.). For example, Figure 1 clearly shows high concentration of atmospheric calcium deposition in the central areas of the country with high agricultural production and corresponding loess deposits, which tend to be highly susceptible to the wind erosion [26]. Atmospheric ecosystem services are posing particular challenges when it comes to distinguishing “natural” versus ”human-derived” flows due to its volatile nature. These challenges can be typical in agro-ecosystems [27].



Other set of challenges relate to spatial and temporal structure of the flows. Spatial structure refers to the geographic extent where the flow is delivering its goods [4]. In this study, the maps show the flow of “goods” with a high level of spatial accuracy, but the sources of flows are unknown (e.g., locally-derived versus long distance transport). Temporal structure refers in the timing of flows (e.g., seasonality) [4], and this aspect was not investigated in the present research.





5. Conclusions


Atmospheric calcium deposition (wet, dry, and total), which can be considered a naturally occurring liming and fertilizer materials, has not been included in economic valuations of ecosystem services. The amount of this naturally occurring “atmospheric” liming and fertilizer material varies in the U.S. within science-based boundaries, and administrative boundaries. Although the atmospheric calcium deposition can be valued by soil order within the contiguous U.S., this type of analysis has limited application to decision making, because decisions are made using administrative levels. National Atmospheric Deposition Program (NRSP-3) databases contain science-based information about elemental composition of the atmospheric depositions, which are of great importance in assessing ecosystem services at different administrative levels. The value of atmospheric deposition flows (separate constituent, composite) in the contiguous United States (U.S.) varies by state, and region. This spatial distribution information could be linked to existing or future policy with regards to more efficient use of ecosystem services. The fact that atmospheric deposition flows have positive value but zero market price results in the negative externality and the inefficient use of “human-derived” materials. Estimating the value of atmospheric deposition flows is the crucial step to correcting the market failure. Future research on atmospheric deposition flows, and ecosystems services should combine spatial and temporal variation in ecosystem services valuation. Another important future research consideration is understanding supply and demand for atmospheric deposition flows to meet the SDGs, especially considering that changes in climate may alter the quantity and delivery pattern of atmospheric deposition flows and its associated elements.
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Figure 1. Area-normalized annual mean Ca2+ deposition (kg ha−1) for the years 2000 to 2015 in the contiguous United States: (a) wet, (b) dry, and (c) total (adapted from [3]). 
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Figure 2. Example of types of atmospheric flows. 
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Table 1. The building blocks of a systems approach to describing atmosphere and pedosphere ecosystem services exchange (adapted from [4]).
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Table 2. Example of valuation within science-based boundaries: soil order. Total value of mean and area-normalized annual atmospheric wet Ca2+ deposition by soil order for the 10-year period 1994 to 2003 based on a 2014 average price of $10.42 per U.S. ton of agricultural limestone (CaCO3) [8], and a 2014 U.S. average price of $33.00 per U.S. ton of uncalcined gypsum (CaSO4•2H2O) [9] within contiguous United States (calculated based on data from [6]).
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