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Abstract

:

Thresholds are an emergent property of complex systems and Coupled Natural Human Systems (CNH) because they indicate “tipping points” where a complicated array of social, environmental, and/or economic processes combine to substantially change a system’s state. Because of the elegance of the concept, thresholds have emerged as one of the primary tools by which socio-political systems simplify, define, and especially regulate complex environmental impacts and resource scarcity considerations. This paper derives a general framework for the use of thresholds to calculate scarcity footprints, and presents a volumetric Threshold-based Water Footprint (TWF), comparing it with the Blue Water Footprint (BWF) and the Relevant for Environmental Deficiency (RED) midpoint impact indicator. Specific findings include (a) one requires all users’ BWF to calculate an individual user’s TWF, whereas one can calculate an individual user’s BWF without other users’ data; (b) local maxima appear in the Free from Environmental Deficiency (FED) efficiency of the RED metric due to its nonlinear form; and (c) it is possible to estimate the “effective” threshold that is approximately implied by the RED water use impact metric.






Keywords:


blue water footprint; water scarcity footprint; threshold; embedded resource accounting; life cycle analysis; regulation












1. Introduction


The 21st century’s problems are increasingly systemic and rooted in the indirect connections of a complex Coupled Natural–Human system (CNH) [1]. Decision making is confounded by indirect effects, joint effects, and unintended consequences. As a result, leaders are calling for the development of sustainability metrics that link decisions to their systemic consequences [2].



Threshold metrics indicate “tipping points” where a complicated array of social, environmental, and/or economic processes combine to substantially change a system’s state. The system may be complex, but the threshold is simple and easily communicated. A threshold is measured against a single system performance index or metric. Because of the elegance of the concept, thresholds have emerged as one of the primary tools by which socio-political systems simplify, define, and especially regulate complex environmental impacts. The elegance of thresholds makes them both very useful and very dangerous, because they facilitate both simplification and oversimplification of the concept of “impact” in complex systems. It is therefore important to develop methods of characterization for human consumption and its impacts that are compatible with the ubiquitous threshold-based regulatory paradigm.



Thresholds often manifest as sharp discontinuities between system states that are sustainable versus states that are unsustainable [3,4,5], and between states that are affordable versus states that are expensive. For example, crops wither and regions erupt into violence when drought reaches a certain threshold of severity [6]. Marine ecosystems collapse when phytoplankton drops below a threshold [7]. Freshwater ecosystem health requires sustained environmental flows [8]. Thresholds have been used by ecological economists because they can integrate issues of cost and value in complex and diverse contexts [9], such as when the impacts of human economic activity increase beyond an acceptable level [10,11,12,13]. The frequently employed concepts of “maximum concentration levels” of pollutants [14,15], “adverse resource impact” limits [12], ecological flow requirements [16], and carrying capacities [17,18,19] are excellent examples of thresholds placed on resource stocks to distinguish between sustainable and unsustainable states. Western US water law speaks of groundwater use that either “is” or “is not” impacting surface flows, whereas the hydrological truth is somewhere in-between. The Colorado River Treaty’s water allocations depend in part on whether water levels in Lake Mead are above or below a key elevation, which is a legal threshold separating relatively “abundant” from relatively “scarce” Colorado River water. Thresholds draw a sharp “black and white” line where the underlying science typically reflects “shades of grey”, but an accurately defined threshold can be extremely useful owing to its simplicity, clarity, communicability, and legal compatibility.



Thresholds can be defined using metrics that integrate socio-ecological pressures, services, values, and impacts [20,21,22,23,24]. Or, threshold can be based on physical quantities such as a sustainable yield, an ecosystem flow requirement, flow variability, inputs, or planetary boundaries [11,16,25,26,27,28,29,30,31,32,33,34,35]. Increasingly, sustainability indices have focused on social sustainability and social capital in addition to environmental sustainability [34,35,36]. Empirical scientific work establishing socio-environmental thresholds of the global CNH is diverse and mature [37,38,39,40,41].



Thresholds have emerged from the complex socio-political system as a favored conceptual framework for environmental regulation, and are a favored approach of the U.S. Environmental Protection Agency and other environmental agencies. Regulatory thresholds are set using a complex combination of social, environmental, and economic factors and processes that cannot be reduced to a simple technocratic formula but instead include multiple considerations unique to a given context [11,28]. It is wise to recognize this emergent legal and socio-environmental concept in the construction of sustainability indices, by linking these indices to regulatory systems and participatory government [42,43]. Otherwise, our “policy suffers from a profound disconnect between science and law.” [43]. In other words, regulatory thresholds tend be socio-economic, and political, in addition to environmental, in their constitution.



A footprint is a quantitative and usually volumetric (i.e., conserving mass or energy) measure of the depletion of an inventory of a natural resource stock [21,44]. Typical examples of footprints include Ecological, Carbon, and Water Footprints [21,44,45,46]. Footprint indices are relatives of Life Cycle Analysis methods (LCA). Whereas footprints usually emphasize carrying capacities, planetary boundaries, and straightforward units such as mass, energy, or volume, LCA methods focus on the translation of volumetric, inventory, and pressure metrics via mid-point metrics into end-point impact metrics that are a type of index for the environmental cost or price of a process or product [47,48]. The focus of this paper’s discussion is on footprint indices and on LCA volumetric mid-point indicators (attributional indicators), but LCA end-point (consequential) indicators are beyond this scope and are not addressed.



This paper presents the simple mathematics of a Threshold-based Water Footprint (TWF), which is a special case of the generalized Threshold-based Footprint (FT). The implications of these mathematics are explored through a comparison with the Blue Water Footprint (BWF) [49] and the Relevant for Environmental Deficiency (RED) [50] mid-point impact metric that characterizes the context-based impact of the BWF using the Water Scarcity Index (WSI) [51]. Section 2 derives the simple mathematics of TWF and compares them with BWF and RED. Section 3 presents comparisons between BWF, TWF, and RED and argues that TWF is a simple approximation for RED. Section 4 summarizes conclusions and discusses their implications.




2. Materials and Methods


2.1. Mathematics of a Threshold-Based Footprint


During some differential time interval there is an initial (subscript zero) resource Stock capacity, S0, before the stock is used. Then, S0 is drawn down by a gross Withdrawal, W, due to the aggregated direct actions of all processes in the system. Stock-reducing withdrawals are positive by sign convention. The term “stock” is used generally and not strictly, and the “stock” could be one of a variety of environmental quantities: stock, flow, resource, event magnitude, population, or incidence. For instance, in the water footprint example in Section 2.2, the metric of interest is surface water flow.



The aggregate net volumetric Footprint F is some fraction of W, adjusted by the withdrawal-weighted average consumption coefficient c of the processes, such that F = c W. F is also the Consumptive Use, in water applications. The Threshold-based Footprint FT is the nonnegative difference between F and the Threshold T (Equation (1), Figure 1). The stock’s Threshold is often a limit on the sustainable consumption or degradation of that stock. For example, an environmental flow requirement R would be the difference between the flow Q and the surface water stock’s threshold, such that R = Q − T. The Free Footprint Ff is the portion of F falling below the threshold T. This free portion of the footprint is discounted and characterized as having no impact because it has negligible environmental or economic cost (Equation (2), Figure 1). The relative Threshold T` = T/S is the Threshold expressed as a fraction of the Stock. Units of W, F, and T are those of S; c is unitless. If T = 0 then all resource withdrawals are adverse and FT = F; if T = S then all impacts are discounted and FT = 0. F = Ff until F > T. Observe in Equations (1) and (2) that the inventory of the stock S does not appear in the footprint calculation, but T does appear and is presumably related somehow to S. If FT = 0 the resource is “abundant” (negligible marginal value and cost), at least from the point of view of this decision making process. If FT > 0 the resource is scarce from the point of view of this decision making process and has non-negligible marginal value and cost.


    F T  = max  {     0      F −  T        }    



(1)






    F f  = min  {       T        F     }    



(2)







F is the sum of the “free” and “adverse” components, such that F = FT + Ff. By definition, if c ≤ T`, then FT = 0 and F = Ff. The Free Fraction R of the footprint, R = Ff/F, is a sort of efficiency metric for the footprint. For example, if a river has a flow S of 1 Million m3/year and an adverse threshold T of 100,000 m3/year, and the total footprint F is 150,000 m3/year, then Ff = 100,000 m3/year and FT = 50,000 m3/year; R = 100,000/150,000 and thus two thirds of this footprint is “free”.



The initial adverse capacity above the threshold is S0T, where S0T = S0 − T0, and the initial free capacity below the threshold is S0f, where S0f = T0 (Figure 1). After an initial footprint F0 is applied, the remaining adverse capacity is S1T (Equation (3), Figure 1), and the remaining free capacity is S1f (Equation (4), Figure 1).


    S 1 T  = m i n  {       S 0  −  T 0         S 0  −  F 0       }    



(3)






    S 1 f  = m a x  {     0       T 0  −  F 0       }    



(4)







Fx is the footprint of an individual process x. Fx is not bounded by F when there are multiple processes, because the net impacts of different processes may be positive or negative and may offset, such that F = ∑x Fx. As with the aggregated footprint, the process’s footprint is the sum of the free and the adverse components, so Fx = FxT + Fxf. Processes may possess their own thresholds, Tx; a U.S. Environmental Protection Agency (EPA) regulation placing a Total Maximum Daily Load (TMDL) limit on a factory’s emission of water pollution is an example of a process having a threshold.



The relationship between the stock-level footprints and process-level footprints is complicated and is contextualized based on the policies governing this stock’s use. In a seniority-based framework such as the U.S. Western States’ Prior Appropriation Doctrine the first process to use water (x = 1), would have T1 = T. However, each subsequent and junior processes (x > 1) would have its threshold set at current free capacity of the stock, S1f (Equation (4)), after the sum total of all prior footprints F0 were deducted, such that F0 = ∑x_priorFx. Without any seniority one might choose to weight the threshold, free footprint, and adverse footprint of a process by its contribution to the footprint by using the weighting factor b = Fx/F, so FxT = b FT, Fxf = b Ff, and Tx = b T. Or, one could use a different weighting factor for a more progressive attribution system.




2.2. Application of the Threshold Concept to Water Footprints and Impact Metrics


The aggregated net consumptive fresh water use in the combined surface and ground water resources of a location is the “blue” Water Footprint (BWF). BWF is an implementation of F. The Threshold-based blue surface flow Water Footprint (TWF) is an implementation of FT. The Free Water Footprint (FWF) is equal to Ff. If BWF is used in LCA, it is an inventory, volumetric, or pressure type LCA metric, whereas TWF is a mid-point LCA metric. However, both use identical volumetric units, for instance cubic meters or gallons. Crucially, for example, for a company that seeks to measure the impact of its water footprint, for T > 0 it is not possible to calculate TWF or FWF without full knowledge of the net aggregated BWF of all other processes impacting that water stock, as well as the stock’s threshold. TWF and FWF therefore have a fundamentally higher burden of information than BWF.



The typical application of a Water Stress Index (WSI) [51] utilizes research concerning ecological water scarcity and flow variability at river basin and annual scales to characterize the impact of the consumptive freshwater use in the basin. In this paper [51] WSI is always defined as a logistic function of the stock-scale Withdrawal-to-Availability ratio (WTA) (Equation (5)), and is therefore a dimensionless fraction bounded below one. WSI* factors in low-flow season annual flow variability using a Variation Factor (VF), such that WSI* = WSI × VF. An empirically estimated median value for VF is 1.8 for annual-timescale river basin stock definitions [52,53]. If the river basin has a Strongly Regulated Flow (SRF) [53] due to a large reservoir storage capacity, WSI* becomes WSI*SRF where the square root of the VF is utilized, reflecting lower flow variability and less low-flow seasonal water stress in an SRF basin, such that WSI* = WSI × VF1/2. Note that this definition of WSI assumes a constant relationship between the WTA ratio and the water stress in the basin.


   W S I =  1  1 +  e  − 6.4 · W T A   ∗     (   1  0.01   − 1  )      



(5)







The Relevant for Environmental Deficiency metric (RED, Equation (19)) is a mid-point metric for the impact created by fresh water consumption at annual timescales for river basins [50], such that   R E D = B W F · W S I   ∗   . The main mathematical difference between RED and TWF is that TWF varies the characterization of impact linearly following a discontinuity at the threshold, whereas RED uses a differentiable and smooth logistic characterization from WTA = 0. The main applied difference between TWF and RED as mid-point metrics is that regulations are typically written as thresholds, not smooth logistic functions—for better or worse. Implicit in the definition of RED is the existence of a complement to the characterized water impact, analogous to FWF. This is named Free from Environmental Deficiency (FED), such that FED = BWF − RED. These metrics, along with BWF, inform the ISO 14046 water LCA draft standard [54,55,56,57,58].



Similar mathematics have been applied in practice in prior case studies [59]. This study utilized flow depletion thresholds established by the State of Michigan’s Department of National Resources within that regulator’s Michigan Water Withdrawal Assessment Process (MWWAP) [60]. These thresholds are established uniquely for every individual stream segment in U.S. State of Michigan. Figure 2 reproduces that study’s map of the Kalamazoo River, where Mubako et al. [59] calculated the surface water flow Depletion, D, and compared it with the flow depletion threshold, T. Note that Mubako et al.’s [59] “D” is equivalent to F in this paper’s mathematics; it is the BWF calculated against the “stock” of surface water flow.





3. Results


To compare BWF, RED, FED, TWF, and FWF, a synthetic experiment is constructed for a theoretical stream flow. Imagine a stream with a flow of one cubic meter per second, giving initial capacity S0 = 1; hereafter these units will be omitted for simplicity so all results are unitless fractions of a river’s total flow. The experiment explores combinations of thresholds T`, consumption coefficients c, and Withdrawal-to-Availability (WTA) ratios, so that these five metrics can be compared side by side on a unitless basis. This comparison will make it clear that TWF can give quantitatively similar results to RED depending on the choice of threshold, and that the logistic form chosen by WSI implies an approximate “effective” threshold assumed by RED, a threshold that varies based on the combination of c and WTA.



In Figure 3, the 1:1 line bounds all metrics and approximates FED and FWF for low WTA values that are far below the threshold. RED and TWF are bounded by the c:1 line; RED approaches this line as WTA → 1. TWF = 0 and BWF = FWF below the dimensionless value of WTA = T`/c. As a result, this dimensionless value defines a critical threshold for water sustainability policy, and it becomes clear that average consumption coefficients and thresholds are essential factors in this policy.



RED’s logistic form yields surprising dual peaks and local maxima in FED for higher consumptive use fractions (c = 0.6 to 0.9). This high range of consumptive use fractions is common in irrigation-dominated river basins, which are also often water stressed arid or semiarid warm-climate river basins. The smooth logistic function of RED can exceed a slope of one for moderate WTA and high c, meaning that an additional unit of withdrawal creates more than one unit of RED impact under these conditions. FED yields local maxima below the maximum-withdrawal point of WTA = 1 in many cases. These local maxima in FED are also local maxima in the Free Fraction R.



For a given c it is possible to calculate a threshold value T` that minimizes the difference between RED and TWF. This minimum-difference threshold can be considered the “effective” flow alteration threshold that is approximately implied by the form of RED and WSI. Best-fit T` is estimated for each c using a linear solver that minimizes the Root of the Mean Squared Error (RMSE) of the error function e = RED − TWF. Table 1 gives this best-fit T` for intervals of 0.1 (10%) of c for both the standard and SRF versions of RED. Also in Table 1 is given the RMSE value, the local maxima or “peak” value of FED, and the lowest WTA value at which a FED local maxima occurs.



The effective value of T` for RED ranges from 1% to 18%, rising with the assumed consumption coefficient. This range of values compares favorably with the river basin freshwater ecosystem flow requirement work [16,39] and specifically with the “presumptive standard” of less than 20% alteration of daily flow due to consumptive use [40], and with the MWWAP’s average threshold value of 10% depletion of median summer flows for streams in Michigan [59,60]. When this difference between RED and TWF is expressed relative to the size of the BWF, the relative difference (RMSE/c) is constant for all values of c, at 0.08 for the standard RED and 0.09 for the SRF variant of RED. These are relatively small errors that are less than 10% of the total water resource consumption in the system. It is therefore clear that TWF and RED are approximations of each other with a substantial quantitative and qualitative similarity.



To complete the comparison, Figure 4 illustrates the best-fit relationship between RED and WSF. A typical consumptive use coefficient is c = 0.7 for heavily dammed, strongly-regulated, and heavily-utilized river basins dominated by irrigated agricultural water uses. This approximates the Lower Colorado River Basin in the United States, or the Nile River Basin below the Aswan dam in Egypt. The best fit between TWF and RED SRF in this case is T` = 0.125, or 12.5% of flow (Table 1, row in bold), a threshold that falls in the typical range published for ecological flow requirement thresholds [11,12,16,26,39,40]. Both RED and TWF mid-point impact indices visibly depart from zero at a threshold of approximately WTA = 0.18, have a shared value of approximately 0.33 when WTA = 0.63, and reach maxima near a value of 0.6 at WTA = 1. FED and FWF are also similar, although FWF monotonically increases whereas FED has a local maximum near WTA = 0.49. All four indexes are approximately equal when WTA = 0.63, and where Free Fraction R = 0.5 because TWF~FWF here. WTA = 0.63 is nearly the inflection point and maximum slope in RED, where the rate of change of impact per unit of water withdrawn switches from positive to negative. Relative to the size of the BWF, the difference between the two metrics is largest when WTA is in the range of 0.3 to 0.4, where TWF is roughly double RED. Figure 4 demonstrates that RED and TWF have quantitative and qualitative similarities, and are both somewhat lower than the c:1 line which delineates the equivalent BWF.




4. Discussion


Sustainability indexing is more difficult for some parts of the Coupled Natural–Human system than for others. Climate sustainability is relatively simple to assess using Carbon Footprints, because net emissions into a shared global atmosphere have no local context, and there is arguably a single global threshold for carbon dioxide in the atmosphere at around 400 ppm. Water lies at the most difficult extreme on a spectrum of natural resource types, because water resources are physically and ecologically complex, spatio-temporally variable, localized, politicized, regulated, publicly managed, culturally heterogeneous, and values-laden; water impacts are locally “context-based” [61,62]. Water scarcity and water stress is only one dimension of the complex local water context. Work to develop water sustainability indexes, performance indicators, and LCA methods has been difficult because it requires accurate and scale-specific empirically determined scientific knowledge of the system, and implicitly contains socio-political judgments regarding values and thresholds. This will also be true in many other sustainability applications of footprinting and LCA beyond water.



It is interesting to observe what information is required to calculate the quantities in equations one through seven. F and Fx can be calculated with knowledge of withdrawal and the consumption coefficient. FT, Ff, FxT, and Fxf require knowledge of the footprint and the threshold. The threshold T for the stock is obtained using external information which presumably includes reference to the initially available inventory of the stock, S0. However, the threshold Tx for an individual process, and by extension its adverse and free footprints, can only be calculated with external knowledge of seniority or weighting between processes, as well as the footprints of all processes. If F > T at the level of a stock, it is impossible to calculate an individual process’s Threshold-based Footprint FxT (a mid-point metric) without knowing the details of all the other processes’ footprints and thresholds, along with their weightings or priorities. If F < T (an abundant stock) it is known that FxT = 0 and Fxf = Fx, so the Blue Water Footprint of this individual process is sufficient information to calculate its mid-point impact. In other words, a factory or city or power plant needs to know the sum total of all other human and natural agents’ water uses and contributions (any significant uses that are upstream or sharing the water stock), along with the water stock’s adverse resource impact threshold, in order to calculate the impact of its own water use. In a system with seniority or priority the situation is even worse: each water user needs to know each other user’s water use and also each other user’s individual threshold and priority.



This information requirement for threshold-based accounting imposes a theoretical limitation with important real-world implications for water users and policymakers. It means that one of two solutions are probably needed to manage a water stock’s utilization rate and sustainability; either (1) large water users desiring to account for their water use impacts must take the lead on organizing watershed or aquifer level voluntary data sharing efforts, or (2) comprehensive top-down reporting and detailed public disclosure of (perhaps only large) water uses must be organized by a government or NGO. It is theoretically impossible for a company or city to calculate the impact of its water use without this detailed systemic data. This information requirement motivates costly systemic water data collection so that the more useful context-based mid-point impact metrics (e.g., TWF, WSF, RED) can be calculated. A Blue Water Footprint, by contrast, is easy for a company to calculate without any knowledge of other water users’ data- but this footprint is not locally contextualized. This finding highlights an important advantage of the simple inventory/volumetric approach taken by the standard Blue Water Footprint; it is currently much more feasible for an individual company or city to calculate their Blue Water Footprint than a mid-point impact metric like FxT, in the absence of systemic and publicly transparent water use and availability data.



Figure 3 and Figure 4 showed that the FED metric can yield local maxima below the maximum-withdrawal point of WTA = 1, owing to the nonlinear logistic form of WSI. This is an unexpected result that is either confounding or insightful depending on how much we trust the precise characterization of impact that is contained in WSI. If we trust the WSI characterization, we should perhaps steer policy toward achieving one of these local maxima in FED, because this would locally maximize the Free Fraction R and the (local) efficiency of water use patterns. However, these nonlinear local maxima are not present in the simpler, linear, and discontinuous mathematical form of FWF, which calls into question the robustness of such a maximization. Notably, no local maxima exist for the more important mid-point impact metrics RED or TWF, so policymakers may choose to ignore FED and FWF and rather simply minimize RED or TWF.



Resource thresholds and mid-point and end-point impact measurements depend on the decision maker’s point of view; in fact, even simple volumetric inventory metrics depend on point of view because external impacts may be correctly discounted [44,45]. In Figure 1, where would you choose to draw a sharp threshold that distinguishes “acceptable” impacts and costs from those that are unacceptably high? There are many methods and choices for T. TWF makes the choice explicit and visible. Because the use of the WSI characterization factor implies the acceptance of an approximate threshold value, the use of RED requires the acceptance of a specific—but implicit—point of view. This point of view is clearer now that we have an estimate for the thresholds that are implied by RED for each consumption coefficient. Fortunately, these results demonstrate that RED’s implicit thresholds range from 1% to 18% of the flow, which is totally compatible with best practices and presumptive standards for thresholds that are commonly held in heavily-managed and irrigation-dominated watersheds.



From the resource stock manager’s point of view, the objective is to minimize footprints and/or their social, environmental, and economic impacts [45]. When using Threshold-based Footprints, minimizing FT is the most urgent objective. This is accomplished by minimizing F, W, and c, but these metrics are equally dependent on Sf and T which can be relaxed through investment in infrastructure or manipulated by changing environmental laws and standards. Resource managers may also seek to maximize the Free Fraction R, or alternatively the ratio of “free” to “adverse” footprints. From the process manager’s differing point of view (e.g., as a company with a commitment to sustainability), the objective is to minimize this individual process’s adverse footprint FxT, which can be done either by reducing the process’s own footprint, or by offsetting that footprint by achieving reductions in another process’s footprint against the same resource stock.



In summary, this paper derives a mathematics for Threshold-based Footprints and develops a case study that compares the Blue Water Footprint (BWF), Threshold-based surface Water Footprint (TWF), and Relevant for Environmental Deficiency (RED) mid-point LCA impact metric. The findings are general and the Threshold-based Footprint metric is useful as an easily communicated and regulation-compatible “hybrid” between volumetric/inventory footprint metrics and LCA mid-point impact metrics. This new metric is directly applicable for context-based water management. Hopefully this simple threshold-based metric will make it easier to accurately and precisely account for impact in environmental systems that are governed by socio-economically influenced regulations, by harmonizing the impact metrics with the real-world regulations and environmental standards that govern these systems.
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Appendix A. Various Threshold-Based Water Scarcity and Stress Indices


Commonly employed scarcity and stress indices [35] may be expressed using these mathematics. The ratio of W to S (Equation (A1)) is identical to the commonly employed Withdrawal-to-Availability index (WTA) [47,48,49,50,51]. The ratio IC (Equation (A2))) of the aggregated footprint F to the Initial Capacity S is identical to the commonly employed Consumption-to-Availability scarcity index (CTA) [47]. Two alternative indices of scarcity are the Threshold-based Adverse Impact Index IT and the Threshold-based Free Impact Index If (EquationS (A3) and (A4)). The Threshold-based Scarcity Index I, is the ratio of the total footprint to the threshold (Equation (A5)), such that the stock is in a “scarce” condition when F > T and the critical value of the dimensionless number is 1. The proportion of the aggregated net footprint that is adverse is PT, and the free proportion is Pf (Equations (A5) and (A6)). The Free Impact Ratio RI is the ratio of free to adverse impacts, R = Ff/FT (Equation (A7)). Many other straightforward combinations of these metrics are possible.


    I W  =  W S    



(A1)






    I C  =  F S    



(A2)






    I T  =    F T   S    



(A3)






    I f  =    F f   S    



(A4)






    P T  =    F T   F    



(A5)






    P f  =    F f   F    



(A6)






   R I =    F f     F T      



(A7)







Process-specific indices may be constructed. For example, the process’s fraction of FT is the Process-level Scarcity Footprint Fraction, PxT (Equation (A8)). Similarly, the process’s fraction of Ff is the Process-level Free Footprint Fraction, Pxf, and the process’s fraction of F is the Process-level Footprint Fraction, Px


   P x T  =    F x T     F T     



(A8)








Appendix B. The Economic Interpretation of FT


Sustainability indexing methods for have been criticized for ignoring economics. In the case of the Water Footprint, for example, the key criticism is that that water has a differing value depending on the place and time of its consumption [63,64]. Therefore, a volumetric Water Footprint cannot be applied uniformly in all locations as a sustainability impact metric, because a unit volume of water consumption could have a large impact in one case and zero impact in another case. We address this criticism by discounting the volumetric impacts below a threshold of “scarcity”, and interpreting FT as an index for the total cost of net aggregated impacts. Water Scarcity Footprints attempt to address this limitation by indexing for the economic condition of scarcity, without attempting to directly address the value of the resource [35,65]. A threshold-based footprint fits this general category.



In what sense is a threshold-based footprint an index of scarcity? In this case “Scarcity” means that there is competition for the stock, and that not all demands can be satisfied at a near-zero (shadow) price. The existence of scarcity implies that some sort of impact is occurring in the system, and that the stock is a “rival” resource [45]. Scarcity is the opposite of “abundance”, where no impact or cost is perceived in the system. Scarcity is a normal condition in formal markets, but is a relatively novel condition for most environmental and natural resource management scenarios (especially water), because the responsible human institutions have evolved to prevent water scarcity on the margin (at best) or to imagine that it does not exist (at worst), for example, for water [30,66].



Scarcity footprints exists at specific locations in space and time, and can only be perceived if the spatio-temporal boundaries of the stock r are properly defined [44,67,68]. The Marginal Opportunity Cost of a single additional unit of net impact on a resource stock is illustrated using the Cost Curve in Figure 1. The Opportunity Cost is usually understood as the benefit gained from the most valuable possible alternative application of that resource. In Figure 1 it is clear that the Cost Curve begins with a value near zero and steadily increases as total impacts increase, until at some point the Opportunity Cost is very high or possibly undefined (i.e., the resource is then marginally “priceless”) at the point where aggregated net impact Fr on the stock equals the initial capacity S of the stock. The Adverse Impact Threshold for this specific stock T is chosen at the highest value of F where the Opportunity Cost is close enough to zero to be “acceptable” in some socio-environmental-political value judgment. The stock is considered to be “scarce” with adverse marginal impacts and unacceptably high marginal costs when F > T, and the stock is “abundant” when F < T. Multiple cost curves and thresholds may exist for different types of impacts; in this case, the lowest T should typically be chosen. In the case where water LCA assesses impacts on a sensitive wetland, the acceptable impact threshold might be close to zero [69]. For a nonrenewable resource that is subject to market pricing, this threshold will usually be zero.



We have therefore introduced with the threshold based footprint a sustainability metric that is simultaneously an index for the economic concept of marginal value and scarcity, such that these are zero below the scarcity threshold, and above the scarcity threshold the marginal value is fixed at a single value. This approximation is excellent when F ≤ T (an ‘abundant’ stock where impacts are relatively free of cost), and is generally valid for F << S (a stock not under extreme stress). The total aggregated price (or value) of the resource’s utilization is in proportion to the ratio of the threshold to the total cumulative stock impacts, T/F (the ratio is bounded at zero and one). If T = 0 there is no discount, and if F < T, the discount is 100%. Between these two points, the total aggregated price scales linearly. If T = S, all impacts on the stock are 100% discounted. T = 0 would occur for a nonrenewable imperishable resource stock such as gold, and T = S might occur for a perishable resource that has only one possible use such as water in an agricultural irrigation system (i.e., a “use-it-or-lose-it” resource).



The shape of the cost curve should have a strong empirical economic basis, but the precise location of the threshold is necessarily informed by subjective and socio-politically contextual judgments as to what is ‘acceptable’ versus what is ‘adverse’. Adverse resource impact thresholds integrate ecology and the subjective socio-environmental-political politics of value, cost, and impact [12,58].
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Figure 1. Schematic of the Threshold-based Footprint concept. The vertical axis gives the marginal value, impact or cost of water use, and the horizontal axis gives the Footprint. The cost of the footprint increases slowly at first as the footprint rises, but beyond a threshold it increases sharply and in unbounded fashion as the resource becomes “scarce” and the marginal value, impact, and cost begin to rise. Illustrations of footprint components during “scarcity” (F > T) and “abundant” (F ≤ T) conditions are given. Section 2.1 defines mathematical symbols and equations. Commonly employed scarcity and stress indices [35] may be expressed using these mathematics (Appendix A). A discussion of the interpretation of impact and cost is provided in Appendix B. 
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Figure 2. Ratio of the surface water flow (Blue) Water Footprint (BWF = D = FT) to the streamflow depletion threshold, T, for each stream segment of the Kalamazoo River in Michigan, USA. Dark grey colors where D/T > 1 indicate the presence of scarcity where FT > 0. This is Figure 5 [59] reproduced with permission of ASCE Press and the Authors. 
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Figure 3. Comparisons between the Relevant for Environmental Deficiency (RED) midpoint impact indicator (in red, with RED Strongly Regulated Flow (SRF) version in blue) and Threshold-based Water Footprint (TWF) (in green), with different choices of threshold T` and mean consumptive use coefficient c, plotted against the Withdrawal-to-Availability index (WTA). BWF is coincident with the c:1 line and bounds RED and TWF. (a) T` = 0, c = 1: “Simple Withdrawal” case where all withdrawn water is consumed and counts as adverse impact, resulting in large differences between RED and TWF and additionally Free Water Footprint (FWF) = 0. (b) T` = 0, c = 0.5: “Symmetry” case resulting in a symmetry of RED and Free from Environmental Deficiency (FED) metrics about TWF and FWF, bounding of TWF and FWF by RED and FED, and TWF = FWF. (c) T` = 1/3, c = 2/3; “Reversal” case where RED → FWF and TWF → FED as WTA → 1, and TWF = 0 when WTA < 0.5. (d) T` = 0.25, c = 0.75; “Convergence” case where TWF converges to FWF at WTA = 1, and RED and FED metrics are bounded by TWF and FWF below WTA = 0.58. 
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Figure 4. Water impact indices for the SRF irrigation-dominated best-fit special case where T` = 0.125 and c = 0.7. Note the similarity between RED SRF, in red, and TWF, in green. RED SRF and TWF are approximately equal below WTA = 0.20 and at WTA = 0.63. BWF is coincident with the c:1 line, and is somewhat higher than RED and TWF. 
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Table 1. The effective flow alteration thresholds T` that are approximately implied by RED range from 1% to 18% depending on the details. Table gives values of T` that are the best-fit between RED and TWF, for each consumptive use coefficient (increments of 0.1), achieved by varying T` and WTA. Also shown is the Root Mean Squared Error (RMSE) of fit and the local-maxima or peak value of FED.
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