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Abstract This paper examines a recent proposal to incorporate the use of wetlands in water quality trading (WQT) programs in order to meet national wetlands goals and advance WQT. It develops a competitive WQT model wherein wetland services are explicitly considered. To participate in a WQT program, an agricultural producer could employ wetlands as his nutrient management practice. Unlike most other management practices, wetlands not only remove nutrients from agricultural runoff but also provide ancillary benefits like wildlife habitat and flood control that do not exclusively accrue to the farmer. Thus, when appropriate, a WQT program should be coupled with additional incentives for wetland creation and restoration, such as using a wetland subsidy. Despite the water quality enhancement properties of wetlands, the model reveals that implementing a wetland subsidy will not necessarily translate into water quality improvements. While wetland creation is externally incentivized, the farm’s opportunity cost of fertilizer usage in the WQT market is also reduced. In this sense, a wetland subsidy acts like a fertilizer subsidy. Conditions under which a wetland subsidy will help expand WQT include some degree of farmland area fixity, which is resembled in some, but not all, watersheds, and high efficiency of the wetland abatement technology.
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1. Introduction



Water quality trading programs or nutrient markets in the United States to date have usually taken the following form: a point source of nutrient loading, often a municipal separate storm sewer system (MS4) facing a Total Maximum Daily Load (TMDL) restriction on nutrients, has the option of building more capacity or purchasing nutrient reductions from nonpoint sources in the watershed, usually farmers (Woodward et al., 2002). Farmers have a variety of options to reduce nutrient runoff (e.g., reducing fertilizer use on their crops, creating stream buffers, using no-till techniques, or constructing or restoring wetlands on their property). Agriculture is the leading source of impairment in assessed rivers and streams (37%) in the United States (US EPA, 2007a), but the runoff is largely unregulated. Therefore, water quality trading programs have the important property of inducing voluntary participation of the agricultural sector. One recent proposal suggests that encouraging the use of wetlands in a water quality trading program will not only advance water quality trading and reduce the costs of meeting water quality goals, but it will also help meet national wetlands goals (Raffini and Robertson, 2005; Grumbles, 2006; USEPA, 2007b). 2



If wetlands were, in most respects, similar to other nutrient abatement technology, no further discussion on this topic would be needed. Farmers would choose from a suite of available abatement technologies based on minimizing their costs and would choose wetlands if they represented the least cost method of reducing nutrients. Wetland creation or restoration, however, is usually more expensive relative to other abatement technologies (e.g., Byström, 1998; Ribaudo et al., 2001) suggesting that additional incentives would be necessary for the proposal to work.



Wetlands provide a variety of services beyond nutrient abatement; wetlands may function as bird habitat, flood control, and sediment retention (Knight, 1997; Tiner, 2003; MEA, 2005). These other services, referred herein as ancillary services or ancillary benefits, may accrue to the agent who constructs or maintains a wetland for nutrient reduction, to other agents in the watershed, or to populations outside the market for nutrient reduction (Byström, 1998). Economic theory suggests that the producer will not consider the ancillary benefits (postive externality of producing wetlands) when choosing among the alternative abatement technologies because the benefits do not enter into their profit-maximizing decision. To encourage a socially optimal provision of the services wetlands offer, all the social costs and benefits
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In 1987, the National Wetlands Policy Forum recommended a national goal of no net loss (NNL) of wetlands acres and functions and since then the NNL goal has become a central part of the regulatory regime that governs watersheds in the US.
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should enter into the decisions surrounding the construction and maintenance of wetlands (Ribaudo et al., 2001).



This paper examines the potential outcomes of encouraging wetlands in water quality trading programs by developing a water quality trading model where wetland functions and services are explicitly considered. The paper proceeds as follows. First, we examine the existing literature on ancillary benefits and environmental markets. Next, the basic trading model illustrates how the social benefits and costs can impact the market. We focus specifically on a wetland subsidy to ensure a producer considers the ancillary benefits from wetlands in their decisions. Finally, we discuss the issues highlighted by the model including an alternative to the initial incentive approach.



2. Literature Review



Earlier papers have modeled ancillary benefits in pollution trading markets, but their approaches differ on certain key elements. Austin et al. (1997) examine cross-media effects, such as the ancillary air benefits for reducing NOx emissions to meet a water quality standard (i.e., water quality goal). Montero (2001) develops a trading model with two pollutants where the reduction of one pollutant is accompanied by the reduction in the other pollutants. Woodward and Han (2004) use a similar model, but they also consider cases where the reduction of a given pollutant increases another pollutant. In this paper, we are not concerned with the reduction in the pollutant that “co-causes” the ancillary benefit; rather, it is the specific abatement technology that creates the ancillary benefits.



Feng and Kling (2005) and Elbakidze and McCarl (2007) argue that the carbon sequestration activities (e.g., agriculture practices) will lead to improved wildlife habitat and soil erosion reductions, but the authors also assume that the ancillary benefits are functions of carbon emission reductions (similar to Austin et al., 1997). Their approach assumes a correlation between the pollutant reductions and ancillary benefits, but this assumption is not applicable for the wetlands and water quality trading problem because there are many types of wetlands and they differ across space and time as do their services (see King et al., 2000). 3
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Where carbon markets cover large areas (possibly global in scope), water quality trading programs are by necessity organized at the watershed level limiting the size of the market. Water quality nutrient trading programs are further limited in scope because the emitters of nutrients tend to be point-source MS4s and nonpoint-source agriculture producers.
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Horan et al. (2004) examine the coordination of water quality trading with agricultural conservation policies like Environmental Quality Incentives Program (EQIP). When both the subsidy from the agricultural conservation policies and water quality trading affect the last unit of abatement, farms operate efficiently. Although the authors do not explicitly model wetland services and functions, this result suggests that a subsidy based on the ancillary benefits of wetlands could increase efficiency and encourage the use of wetlands in a water quality trading program.



Although nutrient reduction credits are typically described as the commodity traded in water quality trading, Shabman and Stephenson (2007) argue that credits, produced when the source reduces its discharge below a set baseline, lead to demand and supply uncertainty. Shabman and Stephenson prefer markets where allowances, permissions to discharge a fixed amount of a pollutant, are the traded commodity. We follow their recommendation and base the trading model on Horan and Shortle (2005) and Horan et al. (2004) who use allowances rather than credits.



In our model, society directly benefits from both water quality improvements and wetland creation and restoration. Consistent with the proposal, and with Horan et al. (2004), we assume the farmer participates in a water quality trading market and receives a subsidy for wetland creation. Unlike the above mentioned papers, farmland is treated as an allocable input. Total abatement critically depends on this allocation decision and on fertilizer use. Since wetlands cannot be used for crop production purposes, the value of the forgone production when wetlands are in place represent an important part of abatement costs. Allocating farm land between cropland and wetland is thus central in this analysis.



In a related paper, Lankoski and Ollikainen (2003) focus on the joint production of commodities and noncommodities by a farm (e.g., runoff, biodiversity, etc.) and how to optimally provide these outputs. The study does not use water quality trading to address the runoff; instead, the authors present a fertilizer tax and buffer strip subsidy as policy tools. Also, while it assumes that farmland is constrained, the model that we present looks at both the constrained and the unconstrained cases. As shown later, these assumptions have important implications for model prediction.
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3. Model



We assume that there is a single point source (i.e., a MS4) and a single nonpoint source (i.e., a farm) in a watershed, although we assume no market power. Emissions for the point source, e, generate marginally decreasing benefits, b(e),to the MS4. Let e0 denote the baseline emissions without regulations, that is b′(e0)=0. The farmer, on the other hand, allocates land for both the production of crops z1 and abatement of runoff, namely wetland creation and/or restoration, z2. We initially assume that land area is fixed and defined as z = z1 + z 2 . The production function for crops is Y(x, z1) where x is fertilizer use and z1 is land allocated to crops. The marginal productivity of both inputs is positive and decreasing, Yx>0, Yz1>0, Yxx0 (e.g., Beattie and Taylor, 1993). The nonpoint source profit function without regulation is defined as



π ( x , z 1 , z 2 ) = p y Y ( x , z 1 ) − w x x − w z ( z1 + z 2 )



(1)



where py is the price of the crop, wz is the rent of land (converting land to agriculture or to wetlands from its original use is assumed costless), and wx is the price of fertilizer. By substituting the land constraint in equation (1), we obtain the following profit function:



πˆ ( x, z 2 ) = p y Y ( x, z − z 2 ) − w x x − w z ( z )



(2)



It is easy to see that the optimal choice of wetlands is z 20 = 0 (or z10 = z ) since the farmer’s profit is decreasing in wetlands. The optimal choice of fertilizer is denoted by x 0 . As part of the production of Y, the farmer also creates nonpoint source emissions r(x,z2), where x is fertilizer use and z2 is the area of land in abatement technology such as wetlands. The first order derivatives are, naturally, rx>0, rz20 because fertilizer can be washed away more easily at higher fertilizer applications. 4 In order to simplify the model and keep the point of this paper clear, we eschew focus on the effects of stochastic events on runoff; much of the literature on water quality trading has already focused on this aspect (Griffin and Bromley, 1982; Shortle and Horan, 2001). Based on the model described above, we have joint production of crop, Y, and
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One function that meets these restrictions is (2004).



φ



r ( x, z 2 ) = x γ × z 2 with γ > 1 and φ < 0 ; see Horan et al.
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runoff, r, through the use of allocable, but fixed, input z and nonallocable input x (Beattie and Taylor, 1993; Abler, 2004). Pollution from both sources causes damages, defined as D(e, r[x,z2]), where each small increment of emissions and runoff increases the costs, De>0, Dr>0. Wetlands provide ancillary benefits A(z2) where Az2>0. 5 Social welfare (W) can thus be defined as:



W (e, x, z 2 ) = b(e) + πˆ ( x, z 2 ) − D(e, r[ x, z 2 ]) + A( z 2 )



(3)



Maximizing total social welfare, the necessary conditions for an efficient allocation at an interior solution are:



∂W = be − De = 0 ∂e



(4a)



∂W = πˆ x − Dr × rx = 0 ∂x



(4b)



∂W = πˆ z 2 − Dr × rz 2 + Az 2 = 0 ∂z2



(4c)



Condition (4a) requires the point source to choose emissions such that the marginal benefits of emissions are equal to the marginal damage costs. According to condition (4b), the farmer should choose the amount of fertilizer such that the marginal benefits are equal to the marginal damage costs while condition (4c) reveals that the marginal cost of using wetlands (based on lost profits) should equal the marginal benefits of wetlands (the marginal ancillary benefits and the reduction in marginal damages). The private optimum would not include the marginal damage costs or marginal ancillary benefits in conditions (4a)-(4c). Comparing the equations to the private optimum, it is easy to see that x*z20=0. Also, the socially optimal level of emissions is e* < e0 and optimal runoff is r(x*, z2*)< r(x0, z20).



To have a closer look at the trade-off of gains and losses faced by society, we divide condition (4a) by condition (4b) to obtain:



be



πˆ x rx



=



De Dr



(5)



Note that πˆ x rx = π r , where π is profit as a function of runoff. Equation (5) thus represents the usual optimality condition where the ratio of marginal benefits of emissions and runoff activities should equal the ratio of the marginal costs or damages. On the other hand, dividing (4a) by condition (4c) gives 5



More fertilizer could lead to reductions in the ancillary benefits from wetlands (Ethridge and Olson, 1992; Knight, 1997), but for simplicity, the model does not account for this possible effect. We also avoid the implications about perceived costs of wetlands due to various placement options (e.g., Gelso et al., 2008).
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(πˆ z 2



be D = e + Az 2 ) rz 2 Dr



(6)



This allocation condition includes the ancillary benefits of wetlands. The larger the benefits, the more society will favor runoff reductions over emissions reductions. Using equations (5) and (6), ancillary benefits have implications on fertilizer use since πˆ x rx = (πˆ z 2 + Az 2 ) rz 2 . Larger ancillary benefits require higher marginal benefits of fertilizer, πˆ x , or lower marginal runoff, rx , which are both achieved at lower fertilizer applications.



3.1 Water Quality Trading



In a nutrient market, the regulator issues a given number of pollution allowances and allocates them among the different sources. Sources cannot emit more pollution than the number of allowances they hold but they can buy (or sell) allowances in the pollution market. When pollution is not perfectly mixed, as in our case, it has been established that the regulator should also introduce a trading ratio, t, or a rate at which sources are allowed to trade their emissions (Tietenberg, 2006). Following existing water quality trading markets, we assume that all allowances are given to the farm and none to the MS4 (e.g., see Horan and Shortle, 2005). If the MS4 emits e units of pollution, it should purchase ( e × t ) allowances from the farm. The profit function of the MS4 is thus given by B(e) = b(e) − p r × (e × t ) where pr is the prevailing market price of pollution allowances, i.e. runoff reductions. The first order condition of maximizing the firm’s benefits is:



be − p r × t = 0



(7)



The profit function of the farmer can be represented by:



ˆ = πˆ ( x, z ) + p [ rˆ 0 − r ( x, z )] + sz Π 2 r 2 2



(8)



where rˆ 0 represents the total number of allowances given to the farm and rˆ 0 − r ( x, z 2 ) is runoff abatement. Although there are a number of approaches to internalize the ancillary benefits of wetlands, we use a per acre subsidy for wetlands, s. In effect, the subsidy reduces the private cost borne by the farmer thereby making wetlands relatively more attractive to him as a nutrient runoff reducing management practice. The first order conditions for optimal input usage are:



ˆ ∂Π = πˆ x − p r rx = 0 ∂x



(9a)



ˆ ∂Π = πˆ z 2 − p r rz 2 + s = 0 ∂z 2



(9b)
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The farmer will choose abatement technology to minimize costs such that the marginal control costs are equal to the marginal revenue generated. Conditions (9a) and (9b) provide insight into the gains and losses the farmer faces when participating in the crop market and water quality trading market given the allocable input and nonallocable input. Land for abatement, z2, must be chosen so that the gain in the nutrient market of converting land from z1 to z2 is equal to the lost value in the crop market plus the subsidy. For the polluting input x, condition (9a) requires that the farmer balance the marginal benefits from fertilizer (in terms of the decrease in abatement costs) with the marginal costs (in terms of the lost opportunities in the nutrient market).



The optimal trading ratio can be obtained by manipulating the private optimal conditions (7), (9a) and (9b) to obtain:



be



πˆ x rx (πˆ z 2



=t



(10)



be =t + s ) rz 2



(11)



Comparing condition (10) with condition (5), it is clear that the the optimal trading ratio should be



t = De (e ∗ , r ∗ ) Dr (e ∗ , r ∗ ) . Further, in order for equation (11) to match the social optimal condition given by equation (6), the wetland subsidy should equal the marginal benefits of wetlands, that is



s = Az 2 ( z 2∗ ) . Thus, when the ancillary benefits provided by wetlands are accounted through a subsidy, the optimal trading ratio takes its traditional form where the objective is to induce exchange of pollution that has equivalent environmental impact rather than raw exchange of pollution (Montgomery, 1972; Tietenberg, 2006). (For an in depth study of second best trading ratios, see Horan et al., 2004). Holding all else constant, a larger subsidy (or a higher marginal ancillary benefit) will also lead to firms not needing to purchase as many permits to cover their emissions. Finally, the regulator should issue the optimal number of allowances, that is rˆ 0 = r ( x ∗ , z 2∗ ) + t × e ∗ .



3.2 Comparative Statics



In this section, we study how a wetland subsidy, based on the proposal of Raffini and Robertson (2005), changes the farmer’s behavior within the water quality trading program, ceteris paribus. In particular, we want to examine how a marginal increase in the subsidy will affect wetland acres, fertilizer use, and the supply of runoff abatement. The farm’s optimal input choice given exogenous prices, can be represented
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as x(py, pr,wx,wz,s) and z2(py,pr,wx,wz,s). Substituting these expressions in optimal conditions (9a) and (9b) we obtain:



πˆ x ( x(⋅), z 2 (⋅)) − p r rx ( x(⋅), z 2 (⋅)) = 0



(12)



πˆ z 2 ( x(⋅), z 2 (⋅)) − p r rz 2 ( x(⋅), z 2 (⋅)) + s = 0



(13)



Differentiating with respect to the subsidy and using Cramer’s Rule (see Appendix A), we find the sign for the change in wetlands is given by:



sgn



∂z 2 ( p y , p r , wx , wz , s) ∂s



= sgn[(−1) × (πˆ xx − p r rxx )] > 0



(14)



In particular, since πˆ xx < 0 and p r rxx > 0 , equation (14) confirms that the wetland subsidy increases wetland area, as expected. Next, we examine how fertilizer use will change given the subsidy on wetlands



sgn



∂x( p y , p r , wx , wz , s) ∂s



= sgn[πˆ xz 2 − p r rxz 2 ]? 0



(15)



Although we cannot readily sign this expression, its general structure is very intuitive. It shows how the fertilizer allocation rule changes in equation (9a), due to an increase in wetland area, as seen in equation (14). Because the farmer participates in two markets, we have to examine the cross-partials in both the crop market and the nutrient market. We know that πˆ xz 2 < 0 given the assumption that Yxz1>0 and Yxz1 = −Yxz 2 = −πˆ xz 2 . With rxz2


We now turn to determine how runoff changes through subsidizing wetlands. Differentiating the optimal runoff with respect to the subsidy, we have



∂z 2 ( p y , p r , wx , wz , s ) ∂x( p y , p r , wx , wz , s) ∂r ?0 + rz 2 = rx ∂s ∂s ∂s (+) (?) (-) (+ )



(16)



Condition (16) depends on both conditions (14) and (15) and the marginal productivities of fertilizer and wetlands in the production of runoff. Thus, the change in the supply of runoff abatement in the nutrient market due to a marginal increase in the subsidy ∂ (rˆ 0 − r ) / ∂s = −∂r / ∂s is undetermined. A scenario in
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which the wetland subsidy increases runoff production is therefore possible. As we attempt to answer the question regarding how to incentivize the use of wetlands in a water quality trading program, to understand condition (16), we need farm specific data on the production functions for runoff, crops, and wetland services.



3.3 The unconstrained land case



Farmland area has been assumed constrained or fixed in the model to this point. This assumption is realistic in short run analyses where land is a sunk cost and also in circumstances where the area of land in the watershed that can be allocated to agriculture and/or wetlands is a limiting factor (e.g., see Taylor and Kalaitzandonakes, 1990; Leathers, 1992). In the long run, however, land is not fixed and both cropland area and wetland area are two separate choice variables. In some locations, farmers could easily expand crop production by using less productive idle lands or changing uses from grassland pasture. The farm’s profit function in this case is given by equation (1) instead of πˆ ( x, z 2 ) . To derive the social optimum and study the water quality trading market and wetland subsidy, we follow a similar procedure to that presented above. We have omitted most of those derivations here for the sake of brevity. From the analytical viewpoint, the only difference between the constrained and unconstrained problems is that farming entails three, instead of two, choice variables. It can be shown that the expressions for the optimal subsidy, the trading ratio, and the number of allowances derived for the land constrained problem hold for the unconstrained one. When looking closer into the effects of the subsidy on the water quality trading market some new insights emerge (see Appendix B for detailed comparative statics for the unconstrained land problem). A marginal increase in the subsidy increases the wetland area, fertilizer usage, and cropland area. While more wetlands reduce runoff, more fertilizer usage increases it, and the net effect is ambiguous. As mentioned earlier, the wetland subsidy does not only incentivize wetland creation, but it also acts like a subsidy on fertilizer usage. Since fertilizer and cropland are technically complements, the subsidy is also an incentive to expand the cropland area. This result is particularly sensitive since the wetland subsidy can actually induce the loss of other lands (e.g., forested lands or encourage farmers to move marginal lands into production) in certain areas. Therefore, it may limit programs that encourage the retirement of marginal lands, like the Conservation Reserve Program. Based on the assumptions used in the model and the results presented above, equation (17) reveals that the effect of the subsidy on runoff (and runoff abatement) is undetermined.
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∂x ( p y , p r , w x , w z 2 , s) ∂z 2 ( p y , p r , w x , w z 2 , s ) ∂r = rx + rz 2 ?0 ∂s ∂s ∂s (+) (+) (-) (+)



(17)



Finally, while we have focused on changes in a wetland subsidy here, the reader should keep in mind that the supply of runoff abatement also depends on other policy variables such as the number of permits and the trading radio.



4. Discussion and Conclusions



Using an economic model of water quality trading, we have addressed the question of whether a policy maker could encourage the use of a particular pollution control technology through a subsidy. The idea to incentivize wetland abatement technology is linked directly to the existence of ancillary benefits. We find that this particular approach can lead to an efficient result and increase the use of wetlands, but it also may lead to some unintended outcomes. Because a change in the crop market has impacts in the nutrient market and vice versa, (i.e., a small increase in wetlands reduces crop production, but increases nutrient control and a small increase in fertilizer increases crop production, but also increases runoff), the final outcome in the water quality trading program depends on how the factors are interrelated in each market. Although the subsidy will increase the use of wetlands, we cannot confirm how the farmer’s behavior might change in terms of fertilizer use or how runoff ultimately will be affected by the subsidy.



In particular, when the farm area is fixed, wetland subsidies decrease cropland area. Since cropland and fertilizers are complements, the incentives to use fertilizer are reduced. On the other hand, the fact that farmers may use more fertilizer because wetlands abate nutrients is somewhat unexpected. A wetland subsidy reduces the opportunity cost of fertilizer use in the water quality market, and this, indirectly, makes farming a more profitable. By the same token, when the farm area is not constrained, a wetland subsidy may have pervasive effects on how the farmer uses other lands, such as forested land. Given the assumptions in the model, the subsidy on ancillary wetland services encourages the farmer to expand the cropland area and to increase fertilizer use. The change in runoff will depend on the relative effectiveness of wetlands as nutrient sinks.



The results of our model suggest that wetland subsidies are more likely to induce expansion of water quality trading, while also reducing the risks to forested and other lands where cropland area is already constrained in a particular watershed. This constraint may occur due to natural, economic, or legal factors.
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In some watersheds, like the midwest of the U.S. for instance, farming is already the predominant land use and there is little to no room for further expansion. For example, Lubowski et al. (2006) finds that 58 percent of total land in the Corn Belt Region (Illinois, Indiana, Iowa, Missouri, and Ohio) is in cropland compared to 12 percent in the Northeast Region (Maryland and states north). In some regions, the use of land might have already been determined by law, although this may be susceptible to political pressure and changes in the future. It is very important to acknowledge differences across regions and watersheds when formulating such joint policies.



Our results ultimately depend on the actual abatement cost function, pollution damage function, profit functions, and wetland ancillary benefit function. Requiring this type of information at the farm level may limit the effectiveness of the proposal; it certainly is the case that estimating the wetland values in one watershed may not be appropriately transferred to other watersheds (e.g., see Elbakidze and McCarl, 2007).



Although we only discuss the wetland subsidy, other options could avoid some of the problems related to the subsidy, but they may also create new ones. For example, the producer of wetlands could sell the nutrient trading capacity of the wetland in the nutrient market (assuming it is the primary market) and sell the ancillary wetland services, like biodiversity credits, in other markets, should they exist. “Multiple markets” refers to the producer’s ability to sell different types of allowances or credits in different markets (Kieser and Associates, 2004; Woodward and Han, 2004; ELI, 2005). If well-functioning markets (as described earlier) were to exist for the different services provided by wetlands, the ancillary benefits would be accounted for and sold and no externalities would exist (i.e., the benefits enter directly into the profit-maximizing decision). The incentive for constructing or restoring wetlands, then, becomes the additional income from trading in other markets. Remember, though, most nutrient markets are not well-functioning; creating other markets that have the right requirements will prove challenging as well.



Regardless of the policy approach, the results of this research highlights the importance of considering all of the potential outcomes of using market mechanisms to address environmental problems. Understanding how the market participants will behave is essential to developing policy or trading rules. As this area of research matures and policy makers are aware of and able to address the unintended incentives, the inclusion of wetlands as a nutrient abatement technology in certain water quality trading programs appears desirable because of the ancillary benefits wetlands produce that other technologies will not. Economic theory will not provide all of the information for choosing among the different policy options; it will depend on many issues including legal and ecological issues. Therefore, future research
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will require a multidisciplinary approach that focuses on empirically measuring the benefits of the many types of wetlands across space and time and examining the potential outcomes of other options for incentivizing wetland use.



Appendix A. Comparative statics for the constrained land problem



Rewriting the farm’s optimal conditions, equations (12)-(13), and differentiating with respect to the subsidy, s, we have:



∂x( p y , p r , w x , wz , s ) ∂s ∂x( p y , p r , wx , s ) ∂s



× [πˆ xx − p r rxx ] +



× [πˆ z 2 x − p r rz 2 x ] +



∂z 2 ( p y , p r , w x , wz , s ) ∂s



∂z 2 ( p y , p r , wx , s) ∂s



× [πˆ xz 2 − p r rxz 2 ] = 0



(A1)



× [πˆ z 2 z 2 − p r rz 2 z 2 ] + 1 = 0



(A2)



Rewriting (A1) and (A2) into matrix notation, we have



⎛ πˆ xx − p r rxx ⎜⎜ ⎝ πˆ z 2 x − p r rz 2 x



πˆ xz 2 − p r rxz 2 ⎞⎛ ∂x( p y , p r , wx , wz , s) / ∂s ⎞ ⎛ 0 ⎞ ⎟=⎜ ⎟ ⎟⎜ πˆ z 2 z 2 − p r rz 2 z 2 ⎟⎠⎜⎝ ∂z 2 ( p y , p r , wx , wz , s) / ∂s ⎟⎠ ⎜⎝ − 1⎟⎠



(A3)



Let us denote the left hand matrix by D. Notice that this is the matrix of second derivatives of the



ˆ ( x, z 2 ) . Using Cramer’s Rule, we have that: objective function, Π



∂x( p y , p r , w x , wz , s ) ∂s



=



∂z 2 ( p y , p r , wx , wz , s ) ∂s



=



πˆ xz 2 − p r rxz 2 0 − 1 πˆ z 2 z 2 − p r rz 2 z 2



(A4)



D



πˆ xx − p r rxx πˆ z 2 x − p r rz 2 x



0 −1



(A5)



D



The second order conditions for a maximum require the second principal minor of D be positive or |D|>0. The numerators thus define the signs of (A4) and (A5). The other second order condition is that the first principal minor of D should be negative, that is πˆ xx − p r rxx < 0 . It is easy to verify that this condition is met given the assumptions on πˆ and r .
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Appendix B. Comparative statics for the unconstrained land problem



The farms profit function when land is not fixed is given by equation (2), the profit in the nutrient market and the wetland subsidy. That is,



Π ( x, z1 , z 2 ) = π ( x, z1 , z 2 ) + p r [rˆ 0 − r ( x, z 2 )] + sz 2



(B1)



The first order conditions for a private optimum are:



∂Π = π x − p r rx = 0 ∂x



(B2)



∂Π = π z1 = 0 ∂z1



(B3)



∂Π = π z 2 − p r rz 2 + s = 0 ∂z 2



(B4)



From these conditions, factors’ demand functions x(py,pr,wx,wz,s), z1(py,pr,wx,wz,s) and z2(py,pr,wx,wz,s) can be derived. Substituting these functions back into optimal conditions (B2)–(B4) and differentiating with respect to the subsidy, s, we obtain:



∂x( p y , p r , wx , wz , s ) ∂s



[π xx − p r rxx ] +



∂z1 ( p y , p r , wx , wz , s)



∂s ∂z 2 ( p y , p r , wx , wz , s) ∂s



∂x( p y , p r , w x , wz , s) ∂s ∂x( p y , p r , wx , wz , s) ∂s



× [π z1x ] +



[− pr rxz 2 ] = 0



∂z1 ( p y , p r , wx , wz , s )



× [− p r rz 2 x ] +



∂s



× [π z1z1 ] = 0



∂z 2 ( p y , p r , wx , wz , s ) ∂s



[π xz1 ] +



× [− p r rz 2 z 2 ] = 1



(B5)



(B6)



(B7)



Rewriting these equations into matrix notation gives



⎛ π xx − p r rxx ⎜ ⎜ π z1 x ⎜ −pr r z2x ⎝



π xz1 π z1 z1 0



− p r rxz 2 ⎞⎛ ∂x( p y , p r , w x , w z , s ) / ∂s ⎞ ⎛ 0 ⎞ ⎟ ⎜ ⎟ ⎟⎜ 0 ⎟⎜ ∂z1 ( p y , p r , w x , w z , s ) / ∂s ⎟ = ⎜ 0 ⎟ − p r rz 2 z 2 ⎟⎠⎜⎝ ∂z 2 ( p y , p r , w x , w z , s ) / ∂s ⎟⎠ ⎜⎝ − 1⎟⎠



(B8)



The left hand side is the matrix of second derivatives of the objective function Π ( x, z1 , z 2 ) and we denote it as D′. Using Cramer’s Rule, the solution of this linear system of equations is given by:
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0 ∂x( p y , p r , w x , wz , s) ∂s



=



0 −1



π xz1 π z1 z 1



− p r rxz 2



0



− p r rz 2 z 2



0



π xx − p r rxx π z1 x ∂z1 ( p y , p r , wx , wz , s ) ∂s



=



− p r rxz 2



0



0 0 − 1 − p r rz 2 z 2 D′



− p r rz 2 x



π xx − p r rxx π xz1 π z1 x π z 1 z1 ∂z 2 ( p y , p r , wx , wz , s ) ∂s



=



(B9)



D′



− p r rz 2 x



0



0 0 −1



D′



(B10)



(B11)



The signs of the expressions above are:



⎡ − p r rxz 2 × π z1z1 ⎤ ⎡ ∂x( p y , p r , w x , w z , s ) ⎤ sgn ⎢ ⎥>0 ⎥ = sgn ⎢ ′ ∂ s D ⎢ ⎥⎦ ⎦ ⎣ ⎣



(B12)



⎡ − p r rxz 2 × −π z1x ⎤ ⎡ ∂z1 ( p y , p r , w x , w z , s ) ⎤ sgn ⎢ ⎥>0 ⎥ = sgn ⎢ ∂s D′ ⎣ ⎦ ⎣⎢ ⎦⎥



(B13)



⎡ (−1)[(π xx − p r rxx )(π z1z1 ) − π xz1 2 ] ⎤ ⎡ ∂z 2 ( p y , p r , w x , w z , s ) ⎤ = sgn ⎢ sgn ⎢ ⎥>0 ⎥ ′ ∂ s D ⎢ ⎥⎦ ⎣ ⎦ ⎣



(B14)



Second order conditions for a maximum indicate that the third principal minor of D′ is negative or |D′|
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