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Abstract
Incentive payments to private landowners providemmon strategy to conserve

biodiversity and enhance the supply of goods andcss from ecosystems. To deliver cost-
effective improvements in biodiversity, paymenteties must trade-off inefficiencies that
result from over-simplified policies with the adnsitrative burden of implementing more
complex incentive designs. We examine the effentigs of different payment schemes using
field parameterized, ecological economic modelexténsive grazing farms. We focus on
profit maximizing farm management plans and use §iecies as a policy-relevant indicator
of biodiversity. Common policy simplifications rdsin a 49-100% loss in biodiversity
benefits depending on the conservation target chds&lure to differentiate prices for
conservation improvements in space is particularhplematic. Additional implementation
costs that accompany more complicated policiesvaréh bearing even when these
constitute a substantial proportion (70% or mofahe payments that would otherwise have

been given to farmers.

Keywor ds: incentive payment, ecological economics, costativeness, biodiversity, trade-
off curve, agriculture, Agri-environment schemeyiants for Environmental Services,

grazing



I ntroduction

Habitat destruction and degradation associatedauitiversion to and intensification
of agricultural land is a leading driver of lossdédiodiversity and ecosystem services
(Wilcove et al. 2000; Millennium Ecosystem Assessment 2005; Doeizddl 2006; Venter
et al. 2006). To limit further losses, governments comipgmnovide incentives to encourage
farmers to adopt production techniques that allaadilersity to coexist alongside
agriculture (Scherr & McNeely 2008). The EU and rhbemstates spend on average
USD$7.2B per year on incentive payments to farrtteasare designed to safeguard
environmental benefits including biodiversity, wBB% of the utilized agricultural land area
covered by these schemes (Coagte. 2009). The largest scheme in the US, the
Conservation Reserve Program, spends USD$1.7Beaertg purchase such benefits on
agricultural lands with a combined area the sizH@tth Carolina (USDA 2010). The most
common design of these ‘agri-environment schen®&S) pays farmers an annual rental fee
for the duration of a fixed term contract. In rettihe farmer agrees to undertake management
actions that are thought to provide environmenggdiits or to refrain from using
environmentally detrimental production techniquEsis approach to conservation is one that
is now being replicated in Payments for Environrak8ervices programs throughout the
world (Jacket al. 2008; Quinteraet al. 2009; Cheret al. 2010; Somervillet al. 2010).

The considerable investment in agri-environmenestds comes despite patchy
empirical evidence regarding their effectivenessi@o & Pattanayak 2006). Focusing on
biodiversity specifically, assessments of the egickl impact of agri-environment
agreements have yielded mixed results (Kleijn &8dand 2003; Kleijret al. 2006; Riffell
et al. 2008; Bataret al. 2011). Assessments of whether AES programs ingpttos plight of
biodiversity vary with taxonomic focus (Kleigt al. 2006), including the breadth of that

focus (Kleijn & van Zuiljien 2004; Perkirg al. 2011); the scale over which the assessment
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is conducted (Dallimeet al. 2010); and the landscape context within whichasgessment
takes place (Mercket al. 2009; Bataryet al. 2011). Economic evaluations of the cost-
effectiveness of schemes have also taken placaedBamet al. 2003; Hodge & Reader
2010; Lewiset al. 2011), but have been limited by the fact thatdbst to a landowner of
undertaking particular management actions is pgivabrmation, not directly measurable by
researchers (Schilizzi & Latacz-Lohman 2007).

Concern about AES performance begs the questiarmat an ecologically and
economically effective scheme would look like (Winighamet al. 2007; Jaclet al. 2008;
Lewiset al. 2011). We built an integrated model of biodivisrshange and farm production
choices to examine cost-effective AES design. Thdehexamines the ‘production’ of
biodiversity on a farm at the same time as exargittie production of more traditional
agricultural outputs (e.g., numbers of livestockkryields). The model allows us to estimate
a farmer’s marginal private costs of enhancing sbiodiversity target (true supply price of
biodiversity). These costs can be represented wisadg-off curves relating a given
improvement in some biodiversity target to assecidoregone farm profits (Osgathorgie
al. 2011), providing property-scale counterpartgadé-off curves used to analyze
conservation effectiveness at regional scalesh{leadl. 1996; Polaskgt al. 2005). Using
the trade-off curves we determine characteristieagptimal policy designs that would
purchase the maximum possible improvement in saodiversity target for a fixed budget.
The optimal policies provide a benchmark that aias to estimate the efficiency cost of
policy simplifications common in AES programs.

To parameterize the model, we conducted socioecimsumnveys on extensive
livestock farms in the UK and surveyed spatial aton in the bird community on the same
properties as an indicator of biodiversity. At tme of the study, improving the abundance

of farmland bird species was a target for UK covesgon policy (Gregoret al. 2004).



Synchronous property-scale surveys of biodivesity economics of land management of
this type remain uncommon. Our panel of farms im&resting case study in which to
examine agricultural subsidy designs, becauseetaévely simple, low-input production
system characteristic of agriculture in our studBaas one that is replicated all over the
world. Additionally, any policy changes would bdt i@cutely in this area where farms are on

the margins of agricultural profitability (At al. 2010).

Materialsand Methods
An overview of the socioeconomic and ecological/eys and the models is provided here.
Parameters for the model are based on field suvie$4 extensive livestock farms
conducted in and around the Peak District Nati®@ak in northern England (Fig. 1). The
sampling scheme for recruiting farms to the sumwag spatially stratified and opportunistic.
Locations of study farms were stratified to enspatial coverage of the study area, but our
sample necessarily reflects the willingness of fatmparticipate in both the ecological and
economic parts of the survey. We divided the studa into three regions (the Dark Peak,
Eastern Moors and Southwest Peak; Fig. 1) for aimbased on elevation, wetness and
vegetation composition of the landscape and optéeailing enterprise mix on farms.
Farms in the region focus primarily on productidrsheep and dairy or beef cattle.
Socioeconomic aspects of farm businesses wereyaavesing a detailed, closed form
guestionnaire. Surveys included questions on laed af holding, land type and use (e.qg.
area of hay or area used for silage - with one,dmhree cuts), production activities (e.qg.
livestock production, crop production, labor usstifizer use) and subsidy payments
received. To parameterize the models, we averdgese tquantities across farms within each

of the three regions.



Birds were chosen as a policy-relevant indicatdsiadiversity. The density and
richness of birds on the 44 farms was surveyedetwicSpring 2007. All surveys were
conducted by a single observer (MD), using standzethodologies (Newsaeat al. 2005).

We used distance sampled transect counts. Trangetsplaced through the inbye portion
(common to all survey farms) of the full farm haidi Bird counts were converted to density
estimates while controlling for differences in deébility across species using Distance 5.0
release 2. As possible targets for conservatiaoraotve focused on five single species of
conservation concern in the UK (Eurasian curdwnenius arguata, northern lapwing
Vanellus vanellus, linnetCarduelis cannabina, song thrusfiurdus philomelos and skylark
Alauda arvensis). These species were chosen in part because watdd they would show
diverse responses to land management actionsditicag we focused on the total density of
all birds (Total Density) and the total speciesimiess of birds (Total Species Richness)
observed on each farm during both field visits @ssfble whole community targets for
conservation action. Summary details of bird sumesplts are given in Table S1.

For a representative farm in one of the three reggithe model takes the form of a
profit maximization condition
max V' = p.x [1]
subject to linear production constraints
Ax < b and r; =0 [2]
and nonlinear biodiversity constraints
c;(x) = d;, [3]

In the objective equation, Ef, V is net farm income (excluding fixed costs)s a vector of
farming activities X;) (number of sheep, number of cattle, tons of lieeti applied, number
of grassland cuts for silage); apds a vector of gross margins associated with eathity.

In the linear constraint equations, EgA is a matrix of technical coefficients describihg t
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production system (e.g. to produce each ewe regjaicertain amount of feed that can either
be supplied through forage produced on farm orlpsed); ant is a vector of resource
endowments (e.g. the amount of land on the farmdda be used for forage production). In
the nonlinear constraint equations, Bgg; is a nonlinear function derived by regressing the
density or richness of birds against farm managéwenmablesyd, is a biodiversity constraint;
andj indexes across the number of different biodivesitgets specified in the given
conservation policy.

The inclusion of the biodiversity constraint regsi a nonlinear programming
approach. We used the CONOPT solver for nonlineagramming in GAMS (General
Algebraic Modeling System) version 23.4 to solvs thptimization problem. The full model
(Egns.1-3) predicts the farm management plan that providesimmum net farm income
(excluding fixed costs) compatible both with thestaints on the available production
system and the additional constraints imposed tpyir@g a given level of biodiversity be
supplied on farm.

Parameter estimates in the model primarily comm foarr field surveys. The gross
marginsp, technical coefficientd, and resource endowmetisvere all estimated from the
farm surveys separately for the three regions. Newevhere necessary and appropriate
survey results were supplemented with parametenatgts obtained from the Farm
Management Handbook (Beaton 2007) (e.g. for feediggirements for ewes and lambs in
this region). These additional variables are apghea spatially uniform manner across
farms.

Nonlinear functiorgi(x) relates the response of a given biodiversity idicto the
farm management variables and was estimated bgssigg the observed patterns in each
focal biodiversity indicator against the four kdgraents of farm management plars (

number of sheep, number of cattlexs tons of fertilizerx, number of cuts; see Table S2 in
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Supporting Information). The explanatory powerdr pseuda?) of the regressions is
relatively low (0.08-0.31, see Table S2). Therefare examine the sensitivity of our results
to uncertainty in the regression equations goverbind responses to farm management
actions (Supporting Information). Including additéd covariates describing habitat quality
on farms (e.g. proportion of fields covered by ¥esttures) increases thegeand pseudeo®
values to 0.26-0.52. However, these variables dawmwoently feature in farm management
plans for most farmers in our study area. In addjtthe economics of having farmers create
such habitat features is poorly understood. As swelhchose to focus our main analyses on
management variables commonly included in farm mameent plans and AES designs (e.g.
livestock numbers and fertilizer application rates)

With our formulation, we model a payment for acorot outcomes (the government
agency bears the risk for producing biodiversitheathan the farmer; Zabel & Roe 20009;
Gibbonset al. 2011), although the combination of actions isnested on average to produce
an increase in a given biodiversity target in #iigdy area. This focus reflects the dominance
of payments for management actions schemes inasiritr payments for environmental
outcomes schemes within EU agri-environment policy.

Various modeling efforts have sought to combine@esentation of utility or profit-
maximizing behavior of land managers with one dimgclikely impacts on biodiversity
(e.g., Oglethorpe & Sanderson 1999; Roeder e0dl02Lewis et al. 2011; Osgathorpe et al.
2011; Baumiere et al. 2011; Mouysset et al. 20I¢ novelty in our approach arises from
the combination of: the data resolution used taipaterize our models, the inclusion of
nonlinear biodiversity responses to land managemeians, the models embedding
biodiversity production into farm management plahe,richness of policy scenarios we

examine, and the number of conservation targetsstgahich we are able to test these



policy scenarios. While some previous studies hacieded one or two of these elements,

ours is the first to integrate all of these factora property-scale approach.

Results and Discussion

Biodiversity-Profit Trade-off Curves

The inefficiency of AES schemes available to oungke farms (Entry Level
Stewardship, Higher Level Stewardship, and the Falim Allowance) is suggested by an
analysis of the economics of the farms, even beforsidering resulting biodiversity
improvements. Existing payments are intended topemsate farmers for income foregone in
undertaking management prescriptions. Were cupelities cost-effective, the reduction in
the maximum farm income caused by enrolling in¢heshemes should equal the incentive
payment. Using a simpler model that does not addourbiodiversity (Eqns 1 and 2 only;
Acset al. 2010), this comparison suggests only $0.12 to@pet dollar of public funds
invested compensates for farmers income foregome r@mainder is pure subsidy. However,
were the payments only to compensate farmers éanie foregone, then a number of farms
in our survey would be running at negative farrome and may go out of business. Many of
the farms are on the margins of profitability wille surplus provided by existing AES
helping to make up the shortfall (Acs et al. 200®)e ecological impacts of any land
abandonment that might follow are not well-undesdt@Evans et al. 2006; Hanley et al.
2008; Amar et al. 2011).

The coupled ecological economic models enable gse toirther and to predict the
maximum farm income compatible (and thereby therpgayt level required to compensate
for income foregone) with supplying a given levesome conservation target. By
incrementally increasing the amount of a chosedibarsity target that farmers are required

to produce, we recover trade-off curves relatingimam farm profit to biodiversity change.

9



Examples of these trade-off curves are illustratefig. 2. The figure shows trade-off curves
for three farm types representing the regionalatem in our study system. The trade-off
curves highlight where improvements in biodiversién be purchased at low cost. For
example, low-cost gains are available when aininigpdrease densities bf arquata by
investing in the Eastern Moors or Southwest Pehk. [dcations offering low-cost gains in
biodiversity vary with the conservation target acnogcompare Figs. 2A and 2B or 2D and
2E). Moreover the degree of nonlinearity presenhetrade-off curves (the cost of
increasing\. arquata density by 1% over baseline levels is less thanittvolved in
increasing\. arquata density by 10% instead of 9%) varies with regiod ahoice of
conservation target.

Elasticities are calculated as a proportional ceangnaximum net farm income
divided by the corresponding proportional changsame conservation target. A comparison
of elasticities across levels of desired biodiwgrsnprovement, regions and conservation
targets illustrates the variation present withid aetween the trade-off curves. Table 1
shows elasticities evaluated at a 5% and 10% ingon@wnt in the five single species targets
and two community level targets in each of thedhegions. All elasticities are negative
reflecting the trade-off between maximum farm inecamd biodiversity improvement.
Larger magnitude elasticities indicate regionsdhviersity targets and biodiversity levels for
which improvements in biodiversity are more cosiig. 2 only illustrated trade-off curves
for a subset of the conservation targets that wsider. The elasticities for the fuller set of
conservation targets shown in Table 2 indicate ttewvariation in locations offering low-
cost gains and in the nonlinearity representedaighet-off curves illustrated in Figure 2 is also
found when seeking improvements in other conseynatrgets.

In addition, the trade-off curves and relative magte of elasticities make clear that

opportunities for low-cost gains are more limitelden aiming for community-based
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conservation targets than single species targegsZFTable 1). This provides an interesting
complement to observations that agri-environmehéstes narrowly focused on increasing
the abundance of individual bird species have ditsan more successful than those focused
on improving the plight of birds more broadly (Peatal. 2001; Kleijn & Sutherland 2003;
Kleijn & van Zuiljien 2004; Perkinst al. 2011).

We also calculate biodiversity-profit trade-off ees and accompanying elasticities
when simultaneously requiring an improvement intipld conservation targets. Fig. 2 and
Table 1 show the results for two specidsdrquata andA. arvensis) that have positively
correlated responses to land management actiorn®atite two community targets for
which responses are less tightly correlated (sééeT83). Requiring simultaneous
improvement in two conservation targets is no noaly than requiring improvements in
the most expensive single target when the respaissEmservation targets to land
management actions are closely correlated (Figs@€nd to last row in Table 1). However,
requiring improvements in both conservation targataultaneously becomes more expensive
where responses to land management actions areédissorrelated, because opportunities
for low-cost gains become more limited (Fig. 25t low in Table 1).

However, if policies are intended to deliver muiiponservation outcomes, it is still
much more effective to include these in the schdasggn explicitly rather than rely on an
“umbrella” approach, which specifies one conseoratarget with the hope that it will
deliver ancillary benefits for others. Typicallyreliance on an umbrella approach would fail
to deliver required benefits for the second tarigetause individual species and whole
community indices differ in their responses to lamgnagement. Indeed, in our study, actions
that would improve the status of one conservatioget were as likely to be detrimental to an
ancillary biodiversity indicator as they were tdance it (see Table S3). The variation in

ecological responses should be expected. For exartigl management actions one would
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advocate in a bid to enhanNearquata (an extensive upland specialist) densities on a
property, such as reducing stocking rates anditertiapplication rates, likely would be
similar to those one would recommend to improvesd&s ofA. arvensis. However, they
would be quite different from the management astitvat you would recommend to improve
densities ofl. philomelos (primarily a lowland species but one also of covaton concern),
such as increasing cutting rates and fertilizelieation rates.

In those instances where an umbrella target aphroac achieve multiple
conservation goals, it can prove much more expendiw illustrate, we consider the case
where policy-makers require a 5% improvement irhtibe total density of birds and total
richness of bird species in one region. If theyeadeped a policy that required only an
increase in richness in the Dark Peak, it wouldvdeboth outcomes at no additional cost. A
policy focused on only increasing the total denseitpirds in the Southwest Peak could also
deliver the required improvement in species rickrirg for 3.8 times the cost of a policy that
included both conservation targets to begin witlealwhile setting policies based on the
four remaining combinations of locations and sirtglgets (total density in the SouthWest
Peak or Eastern Moors or total richness in the [Pad&k or Eastern Moors) would fail to

deliver on the combined conservation objectives.

Optimal Policy Design

Next we analyzed the policy that would purchasentiagimum improvement in
biodiversity for a given budget. This optimal pglidesign involves preferentially allocating
conservation contracts to regions where biodiveesihancements can be provided relatively
cheaply. The optimal allocations that result costteirongly for different conservation targets
(e.g., optimal allocations fdr. vanellus, C. cannabina andT. philomelos in Table 2)

reflecting the contrasting patterns of spatial aton in the trade-off curves.
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The optimal policy also involves setting paymerésathat vary across regions and
with the amount of biodiversity produced on a faomecognize the nonlinear nature of the
trade-off curves involved. Specifically, within éaegion, the optimal policy pays farmers
just enough that they would be indifferent betweentinuing with current practices or
joining the scheme (i.e. the payment rate exacfliaés their income foregone by
implementing management practices that improvedibgsity) after accounting for
endogenous changes in management. Because oursnaoeglarameterized for farms that
are already enrolled in government subsidy scheme$ocused on the design of an
additional, new scheme that would provide eitheDW884k (= GBP £100K) to the study
area to improve the plight of a single species 8DL$921k (= GBP £500Kk) to improve the
state of a whole community indicator. These toaésequivalent to an additional USD $921
(= GBP £500) or $4606 (= GBP £2500) per farm par ya average.

Cost of Palicy Simplifications

We compared the maximum biodiversity gain possiith the optimal policy to the
biodiversity gain expected when employing simpter, more readily implemented, schemes
(Fig. 3). All of the policy simplifications we stydare common in AES design (Cooptal.
2009; Hodge & Reader 2010), although some progkergs, reverse auctions or schemes
that pay for outcomes rather than actions) havghddio resolve variation in the private costs
of supplying conservation enhancements more fMbrijulstet al. 2007; Claasseet al.

2008; Quillerou & Fraser 2010). First, we evaluagedemes that failed to reflect the
nonlinear costs faced by farmers in supplying hiediity benefits and instead assumes that
the price paid to a farmer within each region pet biodiversity produced equals the cost to
her/him of producing the final and most expensini af biodiversity. This fixed cost

scheme generates some surplus to farmers when oednjpsea scheme that provides a sliding
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payment rate with the number of units of biodivigrsupplied (as embedded in the optimal
policy), but is able to respond to spatial variatily targeting contract allocations (Table 2).

We also evaluated schemes that do not reflectadpatiiability in the costs of
enhancing biodiversity by not prioritizing some it for investment over others (final
column in Table 2). Instead we assumed contraetsléocated uniformly across the three
regions based on their areal extent. For conservadirgets tied to species density, contracts
are allocated across the three regions in propottidghe overall area of farms. For those tied
to species richness, they are allocated in prapott the number of farms. We compared
two types of aspatial policy (Fig. 3). One allovpsally differentiated payment rates in each
region. The other pays farmers at the rate of thstmxpensive region in which biodiversity
is being produced. In both cases, to examine tieetsfof spaceer se, we assume a sliding
payment rate with the number of units of biodivigrsupplied as is present in the optimal
policy. In the case of spatially differentiatedgomg, no surplus accrues to any of the farmers
and any inefficiencies are solely a consequenckeofailure to allocate contracts
preferentially to regions that can produce bioditgrimprovements cheaply. In the case
with spatially uniform pricing, surplus accruedaomers in the two regions where
biodiversity can be produced most cost-effectivatyding an additional type of inefficiency.
Finally, we compared the optimal policy to one timatuded all of these simplifications (no
sliding payment rate within regions, no price vioia between regions and no preferential
allocation of conservation contracts to some regimver others).

Including all policy simplifications results in ®4.00 % reduction in the amount of
biodiversity provided for a given level of investmeelative to the maximum improvement
that is possible through the use of the optimalcydFig. 3 difference between 1 and bar (B)
representing both aspatial and fixed cost simplifans). Comparing the relative contribution

of each policy simplification indicates that a taé to exploit spatial variation in the cost of
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producing biodiversity enhancements is particulariyblematic (in that smaller biodiversity
gains are possible for a fixed budget; see alsostharet al. 2008; Cheret al. 2010). By
comparing the two variants of aspatial policies,find this loss of efficiency stems from not
discriminating pricing spatially rather than a tmé to prioritize regions for conservation
investment (Fig. 3). Purchasing conservation impnognts at a fixed cost rather than
employing a sliding payment rate only incurs a cample loss of efficiency when targeting
enhancements in species richness (comparing Figetl@ar and dark Aspatial bar in Fig. 3),
reflecting the relative variation across the traffecurves for the three regions versus within
the curves for each region. Failing to prioritiegions for investment only incurs comparable
efficiency costs when seeking enhancements iranellus density, reflecting the
concentrated spatial allocation strategy that tsvegd for this species (Table 2).

We tested the sensitivity of the rankings of pokayplifications shown in Figure 3 to
uncertainty in the regressions relating responkdgferent conservation targets to farm
management actions. We assumed that policy-malksedipayment scheme designs on our
estimated regressions (Table S2) and farmers rdspaio these policy specifications.
However, we assumed changes in the focal consenvttiget were determined by a
different regression equation. In one set of sifitgitests, we restricted attention to the same
set of predictor variables describing responsdartat management actions and focused on
uncertainty across estimated regression coeffigidnta second set of sensitivity tests, we
examined sensitivity to missing covariates desagliabitat conditions on farm and
landscape features surrounding survey farms. Tédigiron that a failure to discriminate
pricing for conservation improvements spatially yasticularly problematic appeared robust
to uncertainty in the regression equations andntiesion of additional covariates (Tables

S4, S5). In the subset of runs where sensitivitidsarise regarding this prediction, they were
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caused by the optimal policy itself being ineffeetivhen judged against the second
regression equation.

Implementation costs obviously would be higherrfare elaborate policy designs. By
reversing the question to examine what paymentdeveuld be needed under the optimal
policy to achieve the same improvement in biodigdelivered by each of the simplified
policies, we can calculate an upper bound on tdé@iadal implementation cost that it would
be worth bearing to avoid each policy simplificatid-ig. 4). It is often worth pursuing a
more complicated policy even if the added impleragaih costs of doing so would constitute
a substantial proportion of the overall programdrtdFor example, irrespective of the focal
biodiversity target, it would be worth spending 76%more of the funds that would
otherwise be given to farmers to implement polities recognize regional variation in costs
of enhancing biodiversity and that allocate incentontracts accordingly (subtracting A
(aspatial, surplus) bar in Fig. 4 from 1 gives rgeof values from 0.7 far. philomelosto 1

for V. vanellus).

Discussion

We compared different policy simplifications on teffectiveness grounds. The
inefficiencies of the different policy simplificatns stems from their failure to resolve
heterogeneity within and across farms in the peivatsts of producing biodiversity benefits.
Our study design resolves these heterogeneitielh moce finely than existing policies.
However, because we aggregated heterogeneity deaross found within each of the three
regions, we may, if anything, be underestimating heefficient different policy
simplifications can be.

We compared the effectiveness of different simgdifpolicies to the policy that would

compensate farmers for their income foregone iivelehg required enhancements in
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biodiversity leaving them indifferent between emgrthe scheme or not. To encourage
farmers to enroll, some premium over this amount need to be paid, especially if there are
transaction costs associated with enrolment. Indemde AES payment programs include
bonus payments at sign-up (e.g. signing incentayarents in USDA Conservation Reserve
Program schemes).

While we focus on the cost-effectiveness of diffeéneolicy simplifications it is
important to recognize that these different paynsehemes will have different distributional
impacts. Under most simplified policies and alsdenstatus quo management today,
farmers receive some surplus, but who receivesuhgus and how much they receive varies
across policies. For payment schemes that arewlgrtargeted in space, distributional
impacts will be particularly obvious. Evaluationdifferent policy designs should also
consider these distributional impacts. Indeedyitistional impacts could in turn influence
the cost-effectiveness of different policies, #yiresult in differences in transaction costs

being associated with implementing different peii

Conclusion

Because incentive payment programs account faga laercentage of overall investments in
biodiversity conservation (Lernet al. 2007), it is imperative that these are designed to
deliver biodiversity benefits in a cost-effectivammer. Our results highlight that the lower
administrative burdens that accompany commonly eyagl, simple program designs offer
false economies. Instead, the additional implentemtaosts that accompany more
complicated policies that account more fully forig#ion in the costs faced by landowners in
producing biodiversity benefits would be worth hegreven when these constitute a
substantial proportion (70% or more) of the payra¢hat would otherwise have been given

to farmers. Spatially differentiating the pricesdp farmers for biodiversity enhancements
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appears to be particularly important. These conmhssgeneralize across conservation
targets, ranging from enhancing densities of irtliai species of conservation concern to
enhancing whole community indicators such as spe@éness, despite idiosyncratic

differences in how individual conservation targetspond to land management actions.
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Figure 1. Map of Peak District and its location within Briteand highlighting the three
different regions within the study ar@ark Peak — dark grey; Eastern Moors — mid grey;
South West Peak — light grey).
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Figure 2. Trade-off curves relating the percentage redudgtianaximum farm income that
results from requiring a given percentage incré@asefocal biodiversity target. Examples of
trade-off curves shown for (Ayumenius arquata, Eurasian curlew; (BNauda arvensis,
skylark; (C) when requiring simultaneous enhancemendensities of botN. arquata and

A. arvensis; (D) total density of birds; (E) total richnesshifds; and (F) when requiring
simultaneous enhancements in both the total deasdytotal richness of birds. Three curves
illustrate representative farm types in three stigdyons (solid — Dark Peak, dashed —
Eastern Moors, dot-dashed Southwest Peak). For tangets and some regions there is a
maximum possible improvement in a given biodivgritrget compatible with existing farm
plans, indicated by curves that end before a 20psamement in the focal biodiversity target
is reached.
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A - Single species targets
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B - Community targets
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allocation within among
Optimal Y Y Y
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B-Both N N N
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Figure 3. Ecological cost of common policy simplificatiosisown as the proportion of the
maximum biodiversity gain available for a given gatiwith the optimal policy that is
achieved with each simplified policy. Results shdanel A) for five single species
biodiversity targets (CU Numenius arquata, Eurasian curlew, L Yanellus vandlus,
northern lapwing, LI -€arduelis cannabina, linnet, ST -Turdus philomelos, song thrush,
and S -Alauda arvensis, skylark) and (panel B) for two whole community diiersity
targets (TD - total density and TR - total richneBbirds).The optimal policy prioritizes the
allocation of conservation contracts across regasmsinvolves payment rates that vary
among regions and with the amount of biodiversitydpced within regions. Policy
simplifications: F (fixed cost) — payment rate does vary with the amount of biodiversity
produced within each regioA; (aspatial, no surplus) — contracts are not prefeign
targeted towards some regions but are allocatpdbiportion to farm area for density
measures or farm number for species richn&s&spatial, surplus) — contracts are allocated
in proportion to farm area or farm number and paynnates do not vary among regions; B
(both simplifications) both the fixed cost and asgaolicy simplifications apply.
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Figure 4. Payment levels (expressed as a fraction) that woelldeeded under the optimal
policy to achieve the same improvement in biodivgiss delivered by each of the simplified
policies for a given overall budget level. The eiffnce between each bar and one provides
an upper bound on the additional implementation @gressed as a proportion of the
program budget paid to farmers) that it would betivbearing in order to implement the
more complicated policy. Result shown (panel A)ffee single species biodiversity targets
(CU - Numenius arquata, Eurasian curlew, L ¥anellus vanellus, northern lapwing, LI —
Carduelis cannabina, linnet, ST -Turdus philomelos, song thrush, and SAtauda arvensis,
skylark) and (panel B) for two whole community dhiiersity targets (TD - total density and
TR - total richness of birds). The optimal poliayopitizes the allocation of conservation
contracts across regions and involves payment té¢sary among regions and with the
amount of biodiversity produced within regions.iBpkimplifications: F (fixed cost) —
payment rate does not vary with the amount of bty produced within each regiofy
(aspatial, no surplus) — contracts are not prefedgntargeted towards some regions but are
allocated in proportion to farm area for densityasures or farm number for species richness;
A (aspatial, surplus) — contracts are allocatedapartion to farm area or farm number and
payment rates do not vary among regidhgboth simplifications) both the fixed cost and
aspatial policy simplifications apply.
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Dark Peak Eastern Moors Southwest Peak
5% 10% 5% 10% 5% 10%
N. arquata (CU) -0.25*% -0.24* -0.025 -0.031 -0.0094 -0.0098
V. vanellus -0.020 -0.020 -0.0068 -0.011 -0.19% -0.321
C. cannabina -0.00029 -0.00030 -0.0057 -0.0084 -0.0022 -0.0026
T. philomelos -0.032 -0.035 -0.12 -0.16 -0.0085 -0.0088
A. arvensis (S) -0.036 -0.056 -0.038 -0.088 -0.025 -0.80
Total Density (TD) -0.0035 -0.027 -2.30 -4.28 -2.30 -5.98
Total Richness (TR -6.77 -10.84 -1.07 -14.31 -0.34 -6.74
CU & St -0.24 -0.24 -0.039 -0.088 -0.025 -1.36
TD & TR% -6.83 -10.85 -12.96 -37.67 -7.88 -19.35

Table 1. Elasticities of farm income with respect to biaatisity for 5 single species targets
(Numenius arquata, Eurasian curlew CWandlus vanellus, northern lapwingCarduelis
cannabina, linnet, Turdus philomelos, song thrush, andllauda arvensis, skylark S), 2
community-level targets (total density (TD) andatatchness (TR) of birds), and 2 sets of
simultaneous targets (increase CU and S simultaheand TD and TR simultaneously).
Elasticities summarize curvature in the type ofiéraff curves illustrated in Fig. 2 and are
calculated as a proportional change in maximunfaret income divided by the
corresponding proportional change in the consarmatrget. Elasticities are calculated at a
5% and 10% improvement in each conservation tangedach of the three regions. All
elasticities are negative reflecting the tradebeffiwveen maximum farm income and
biodiversity improvement. Larger magnitude elasgsiindicate regions, conservation targets
and biodiversity levels for which improvements indiversity are more costly.
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Focal Biodiversity Target
C. T.
N. arquata v cannabin | philomel A . Tota_l Total
vanellus a os arvenss Density | Richness
Opt. F. | op F. op F. op F. F. F. | op F. .
co cos cos | Opt. cos| Opt. cos | Aspatia
cost| t. t. t. cost| t.
st t t t t I
D | 0.03 0.04 05 05 0.01 01 0.4 0.3| 0.26/0.
P 9 5 1 1 6 &5 0 0 7 4 0.80 0.85 4 2 34
E 00|06 0.6 0.7 0.04| 0.3 0.3 0.40/0.
M 0.74 050 O 0| O 1 6 4 0.88 0 0.13 8 3 0 29
S 04 04|03 03]0.09 0.1|0.06 0.09|0.2 0.3| 0.34/0.
W 0.23 045 0 0 4 5|4 6 9 6 5 9 3 8 44

Table 2. Proportion of the overall budget allocated to faimeach region corresponding to
the optimal policy (Opt.) that maximizes the impgovent in a focal conservation target and
to the best possible allocation subject to a i&gin that payment levels cannot vary with the
amount of biodiversity produced on farms withiregion (fixed cost, F. cost). Results shown
for 5 single species targefdymenius arquata, Eurasian curlewyanellus vanellus, northern
lapwing, Carduelis cannabina, linnet, Turdus philomelos, song thrush, andlauda arvensis,
skylark) and 2 community-level targets (total dgnéT'D) and total richness (TR) of birds).
Also shown (final column) is the allocation thasuéts when there is no spatial targeting of
conservation contracts. Contracts are then allddatgroportion to the area of farms in each
region for conservation targets related to spetéesities (first value) and in proportion to
the number of farms in each region when speciésess provides the conservation target
(second value).

29



Table S1 Mean and range of densities of focal species, total density of all bird species, and numbers

of bird species observed per farm in the Dark Peak, Eastern Moors and Southwest Peak.

Dark Peak Eastern Moors Southwest Peak
N. arquata birds / ha 0.05 (0-0.18) 0.02 (0-0.05) 0.02 (0-0.06)
V. vanellus birds / ha 0.10 (0-0.50) 0.07 (0-0.36) 0(0-0.02)
C. cannabina birds / ha 0.07 (0-0.40) 0.06 (0-0.18) 0.05 (0-0.23)
T. philomelos birds / ha 0.01 (0-0.04) 0.04 (0-0.14) 0.02 (0-0.06)
A. arvensis birds / ha 0.04 (0-0.17) 0.17 (0-0.57) 0.09 (0-0.35)
Total density birds / ha 2.24 (1.27-3.55) 1.58 (0.74-2.00) 2.21(1.24-3.25)

Total richness

species / farm

31.9 (16-45)

28.1(13-38)

29 (17-42)
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Table S2 Summary of regression equations relating the respohconservation targets to land managementractio

r’/

Dark Eastern SW Sheep: pseudo?
Biodiversity Indicator Peak Moors Peak Sheep Cattle Fertiliser Cuts SReepCattlé  Cattle

A. arvensis (birds / ha) 0.126 0.291 0.160 -0.010 0.205 -0.044  -0.028 0.006 -0.093 NA 0.21
T. philomelos (birds / ha)  0.024 0.126 0.050 0.023  -0.012 0.023 0.035 -0.010 0.002 NA 0.24
C. cannabina (birds/ha) 0.095 0.095 0.093 0.038 0.023 0.049 0.010 -0.103 -0.051 0.453 0.25
V. vandlus (birds / ha) 0.159 0.088 -0.071  -0.007 0.083 0.031 0.006 0.035  0.002 NA 0.27
N. arquata (birds / ha) 0.200 0.128 0.120 -0.050 0.042 -0.045  -0.009 0.019 -0.015 NA 0.13
Total Density (birds / ha) 1551 1.253 1.467 -0.040 -0.143 -0.050 0.034 -0.099 0.098 NA 0.31

Total Species Richness 3.284 3.248 3.258 0.150 -0.080 0.240 0.012 -0.059 0.027 NA 0.08




Table S3 Response of ancillary biodiversity indicator tonfiaincome maximizing management strategy that mpatdible with a 20% improvement in a focal
biodiversity target.

Ancillary biodiversity indicator
CU L LI ST S TD TR
DP EM SW|DP EM SW |DP EM SW|DP EM SW|DP EM SW|DP EM SW | DP EM SW
CU -+ + - - - - -+ + 4]+
= L* | 4+ - -+ - - - + - -
2
8
c LI + +
Q
IS
c ST - -+ -+ 4+ - + -
(2]
&
o St + + + | + + + | + - - - - - - - -
<
8
s TDt - - -+ + - - + o+ - - +
TRt - - - -+ + - - +| + + 4+ - - -+ - -

Shown for 5 single species conservation targets{Sumenius arquata, Eurasian curlew, L ¥anellus vanellus, northern lapwing, LI €arduelis cannabina, linnet, ST -Turdus
philomelos, song thrush, and SAtauda arvensis, skylark) and for two whole community targets (TBtal density and TR - total richness of bird$jisRand minus symbols indicate
locations and target-indicator pairs where a 20@gravement in the conservation target results ireatgr than (+) or less than (-) 5% change in trodlary indicator. No symbol
indicates the corresponding change is less thab%/in magnitude.
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