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Mitigation and offset programs designed to compensate for ecosystem function losses due to development must balance losses from affected ecosystems with gains in restored ecosystems. Aggregation rules applied to ecosystem functions to assess site equivalence are based on implicit assumptions about the substitutability of functions among sites and can profoundly influence the distribution of restored ecosystem functions on the landscape. We investigated the consequences of rules applied to the aggregation of ecosystem functions for wetland offsets in the Beaverhill watershed in Alberta, Canada. We considered the fate of 3 ecosystem functions: hydrology, water purification, and biodiversity. We set up an affect-and-offset algorithm to simulate the effect of aggregation rules on ecosystem function for wetland offsets. Cobenefits and tradeoffs among functions and the constraints posed by the quantity and quality of restorable sites resulted in a redistribution of functions between affected and offset wetlands. Hydrology and water purification functions were positively correlated with one another and negatively correlated with biodiversity function. Weightedaverage rules did not replace functions in proportion to their weights. Rules prioritizing biodiversity function led to more monofunctional wetlands and landscapes. The minimum rule, for which the wetland score was equal to the worst performing function, promoted multifunctional wetlands and landscapes. The maximum rule, for which the wetland score was equal to the best performing function, promoted monofunctional wetlands and multifunctional landscapes. Because of implicit trade-offs among ecosystem functions, no-netloss objectives for multiple functions should be constructed within a landscape context. Based on our results, we suggest criteria for the design of aggregation rules for no net loss of ecosystem functions within a landscape context include the concepts of substitutability, cobenefits and trade-offs, landscape constraints, heterogeneity, and the precautionary principle.

Resumen: La mitigación y los programas de compensación diseñados para contrarrestar la pérdida de servicios ambientales causada por el desarrollo deben balancear las pérdidas en los ecosistemas afectados y las ganancias en los ecosistemas restaurados. Las reglas de agregación aplicadas a las funciones de los ecosistemas para evaluar la equivalencia de sitio están basadas en suposiciones implícitas sobre lo reemplazable de las funciones entre sitios y pueden influenciar profundamente la distribución de las funciones de los ecosistemas restaurados en el paisaje. Investigamos las consecuencias de las reglas aplicadas a la agregación de las funciones ambientales para las compensaciones de humedales en la cuenca de Beaverhill en Alberta, Canadá. Consideramos el destino de tres funciones ambientales: hidrología, purificación de agua y biodiversidad.

Establecimos un algoritmo de afectar-y-compensar para simular el efecto de las reglas de agregación sobre las funciones del ecosistema para las compensaciones de los humedales. Los co-beneficios y las compensaciones entre las funciones y restricciones presentadas por la cantidad y la calidad de los sitios restaurables resultaron en una redistribución de funciones entre los humedales afectados y los compensados. La hidrología y las funciones de purificación de agua estuvieron correlacionadas positivamente entre sí y correlacionadas negativamente con la función de biodiversidad. Las reglas de promedio ponderado no remplazaron a las funciones en proporción a su importancia. Las reglas que priorizan la función de biodiversidad resultaron en humedales y paisajes más monofuncionales. La regla mínima, para la cual el puntaje del humedal era igual a la función con el peor desempeño, promovió humedales y paisajes multifuncionales. La regla máxima, para la cual el puntaje del humedal era igual a la función con el mejor desempeño, promovió humedales monofuncionales y paisajes multifuncionales. Debido a las compensaciones implícitas entre las funciones ambientales, se deberían construir objetivos sin pérdida neta para funciones múltiples dentro de un contexto paisajístico. Con base en nuestros resultados, sugerimos que los criterios para el diseño de reglas de agregación para evitar la pérdida neta de funciones ambientales dentro de un contexto paisajístico incluyan los conceptos de sustentabilidad, co-beneficios y compensaciones, restricciones paisajísticas, heterogeneidad, y el principio de precaución.
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Introduction

Urban and agricultural expansion is causing the progressive removal of natural ecosystems [START_REF] Metzger | The vulnerability of ecosystem services to land use change[END_REF].

Compensatory mitigation and offset programs address losses of ecosystem functions through protection, enhancement, and restoration of ecosystems [START_REF] Nunez-Mir | Evaluating the evolution of forest restoration research in a changing world: a "big literature" review[END_REF]. The policy goal of no net loss of ecosystem functions is central to offsetting; however, defining no net loss is one of the most contentious aspects of offset policy (BBOP 2012;ICMM IUCN 2013). With over 100 offset programs in place or in development worldwide (OECD 2016), the development of criteria for establishing equivalence among complex functional components of ecosystems between sites affected by development and sites that are restored is important to ensuring conservation outcomes under offset policies (e.g., [START_REF] Bull | Seeking convergence on the key concepts in "no net loss" policy[END_REF]. The aggregation of multiple ecosystem functions in equivalence rules can lead to the substitution of functional components between sites and changes in the distribution of ecosystem functions on landscapes when offset policies are scaled up at regional and national lev-els [START_REF] Thomas | Compensatory wetland mitigation and the watershed approach: a review of selected literature[END_REF]. Understanding the implications of equivalence rules for the evolution of ecosystem functions over space and time is important to ensuring offsets avoid unintended consequences and contribute to resilient landscapes. Area-based no-net-loss policies, such as those applied in the early days of wetland compensation under the U.S. Clean Water Act, ignored the loss of important ecosystem functions, such as flood mitigation and water purification, and the impacts on people who benefited from them [START_REF] Ruhl | Implementing the new ecosystem services mandate: a catalyst for advancing science and policy[END_REF]. Offset programs are increasingly moving away from area-based no-net-loss objectives toward function-based no-net-loss objectives [START_REF] Jacob | Investigating the inclusion of ecosystem services in biodiversity offsetting[END_REF]. For example, offset programs will help achieve the European Union's no-net-loss targets for ecosystem services. To achieve no net loss of ecosystem functions, offset programs require appropriate metrics and aggregation rules for combining functions to assess equivalence between affected and restored sites and have given rise to a variety of approaches (e.g., [START_REF] Rayment | Study on specific design elements of biodiversity offsets: biodiversity metrics and mechanisms for securing long term conservation benefits[END_REF].

There are no agreed-upon best practices for aggregating ecosystem functions. Aggregation rules are ad hoc Comment citer ce document : Accatino, F., Creed, I. (Co-premier auteur), Weber, M. (2018). Landscape consequences of aggregation rules for functional equivalence in compensatory mitigation programs. Conservation Biology, 32 (3), 694-705. , DOI : 10.1111/cobi.13084

and reflect a combination of scientific judgment and human preferences [START_REF] Ruhl | Implementing the new ecosystem services mandate: a catalyst for advancing science and policy[END_REF][START_REF] Quétier | Assessing ecological equivalence in biodiversity offset schemes: key issues and solutions[END_REF]. Aggregation rules are based on assumptions about the substitutability of functions at site and landscape scales [START_REF] Langhans | The method matters: a guide for indicator aggregation in ecological assessments[END_REF], and these assumptions can profoundly affect the evolution of functions on restored landscapes. Weighted-average rules used to aggregate site functions in offset schemes [START_REF] Rayment | Study on specific design elements of biodiversity offsets: biodiversity metrics and mechanisms for securing long term conservation benefits[END_REF], such as the habitat-hectare approach used in Victoria's (Australia) Native Vegetation Offset Program, have been criticized because they are based on the assumption that ecosystem functions are substitutable; that is, one function can be substituted for another to determine the aggregated score [START_REF] Mccarthy | The habitat hectares approach to vegetation assessment: an evaluation and suggestions for improvement[END_REF]). The challenge of combining diverse functions such as hydrology, water purification, and biodiversity is even more pronounced. There is little evidence to support a particular aggregation approach; researchers report both cobenefits and trade-offs among functions [START_REF] Hansson | Conflicting demands on wetland ecosystem services: Nutrient retention, biodiversity or both?[END_REF][START_REF] Jessop | Tradeoffs among ecosystem services in restored wetlands[END_REF]. Consequently, offsets may cause unanticipated losses of ecosystem functions at a landscape scale and convert multifunctional landscapes that are more likely to be resilient [START_REF] Suding | Committing to ecological restoration[END_REF] into simpler ones specializing in a few functions or one function [START_REF] De Groot | Challenges in integrating the concept of ecosystem services and values in landscape planning, management and decision making[END_REF].

We simulated the effect of aggregation rules on ecosystem functions for wetland offsets in the Beaverhill watershed of Alberta (Canada), where historical loss of wetlands is substantial and compensation policies targeting ecosystem functions have recently been put in place. Wetlands are particularly suited to this analysis because they provide multiple functions in different proportions. We compared changes in hydrology (H), water purification (WP), and biodiversity (B) functions between affected and restored wetlands under different aggregation rules that encompassed a range of assumptions about the substitutability of ecosystem functions. We compared the distribution of ecosystem functions between affected and restored wetlands at both wetland and landscape scales. Although focused on wetlands, our results contribute to a better understanding of the interplay between offset equivalence rules and ecosystem functions for all ecosystems. We considered the implications of aggregating rules for landscape resilience and then identified 5 criteria for designing aggregation rules for offset programs.

Methods

Study Site

The Beaverhill watershed is in the Prairie Pothole Region of central Alberta, Canada (Fig. 1). The watershed contains the Cooking Lake Moraine, which was recently named a UN Educational, Scientific and Cultural Organization Biosphere Reserve (UNESCO 2016), and Beaverhill Lake, a wetland of international significance for its breeding and staging of migratory water-and shorebirds (Ramsar Convention 1971). Wetland losses in the watershed have been large [START_REF] Serran | New mapping techniques to estimate the preferential loss of small wetlands on prairie landscapes[END_REF]. Urban expansion poses a risk to remaining wetlands because projected population growth rates in Edmonton are 1.3%/year until 2041 (Government of Alberta [GOA] 2007). In 2013, the GOA introduced a wetland policy with a stated goal to maintain ecosystem functions through avoidance and minimization of wetland drainage and compensation for unavoidable wetland losses (GOA 2013).

Function Scores

The GOA's Wetland Policy (2013) defined ecosystem functions for H, WP, and B and states that these functions should be maintained on the landscape (GOA 2013). Existing, affected, restorable, and restored wetlands are defined in Supporting Information. Existing wetlands were identified from the Canadian Wetland Inventory (Ducks Unlimited Canada 2016) and were mapped using aerial photography (minimum mapping unit of 0.02 ha) or Satellite Probatoire d'Observation de la Terre (SPOT) imagery (minimum mapping unit of 0.04 ha). Existing wetlands were classified according to the Canadian Wetland Classification system classes of open water, marsh, swamp, bog, and fen (National Wetlands Working Group 1997). Restorable wetlands were existing wetlands with a fabricated drainage ditch intersecting their boundaries (drainage ditches mapped using a 3 m LiDAR bare earth digital elevation model and the digital terrain analysis methods developed by [START_REF] Waz | Automated techniques to identify lost and restorable wetlands in the Prairie Pothole Region[END_REF]).

Existing and restorable wetlands were assessed and provided with a function score following the automated method developed by [START_REF] Creed | Maintaining the portfolio of wetland functions on landscapes: a rapid evaluation tool for estimating wetland functions and values[END_REF]. The GOA developed 2 ecosystem-function assessment systems: a remote tool (used here) and an on-the-ground tool (used when wetland development occurs). For the remote tool, 73 indicators were derived from remote sensing or GIS (geographic information system) data layers provided by the GOA to assess ecosystem function for each wetland. Many indicators for computing functions were based on landscape characteristics (e.g., soil texture), whereas other indicators were based on wetland characteristics (e.g., percentage of vegetated wetland area). It was impossible to assign values for wetland characteristic indicators to restorable wetlands because they did not yet exist. Therefore, we calculated the average value of the indicator for all existing wetlands and assigned this value to the restorable wetlands. Indicators were normalized from 0 to 1 and combined to establish subfunction scores based on models for which expert opinion was used that was based on peer-reviewed literature. The highest subfunction score for a given function was taken as the function score for that wetland (Fig. 2). Function scores were then aggregated into an overall wetland score with different aggregation rules. We calculated indicators, subfunctions, and functions for existing wetlands (n = 85,584) and for restorable wetlands (n = 6,004). We assigned function scores to restorable wetlands based on the assumption that functions would be fully restored with no time lag. This is a simplifying assumption that is consistent with how function scores are often assigned in practice; however, mitigation ratios are also often applied to account for uncertainty and time lags in restoration benefits (e.g., [START_REF] Weber | Economic-ecological evaluation of temporary biodiversity offsets in Alberta's boreal forest[END_REF].

Rules for Aggregating Function Scores to Wetland Scores

We explored 6 aggregation rules for calculating wetland scores (WS). The first 4 rules were based on weighted averages (WS = n i=1 w i FS i , where n (=3) is the number of functions, w i are weights [summing to 1] and FS i are the normalized function scores). We compared an equalweight aggregation rule (w H = w WP = w B = 1/3) with priority weight rules for each of the functions: H priority, WP priority, and B priority. Under priority rules, the prioritized function received a weight of 0.9, and the other 2 functions received weights of 0.05. For example, for the H priority rule, a weight of 0.9 was assigned to H and a weight of 0.05 was assigned to both WP and B. Weights were chosen to highlight the sensitivity of outcomes to rules that put a very high weight on one function, perhaps due to public preferences or legal requirements, whereas nonzero weights for the other functions were maintained. We also tested 2 rules, minimum and maxi-mum, that focus on the extreme values of the function scores expressed in affected wetlands. The minimum rule assigned a wetland score equal to the lowest function score: WS = min (H, WP, B). The maximum rule assigned a wetland score equal to the highest function score: WS = max (H, WP, B).

Effect of Aggregation Rules on Wetland Scores

We used Kendall's rank correlation coefficient (Kendall 1938) (i.e., Kendall's tau [τ ]) to compare the pairwise ranking of individual wetlands against individual functions as well as under different aggregation rules. Its range is -1 to 1, where a value of -1 indicates complete discordance in the pairwise ranking of wetlands and a value of +1 indicates complete concordance.

Equivalence between Affected and Restored Wetlands

We applied an algorithm (hereafter the affect-and-offset algorithm) to the set of existing wetlands within the area zoned for residential expansion within the study area (Fig. 1). The algorithm is described in detail in Supporting Information. We randomly selected 150 wetlands to be affected within the area zoned for residential expansion; each wetland in the area had an equal probability of being affected. The number of wetlands affected approximated losses reported by [START_REF] Clare | Tracking wetland loss to improve evidencebased wetland policy learning and decision making[END_REF], who found that 242 wetlands were lost in the Beaverhill watershed over the 10-year period from 1999 to 2009. Approximately 60% (145) of lost wetlands came from urban, periurban, and mixed agriculture land uses represented within the area zoned for residential expansion (Fig. 1).

The equivalence between affected and restored wetlands required the area-weighted wetland score of the restored wetlands to equal or exceed the area-weighted wetland score of the affected wetlands. The spatial configuration of wetlands was not considered in this equivalence requirement. For each of the 150 affected wetlands, we searched the set of restorable wetlands for wetlands that would qualify as offsets (i.e., restorable wetlands that satisfied the equivalence requirement):

WS AFF × A AFF ≤ s i=1 WS OFF i × A OFF i ,
where WS AFF , WS OFF , A AFF , and A OFF represent the scores and areas of affected and offset wetlands, respectively, and s represents the number of wetlands used for compensation. The restored wetlands were selected from the set of restorable wetlands based on the criterion of minimizing the total area restored subject to satisfying the equivalence requirement. The minimum area criterion is analogous to minimizing costs if wetland restoration costs were homogeneous. We then applied the affect-and-offset algorithm to each of the affected wetlands. We repeated the affect-andoffset algorithm 100 times for each aggregation rule, each time removing the same 150 wetlands in a different random order to control for potential bias caused by the order in which wetlands were affected. We compared the results of the 100 simulations and found that 95% of the restored wetlands were the same for all simulations, suggesting ordering bias did not significantly affect the results.

We averaged the restored function scores over the 100 simulations to obtain distribution parameters for restored functions, which we compared with the distribution of affected functions. We used a 2-sample t test to test the significance of pairwise differences in the averages of function scores, and we used a 2-sample Kolmogorov-Smirnov (KS) test to compare the difference in frequency distributions between existing and restorable wetlands and affected and restored wetland function scores under different aggregation rules. For each function, we compared the average score of restored wetlands to the maximal achievable score (e.g., [START_REF] White | Modelling the suitability of wetland restoration potential at the watershed scale[END_REF], defined as the average function score for the top 150 restorable wetlands, to evaluate whether we restored wetlands with the highest function scores.

Mono-versus Multifunctionality of Affected and Restored Wetlands

To compare the quality and multifunctionality of existing, restorable, and restored wetlands, we plotted the mean function score (MFS) (mean of the 3 normalized func-tions) for each wetland against a Gini coefficient describing the equality in the function scores within wetlands. The Gini coefficient is calculated as [START_REF] Dorfman | A formula for the Gini coefficient[END_REF]):

G = n i=1 n j =1 |x i -x j | 2n n i=1 x i , ( 1 
)
where n (= 3) is the number of functions and x i and x j represent the individual function scores at each wetland. For individual wetlands, a Gini coefficient close to 0 indicated a wetland was multifunctional (i.e., functions were in relatively more equal proportions), whereas a Gini coefficient close to 1 indicated greater inequality in the function score (i.e., 1 function dominated).

A high MFS together with a low Gini coefficient indicated a high-quality multifunctional wetland. We also defined and calculated a landscape Gini coefficient to measure the diversity of functions provided by wetlands on the landscape by summing the function scores for each function over the set of wetlands and calculating the Gini coefficient for the summed function scores. A landscape Gini coefficient close to 0 indicated the functions were equally distributed in the landscape, whereas a landscape Gini coefficient close to 1 indicated the functions were unequally distributed. 

Results

Function Scores

The KS tests (α = 0.05) showed significant differences in the distributions of function scores between existing and restorable wetlands (Fig. 3; Supporting Information). Although differences in averages were small, t tests (Supporting Information) confirmed that the average scores of all functions were significantly (p < 0.001) higher in restorable than in existing wetlands. This indicated that, historically, higher functioning wetlands were affected and therefore available for restoration. The difference was significant for all functions, including B, which had an average score of 0.40 for both existing and affected wetlands. However, variance for B was higher for existing than restorable wetlands, indicating that the potential for improving scores for B through restoration was lower than for other functions.

Effects of Aggregation on Prioritizing Wetlands

Based on the critical value of τ , all pairwise combinations of wetland rankings under individual function scores and aggregation rules were either significantly concordant or discordant; higher positive or negative values for τ indicated more concordance or discordance, respectively, between the rankings (Supporting Information). With τ = 0.49, H and WP functions showed concordance, indicating many pairs of wetlands had the same relative ranking for both functions. equal-weight rules were the most concordant with B and the B priority rule. Overall, the WP priority rule showed the most concordance with the other aggregation rules and the B priority rule showed the least concordance.

Effect of Aggregation on the Distribution of Functions in Restored Wetlands

The KS test showed that each aggregation scheme significantly changed the distribution of each function (Supporting Information). Average function scores shifted significantly for almost all functions (the KS test is based on all moments of the distribution); however, the averages of the H and WP functions did not shift under the B priority rule, and the average of the B function did not shift under the equal weight and H priority rules. The H, WP, and B functions improved (i.e., the frequency distribution shifted to the right [Fig. 4]) under rules prioritizing those same functions. The H and WP functions increased under both the H and WP priority rules, reflecting the concordance between these functions (Supporting Information), whereas the B function decreased. Similarly, the H and WP decreased under the B priority rule, reflecting B function's lower concordance with H and WP functions (Supporting Information). There were no trade-offs between functions under equal-weight, minimum, or maximum rules, each of which led to improvements in all functions. For all rules, the average function scores for restored wetlands were lower than the maximum achievable function score. Furthermore, the variance of the restored B function was always equal or lower than the other 2 functions, as reflected by the low variance of the restorable function in the landscape. For the 3 functions, none of the aggregation rules led to restoration of the maximum restorable function.

Quality and Multifunctionality of Affected and Restored Wetlands

The average function scores showed the quality and the Gini coefficients showed the multifunctionality of restored wetlands under different aggregation rules (Fig. 5). All aggregation rules resulted in an improvement in the average function score (Supporting Information). The equal weight and maximum rules resulted in the highest average function score in restored wetlands (average MFS equal to 0.55 and 0.52, respectively), whereas the B priority and minimum rules resulted in the lowest (average MFS equal to 0.43 and 0.49, respectively).

The average Gini coefficient (Supporting Information) indicated that the relative equality of function scores within wetlands was higher for affected than restorable wetlands. The B priority rule resulted in the greatest inequality in function scores (average Gini coefficient = 0.21) for restored wetlands due to lack of concordance with H and WP functions. The maximum rule resulted in high but not the greatest inequality in function scores for restored wetlands (average Gini coefficient = 0.18). The other aggregation rules reduced the inequality of functions relative to the average restorable wetland, in particular equal-weight and minimum rules (average Gini coefficient equal to 0.12 and to 0.10).

The landscape Gini coefficient (Supporting Information) revealed an interesting shift in the equality of functions between existing and restorable wetlands; the latter had greater equality at the landscape scale. This meant that inequalities present in individual restorable wetlands were averaged out at the landscape scale. At the landscape scale, the B priority rule resulted in the greatest inequality among functions (landscape Gini coefficient = 0.20), whereas the minimum rule resulted in the greatest equality among functions (landscape Gini coefficient = 0.04). The maximum rule resulted in low inequality (although not as much as the minimum rule) among functions at the landscape scale (landscape Gini coefficient = 0.07), despite having the greatest inequality at the site scale.

Discussion

With numerous countries embracing offsets as a core conservation strategy, it is important to clarify no-net-loss objectives for scaled-up programs at landscape scales. Aggregation rules implicitly embed priorities for different ecosystem functions and therefore jeopardize no-net-loss objectives [START_REF] Maron | Taming a wicked problem: resolving controversies in biodiversity offsetting[END_REF]). There can be unintended consequences because changes in functions at the landscape scale may not reflect weights in the aggregation rules. We therefore recommend nesting no-net-loss objectives and aggregation rules within a landscape prescription that addresses desired landscape heterogeneity and complexity in restoration planning [START_REF] Hessburg | Restoring fire-prone inland pacific landscapes: seven core principles[END_REF]. We identified 5 criteria-substitutability, cobenefits and trade-offs, constraints on restoration opportunities, heterogeneity, and the precautionary principle (Table 1)-that should be considered in the design of aggregation rules to operationalize no-net-loss objectives within a landscape prescription. These criteria provide operational guidance for implementing internationally accepted standards for offsetting, for example those set out in the Business and Biodiversity Offsets Programme standard (BBOP 2012), particularly criteria relevant at the landscape context (where offsets should be designed and implemented in a landscape context to achieve the expected measurable conservation outcomes) and for no net loss (where offsets should be designed to achieve measurable conservation outcomes that can reasonably be expected to result in no net loss and preferably a net gain of biodiversity) (BBOP 2012).
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Relative frequency distribution (histograms) of scores affected (gray shading) and restored (diagonal lines) wetlands based on Monte Carlo simulations of the affect-and-offset algorithm (vertical black dashed line, average restored function; horizontal black line delimited by vertical lines, SD of the function within the restored wetlands; horizontal black line delimited by diamonds, range of the function within the restored wetlands). Rows of bar plots represent the different aggregation schemes (EW, equal weight; HP, hydrology priority; WPP, water purification priority; BP, biodiversity priority; MIN, minimum weight; MAX, maximum weight), and the 3 columns represent the 3 wetland functions (H, hydrology; WP, water purification; B, biodiversity). The columns elements: vertical gray line, average function within affected wetlands; gray horizontal line delimited by diamonds and gray

Substitutability

Although weights may seem intuitive to decision makers as a way to address people's preferences for certain functions, we found that functions did not change in proportion to the weights assigned. In particular, equal weighting, which suggests balance among functions, did not result in equal increase of functions in restored landscapes. The equal weight, priority weight, and maximum rules were based on the assumption that functions are perfect substitutes (albeit at different ratios). This can be contrasted with the minimum rule, which is based on the assumption of complementarity rather than substitutability between functions. The minimum rule restored functions in proportion to a minimum threshold, ensuring that each function in restored wetlands scores at least as high as the worst function of the affected wetland.

Although priority weighting schemes gave preference to certain functions in selecting restoration sites, the final restoration site was determined by the total score, and not the value of the prioritized function. The maximum rule allowed substitution between functions but focused on individual high-value functions at the affected and restored sites, ensuring that high-quality functional losses were substituted with high-quality functional gains. The modification of other functions under the priority weight and maximum rules depended on cobenefits and tradeoffs among functions.

Cobenefits and Trade-Offs

Concordance and discordance between functions may result in cobenefits and trade-offs leading to unintended negative consequences for some functions on the landscape. These consequences were particularly pronounced under priority weight rules. We showed how Kendall's rank correlation coefficient could be used to screen different aggregation rules to minimize risks of unanticipated negative consequences due to concordance, discordance, or independence among Table 1. Criteria for operationalizing a landscape approach to no net loss of ecosystem functions.

Criteria Operationalization

Substitutability: Ensure allowable thresholds of substitution between ecosystem functions and services are explicitly incorporated in no-net-loss objectives.

Define no-net-loss goals in terms of functions and their distributions. Specify acceptable thresholds for substitution between functions at different scales in no-net-loss objectives. Test the aggregation scheme to ensure that the distribution of restored functions on the landscape reflects acceptable thresholds. Cobenefits and trade-offs: Consider cobenefits and trade-offs between functions to minimize unanticipated consequences.

Use Kendall's rank correlation coefficient or a similar correlation statistic to assess the concordance, discordance, and independence among functions. Assess cobenefits and trade-offs between functions to ensure that aggregation rules enhance cobenefits where possible and minimize negative unanticipated consequences from trade-offs among functions. Constraints: Identify constraints to restoring functions on the landscape.

Qualitatively or quantitatively assess maximum restorable ecosystem functions for the set of restorable sites. Identify effects of economic and policy constraints on restoration potential for ecosystem functions. Heterogeneity: Ensure functional heterogeneity for both restored sites and restored landscapes.

Use diversity indicators to explore the implications of aggregation rules for functional heterogeneity at site and landscape scales. Explore trade-offs between functional heterogeneity and functional score at site and landscape levels. Take a precautionary approach.

Use a precautionary approach to offsetting that maintains a full suite of ecosystem functions at different scales.

Comment citer ce document : Accatino, F., Creed, I. (Co-premier auteur), Weber, M. (2018). Landscape consequences of aggregation rules for functional equivalence in compensatory mitigation programs. Conservation Biology, 32 (3), 694-705. , DOI : 10.1111/cobi.13084 different functions. We expect cobenefits and trade-offs to be significant factors determining the distribution of functions in restored landscapes. For example, the tradeoffs identified between WP and B functions in our landscape have been identified in other studies [START_REF] Hansson | Conflicting demands on wetland ecosystem services: Nutrient retention, biodiversity or both?[END_REF][START_REF] Barnett | Mapping trade-offs in ecosystem services from reforestation in the Mississippi Alluvial Valley[END_REF]. [START_REF] Barnett | Mapping trade-offs in ecosystem services from reforestation in the Mississippi Alluvial Valley[END_REF] recommend spatially quantifying ecosystem trade-offs when optimizing restoration benefits.

Constraints on Restoration Opportunities

Physical constraints may limit opportunities to improve some ecosystem functions. For example, the high value and tight distribution for the B function score in both affected and restorable sites limited the ability to improve this function relative to other functions under weighted-average rules, even if it is given a priority weight. Economic constraints may also limit opportunities to achieve maximum restoration potential. In selecting restoration sites, the minimum-area criterion resulted in bypassing the largest and highest scoring sites because they were more costly. This raises an important policy consideration because evidence suggests there are significant economies of scale for functions such as biodiversity [START_REF] Moreno-Mateos | Structural and functional loss in restored wetland ecosystems[END_REF]. Without additional minimum-area constraints or mitigation ratios to provide stronger incentives to restore large high-quality wetlands, economies of scale may not be realized.

Heterogeneity

Spatial heterogeneity in ecosystem functions is fundamental to landscape resilience [START_REF] Pickett | Landscape ecology: spatial heterogeneity in ecological systems[END_REF]. We used the Gini coefficient combined with the average wetland score to explore implications for heterogeneity at different scales and potential implications for resilience. The maximum rule resulted in high functional inequality at the site scale and high multifunctionality at the landscape scale, whereas the minimum rule resulted in high multifunctionality at both scales. The maximum rule targeted the highest function score on each wetland, but because it did not discriminate in terms of function, it did not introduce inequality at the landscape scale. Thus, the minimum and maximum rules achieved landscape multifunctionality through different pathways, with the minimum rule restoring multifunctional wetlands and the maximum rule restoring high value, specialized function wetlands.

Precautionary Principle

Building on the heterogeneity criterion, ecosystems may not be reduced to the sum of their parts, and high levels of uncertainty about complex landscape dynamics requires a precautionary approach to offsetting that main-tains a full suite of ecosystem function at different scales [START_REF] Moreno-Mateos | The true loss caused by biodiversity offsets[END_REF]. Heterogeneity in function scores within and between restored wetlands may be just as important as the function scores in determining landscape resilience [START_REF] Little | Environmental offsets, resilience and costeffective conservation[END_REF]. With an emphasis on multifunctionality at multiple scales, the precautionary principle is best operationalized through the minimum and maximum rules; the minimum rule was the only rule that achieved multifunctionality at both scales.

Although our results are specific to the particular expression of wetland functions in our study area, the 5 criteria may be used to guide the operationalization of offset schemes when aggregating multiple functions and services. The aggregation rules we considered represent various endpoints, including 2 extreme value functions as well as balanced and unbalanced weighted average schemes. These schemes were selected to be representative of particular classes of aggregation rules to highlight underlying assumptions and consequences for each class. An unbalanced rule could represent a situation where stakeholders are particularly concerned about increasing one function on the landscape. We did not explicitly consider uncertainty in the underlying distributions of functions; further analysis would be required to determine how the distribution of function scores on the landscape would shift under different aggregation rules if the underlying distributions were asymmetric or if there was systematic bias in the error terms. If variance in the underlying distributions was correlated between functions, this could increase the cobenefits and trade-offs between functions.

The aggregation schemes themselves are simply accounting rules and do not address, per se, other ecosystem components that must be considered in restoration, including time lags to benefits and uncertainty in restoration success. Because time lags were not accounted for, the aggregation schemes could only be used to evaluate equivalence over space but not across time. Time lags may be dealt with through multipliers to reflect discount rates for losses of current values and restoration uncertainty. These multipliers, which account for risk and time lags, should also be applied according to the same landscape considerations as other factors of equivalence. Further analysis is required to understand how aggregation rules might interact with uncertainty and lead to a preference for one rule over another in the context of restoration risk, particularly when there are cobenefits and trade-offs between functions.

Our criteria for designing aggregation rules are suitable for offset policies that are applied on a case-bycase basis as well as programs that use a market-based mechanism (e.g., BushBroker in Victoria and biobanking in New South Wales, Australia, and wetland and species banking in the United States). Offset programs that do Comment citer ce document : Accatino, F., Creed, I. (Co-premier auteur), Weber, M. (2018). Landscape consequences of aggregation rules for functional equivalence in compensatory mitigation programs. Conservation Biology, 32 (3), 694-705. , DOI : 10.1111/cobi.13084 not explicitly match losses and gains fall outside the definition of no-net-loss programs; nonetheless, no net loss is still a valuable benchmark for evaluating program performance. These include programs that use planning tools to prioritize restoration to sites of greatest ecological value such as Columbia's offset program [START_REF] Mandle | OPAL: an open-source software tool for integrating biodiversity and ecosystem services into impact assessment and mitigation decisions[END_REF] and the program proposed for oil sands development in Alberta Canada [START_REF] Habib | Economic and ecological outcomes of flexible biodiversity offset systems[END_REF]. In all cases, agencies should incorporate the criteria and constraints identified in this analysis in assessing the scaled up implications of the offset program and include indicators of site complexity and landscape heterogeneity in evaluating restoration priorities and offset outcomes. Finally, our findings point to the need to reconsider the idea of no net loss and the scale at which it is applied. No-net-loss policies do not apply to ecosystems but rather to values reflected in offset metrics [START_REF] Moreno-Mateos | The true loss caused by biodiversity offsets[END_REF]. Once we move beyond no net loss for individual functions such as biodiversity, implementing the concept of no net loss becomes challenging and can only be considered within the context of landscape design to address landscape characteristics, such as heterogeneity and connectivity (e.g., [START_REF] Bruggeman | Relating tradable credits for biodiversity to sustainability criteria in a dynamic landscape[END_REF]) that are critical attributes for resilience.

Offset and compensatory mitigation programs use aggregated indices to equate function losses and gains on degraded and offset sites. Aggregation rules should be chosen with careful consideration of cobenefits and trade-offs among functions and of the physical and economic constraints imposed by the functional potential of restorable sites. Positive (and negative) correlations between functions can contribute to unanticipated losses of functions in restored landscapes. For example, weightedaverage rules tend to unbundle the multiple ecosystem functions expressed in existing wetlands and redistribute them independently in restored wetlands, which can contribute to monofunctional landscapes. Precautionary rules that require proportionality in gains or the replacement of high-value functions with equally highvalue functions lead to more multifunctional landscapes but in different ways, and there are trade-offs between site quality and site heterogeneity. Resilience of landscapes is important, particularly in the face of uncertainty associated with climate change; therefore, offset policies based on weighted-average aggregation rules should be reconsidered. More research is required on desired landscape prescriptions that could be tied to offset rules.
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Figure 1 .

 1 Figure 1. Beaverhill watershed showing the projected expansion of rural residential development (cross-hatching) based on Strathcona County's (2006) Municipal Development Plan Bylaw 1-2007.

  The B function was less concordant with the WP function (τ = 0.04) and discordant with the H function (τ = -0.14). The maximum and Comment citer ce document : Accatino, F., Creed, I. (Co-premier auteur), Weber, M. (2018). Landscape consequences of aggregation rules for functional equivalence in compensatory mitigation programs. Conservation Biology, 32 (3), 694-705. , DOI : 10.1111/cobi.13084

Figure 5 .

 5 Figure 5. Average function score representing quality versus Gini coefficient representing the diversity of functions within wetlands for restorable (light gray dots), affected (gray dots), and restored (dark gray dots) wetlands (Supporting Information) under hydrology priority (HP), water purification priority (WPP), biodiversity priority (BP), equal-weight (EW), minimum (MIN), and maximum (MAX) aggregation rules (large dots, average of the points for the affected [white dot] and restored [black dot] wetlands; connection between large dots, shift in multifunctionality of the wetlands in the landscape).
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