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Agricultural management practices have impacts not only on crops and livestock, but also on soil, water, wildlife, and ecosystem services. Agricultural research provides evidence about these impacts, but it is unclear how this evidence should be used to make decisions. Two methods are widely used in decision making: evidence synthesis and decision analysis. However, a system of evidence-based decision making that integrates these two methods has not yet been established. Moreover, the standard methods of evidence synthesis have a narrow focus (e.g., the effects of one management practice), but the standard methods of decision analysis have a wide focus (e.g., the comparative effectiveness of multiple management practices). Thus, there is a mismatch between the outputs from evidence synthesis and the inputs that are needed for decision analysis. We show how evidence for a wide range of agricultural practices can be reviewed and summarized simultaneously (“subject-wide evidence synthesis”), and how this evidence can be assessed by experts and used for decision making (“multiple-criteria decision analysis”). We show how these methods could be used by The Nature Conservancy (TNC) in California to select the best management practices for multiple ecosystem services in Mediterranean-type farmland and rangeland, based on a subject-wide evidence synthesis that was published by Conservation Evidence (www.conservationevidence.com). This method of “evidence-based decision analysis” could be used at different scales, from the local scale (farmers deciding which practices to adopt) to the national or international scale (policy makers deciding which practices to support through agricultural subsidies or other payments for ecosystem services). We discuss the strengths and weaknesses of this method, and we suggest some general principles for improving evidence synthesis as the basis for multi-criteria decision analysis.
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INTRODUCTION


What Are the Best Management Practices for Multiple Ecosystem Services?

To meet global Sustainable Development Goals (United Nations, 2015), farmlands, rangelands, and other agroecosystems will need to be managed not only for food production but also for other ecosystem services, such as soil fertility, water quality, climate regulation, pollination, pest regulation, and biodiversity conservation (Millennium Ecosystem Assessment, 2005; Wood et al., 2018). It will be difficult to decide how best to manage these agroecosystems, because management practices often cause trade-offs between different ecosystem services, such as increases in food production but decreases in water quality due to increases in fertilizer use (Zhang et al., 2007; Power, 2010; Howe et al., 2014). Some of these trade-offs could potentially be managed by spatially prioritizing different ecosystem services in different places (Shackelford et al., 2015). Others will need to be managed in the same place, at the same time, in multifunctional landscapes that combine food production with other ecosystem services, as part of the “sustainable intensification” or “ecological intensification” of agriculture (The Royal Society, 2009; Bommarco et al., 2013;Lescourret et al., 2015).

To make evidence-based decisions about the management of these agricultural landscapes, scientists will need to provide evidence for the effects of management practices on multiple ecosystem services, and decision makers will need to use this evidence to decide which practices should be implemented (Bennett et al., 2009; Birkhofer et al., 2015; Martinez-Harms et al., 2015). Our objective in this publication is to show how evidence for a wide range of management practices can be reviewed and summarized (“subject-wide evidence synthesis”), and how this evidence can be assessed by experts and used for decision making (“multiple-criteria decision analysis”). We begin by introducing multi-criteria decision analysis and subject-wide evidence synthesis. We then suggest a methodological pipeline that could be used to connect these two methods, and we show how these methods could be used by The Nature Conservancy (TNC) in California to select the best management practices for multiple ecosystem services. We end by discussing some general principles for evidence-based decision analysis.



Multiple-Criteria Decision Analysis: What Evidence Is Needed?

Multiple-criteria decision analysis (MCDA; hereafter, “decision analysis”) is a set of methods that are used for deciding between multiple alternatives based on multiple criteria (Belton and Stewart, 2002). These methods have been used for decades in environmental management (Kiker et al., 2005; Langemeyer et al., 2016; Adem Esmail and Geneletti, 2018), and they are suitable for making decisions about the management of multiple ecosystem services (Saarikoski et al., 2016). A common method of decision analysis is to rank the alternatives from highest to lowest priority, by calculating the relative value of each alternative (for each criterion), weighting it by the relative value of each criterion to the stakeholders, and then summing these weighted values across all criteria. The alternative with the highest value is the highest priority (e.g., the “best management practice”).

The data that are needed for decision analysis include “performance measures” for each alternative—for example, the effect of each management practice on each ecosystem service—and the careful selection of performance measures is critical to the decision-making process (Gregory et al., 2012). Performance measurement is also known as “impact assessment” or “criteria assessment” (e.g., Saarikoski et al., 2016; Adem Esmail and Geneletti, 2018). Performance measures are the raw data for calculating the relative value of each alternative. Performance measures can be estimated by eliciting opinions from experts, extracting data from scientific publications, or using models of scientific data (Kiker et al., 2005; Gregory et al., 2012). However, the validity of these different methods of performance measurement have not yet been widely considered in decision analysis (but see Pashaei Kamali et al., 2017).

We suggest that decision analysis should be based on robust methods of evidence synthesis, instead of using performance measures that have been non-systematically selected (“cherry picked”) or elicited from experts without explicit reference to an evidence base. In some cases, experts may be able to provide acceptable performance measures without explicit reference to an evidence base (Pashaei Kamali et al., 2017). However, decision analysis would be more inclusive, rigorous, and transparent (cf. Donnelly et al., 2018), and would better fulfill the ideals of “evidence-based practice” (e.g., Pullin and Knight, 2003; Sutherland et al., 2004), if it were based on robust methods of evidence synthesis.



Subject-Wide Evidence Synthesis: What Evidence Is Available?

Evidence synthesis is a set of methods that are used for systematically collecting and summarizing knowledge (Donnelly et al., 2018). These methods include rapid evidence assessments, summaries of scientific studies, systematic reviews with meta-analysis, and expert consultation (Dicks et al., 2017). Systematic reviews are seen as the “gold standard” method of evidence synthesis, but it is also possible to use a subset of methods from systematic reviews (e.g., transparent search strategies and inclusion criteria) to increase the reliability of rapid reviews, in situations where full systematic reviews are not possible (Haddaway et al., 2015; Donnelly et al., 2018).

An average systematic review in environmental sciences takes about one person-year and costs about £50,000–£100,000, depending on overheads and other costs (Haddaway and Westgate, 2019, based on systematic reviews in the Collaboration for Environmental Evidence). Moreover, an average systematic review is focused on only a narrow range of research questions (Dicks et al., 2014b). For example, a systematic review might show the effects of one “intervention” on one “outcome” (e.g., the effects of one agricultural practice on one ecosystem service) (cf. James et al., 2016). Thus, the cost of a robust evidence base for decision analysis could be as high as £100,000 (or one person-year), multiplied by the number of interventions to be reviewed, multiplied by the number of outcomes to be reviewed, if all of these interventions and outcomes have to be reviewed separately. This could be prohibitively expensive.

However, if multiple interventions and outcomes could be reviewed at the same time, then the cost could be reduced through economies of scale. For example, publications that included data on multiple interventions or outcomes would only need to be read once, and all of the data could be extracted at the same time. This is the argument for a more cost-effective method of evidence synthesis, called “subject-wide evidence synthesis” (Sutherland and Wordley, 2018; Sutherland et al., 2019), in which all of the interventions in a broad subject area are reviewed at the same time (e.g., all interventions for bird conservation). A subject-wide evidence synthesis is more expensive than a single review (e.g., a review of one intervention for bird conservation), but it is a cost-effective method of doing multiple reviews in the same subject-area at the same time (and it could even be cheaper if these reviews were rapid reviews, rather than systematic reviews). For these reasons, we suggest that subject-wide evidence synthesis could be used as a cost-effective source of evidence for multiple-criteria decision analysis.




METHODS


A Methodological Pipeline for Evidence-Based Decision Making

We show how subject-wide evidence synthesis and multiple-criteria decision analysis could be connected to form a methodological pipeline for evidence-based decision making (Figure 1). This pipeline flows from “evidence” to “performance measures” using subject-wide evidence synthesis. Subject-wide evidence synthesis could include expert assessment, meta-analysis, or some combination of meta-analysis and expert assessment as methods of deriving performance measures from the evidence (e.g., the effect sizes from a meta-analysis may need to be interpreted by experts, to differentiate effects that are only statistically significant from effects that are above or below some threshold of performance). The pipeline then flows from “performance measures” to “value scores” (e.g., Belton and Stewart, 2002). For example, if the evidence synthesis shows that a management practice results in some amount of biodiversity conservation (a performance measure), then this amount of biodiversity conservation is converted into some amount of value (a value score). The pipeline then flows from “value scores” to “priority scores” using relative weights (value judgements made by stakeholders). For example, it could be that biodiversity conservation is given only half the weight of food production in the decision analysis. The pipeline then flows from “priority scores” to a “decision” through a process of deliberation (e.g., Gregory et al., 2012). For example, the decision could be that the management practice with the highest priority score is indeed the best management practice, or else the decision could be that some previous section of this methodological pipeline needs to be revisited (e.g., re-weighting the value scores or re-assessing the evidence, if the results of the decision analysis seem perverse). “Evidence synthesis” includes the first two sections of this pipeline (from evidence to performance measures in Figure 1). “Decision analysis” includes the last three sections (from value scores to decisions in Figure 1). We show how this methodological pipeline could be used to select the best management practices for multiple ecosystem services, based on Conservation Evidence.


[image: Figure 1]
FIGURE 1. A method of evidence-based decision analysis.




Conservation Evidence

Conservation Evidence (www.conservationevidence.com) provides summaries of scientific studies about conservation practices (including agricultural practices). Conservation Evidence uses two methods of evidence synthesis: (1) subject-wide evidence synthesis, in which scientific studies of conservation practices are collected and summarized in “synopses” of evidence, and (2) expert elicitation, in which the summarized evidence is assessed by experts, and each conservation practice is assigned to an “effectiveness category” (Dicks et al., 2014a, 2016; Sutherland et al., 2019). The Conservation Evidence Synopsis on farmland and rangeland in California and the Mediterranean (Shackelford et al., 2017) is a subject-wide evidence synthesis that was written as part of a collaboration with The Nature Conservancy (TNC) in California. It summarizes the effects of 20 management practices on seven ecosystem services in 762 paragraphs: one paragraph for each study that quantitatively tested the effects of one management practice on one ecosystem service (see Figure 2 for management practices and ecosystem services). For information on the search strategy, inclusion criteria, and other methods, see Shackelford et al. (2017), and please note that we consider this synopsis to be a collection of rapid reviews, not systematic reviews. The twenty management practices and seven ecosystem services that were summarized were based on the interests of TNC in California.


[image: Figure 2]
FIGURE 2. The effects of management practices on multiple ecosystem services in California and other Mediterranean farming systems (based on the evidence summarized by Shackelford et al., 2017). The results of the evidence assessment are shown as comma-separated values in this order: benefits score, harms score, certainty score, number of summarized studies on which these scores are based (the same studies were assessed for soil and climate regulation). These scores were used as “performance measures” in the multiple-criteria decision analysis.


After the synopsis was written, the summarized evidence was assessed by a group of 23 academics, agricultural consultants, and TNC staff, including many of the authors of this publication. Most of these people were based at institutions in California (please see the author list and author contributions) and their expertise included farmland and rangeland management. The results of this assessment have already been published on www.conservationevidence.com, but the methods have not been published. Therefore, we describe the methods below, and then we show how the results of this assessment could be used as performance measures for decision analysis.

A modified Delphi method was used to assess the evidence. The Delphi method is a method of expert elicitation that uses several rounds of anonymous scoring and commenting to minimize bias in decisions made by groups (Mukherjee et al., 2015). A similar method has been used for other assessments of Conservation Evidence (Dicks et al., 2016; Sutherland et al., 2017a). On average, ten people assessed the effects of each practice on each service (9.5 ± 2.2; mean ± standard deviation). Each person scored the “benefits” and “harms” of each practice and the “certainty” of the evidence, for each ecosystem service for which there was evidence (“Round 1”). These scores were based on the summarized evidence in the synopsis, not evidence from other sources. The scores were on a scale from 0 to 100 (where 0 was supposed to mean no benefits or harms and 100 was supposed to mean maximum benefits or harms). The scores were supposed to include the frequency and magnitude of benefits or harms, as well as the relative importance of different measurements (e.g., nitrate leaching vs. water quality as measurements of “water regulation”). Some people wrote comments to explain their scores. The scores and comments were anonymous in all rounds. After Round 1, each practice was assigned to an “effectiveness category” for each ecosystem service, based on its median scores for benefits, harms, and certainty (Table 1). Each person compared his or her own scores to the median scores for the group, read the comments from others in the group, and agreed or disagreed with the category to which each practice had been assigned (“Round 2”). Some people also wrote comments to explain their agreement or disagreement. If ≥ 33% of people disagreed with a category (an arbitrary threshold that was set by GES, RK, and LVD before the assessment began), then each person read the comments and re-scored the evidence for that practice, with respect to that service (“Round 3”). That practice was then re-assigned to an effectiveness category. All of this was anonymous, to reduce bias.


Table 1. Effectiveness categories, defined by the median scores from the evidence assessment (based on Sutherland et al., 2017a).
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From Subject-Wide Evidence Synthesis to Multiple-Criteria Decision Analysis

We used the benefits, harms, and certainty scores from evidence assessment (described above) as the basis for the decision analysis (described below). We did not include practices with certainty scores <40 (the threshold for “unknown effectiveness” in the Conservation Evidence project), but users of this decision-support system can set their own thresholds using our web application (see below). To show how additional evidence could be included in this process, we also used the Environmental Quality Incentives Program (EQIP) Payment Schedule for California in 2017 (NRCS, 2016) as evidence of cost (a criterion for which there was no evidence in the Conservation Evidence Synopsis). This payment schedule shows the amount of money that was payable to farmers for implementing these practices through the Natural Resources Conservation Service (NRCS) (Table S1).

We used a “value-function” method (Belton and Stewart, 2002), which is a common method of decision analysis for ecosystem services (Langemeyer et al., 2016). In other words, we transformed the scores from the evidence assessment into “value” scores on a standardized scale from low value to high value (a scale from 0 to 1) (e.g., Edwards and Barron, 1994; Belton and Stewart, 2002). The reason for this transformation from “performance” to “value” is that (1) performance may be measured on different scales for different criteria, (2) low performance could be a good thing for some criteria (e.g., low harms) and a bad thing for other criteria (e.g., low benefits), and (3) the relationship between performance and value may not be linear (e.g., an increase from low to medium performance may be more valuable than an increase from medium to high performance), and thus it may be necessary to model this relationship using a non-linear value function. We then used a weighted linear equation to aggregate these value scores for each management practice across all ecosystem services, which is a standard method in decision analysis (e.g., Huang et al., 2011). Different methods of decision analysis, such as the Analytic Hierarchy Process (AHP), could also be used, and these methods would offer different strengths and weaknesses (Belton, 1986). Our objective here is not to suggest that there is only one method of using evidence for decision analysis, but only show that it is possible to use evidence at this scale. In the equations, below, we show the steps we took to transform the scores from the evidence assessment into value scores. However, this should be seen as only one example of many possible methods.

Examples of our calculations are shown in Table 2. For benefits scores, we based our calculations on “Type a” value functions: linear functions that transform a high performance measure into a high value (higher benefits = higher value) (Edwards and Barron, 1994). For harms scores and for costs, we based our calculations on “Type b” value functions: linear functions that transform a low performance measure into a high value score (lower cost = higher value; lower harm = higher value) (Edwards and Barron, 1994). In the following equations, i is a unique combination of one management practice and one ecosystem service. For example, benefiti is the benefits score for one management practice with respect to one ecosystem service, and benefits (without a subscript) is the set of all of these benefits scores.

[image: image]

The management practice with the highest normalized priority was the best practice for that ecosystem service. It is called a “normalized” priority because it has been converted to a proportion in Step 5. The best practice had a normalized priority of 1.00, and the other practices had priorities that were proportions of the best practice. For example, a practice with a priority of 0.96 had a priority that was 96% as high as the best practice. The normalized priority of each practice with respect to cost was calculated using a similar procedure, but it was simpler, since it did not require separate steps for combining benefits, harms, and certainty. In the following equations, which replace steps 1–5, i is a unique combination of one management practice and its cost. For example, cost valuei is the value of the cost of one management practice, and cost value (without a subscript) is the set of all of these cost values.

[image: image]

In the following equations, priorityi is the normalized priority of one management practice with respect to one criterion (ecosystem service or cost), weighti is the weight of that criterion (see below), priorityj is the priority of one management practice with respect to all criteria, n is the number of criteria, and priority (without a subscript) is the set of all priorityj.

[image: image]

The management practice with the highest normalized priority was the best practice for all criteria. Step 6 is the weighted linear equation that is often used to aggregate value scores across all criteria in a decision analysis (e.g., Huang et al., 2011).


Table 2. The calculation of value scores and priority scores from harms, benefits, and certainty scores.

[image: Table 2]

The weight of each criterion (weighti) is a value judgment that needs to be made by stakeholders (Belton and Stewart, 2002). For the purposes of this example, we imagined three hypothetical stakeholders: one stakeholder for whom all criteria have weights of 1 (the “equal-weight scenario”), one stakeholder for whom crop production and soil fertility (which could be considered “private” benefits) have weights of 1 and all other criteria have weights of 0 (the “private-stakeholder scenario”), and one stakeholder for whom biodiversity conservation and climate regulation (which could be considered “public” benefits) have weights of 1, and all other criteria have weights of 0 (the “public-stakeholder scenario”). These scenarios are arbitrary and overly simplistic, and they are used here only to show how these methods could account for stakeholders with different preferences. It would also be possible to use surveys, workshops, or other methods to collect data on stakeholder preferences and use these as weights.



Web Application

We used the shiny package for R (Chang et al., 2017) to develop our decision-support system as a web app (http://mcda.metadataset.com/mediterranean). It calculates the priority of each practice using multiple-criteria decision analysis (i.e., it takes the steps in Table 2). Users can score the evidence for themselves, or they can keep the default scores from our assessment. They can assign weights to each criterion, and they can assign weights to benefits and harms. They can decide whether the benefits and harms scores should be weighted by the certainty scores and whether the priority score of a practice should be 0 for a criterion with no evidence (the default, which is the equivalent of no benefits and no harms, or no certainty) or 0.5 (which is the equivalent of no benefits, no harms, and 100% certainty). This is because the priority score for a practice across all criteria is substantially reduced if its priority score for some criteria is 0.

We used the web app to show how the best practices could be selected for the three hypothetical stakeholder scenarios that we described above, and we refer to these three analyses as the “main analyses.” As “sensitivity analyses,” we compared the results from these three scenarios, and we also compared the results from two other analyses (assuming priority scores of 0.5 for missing data and not weighting by certainty), to see whether the same practices were high priorities under different sets of assumptions. We also asked staff from The Nature Conservancy (TNC) in California to test the web app. These staff are responsible for making decisions about agricultural management practices for properties that are owned by TNC in the Santa Clara Valley of California. They need to consider multiple criteria when making these decisions. This provided a practical example of decision analysis, as a counterpoint to our theoretical example.




RESULTS


Subject-Wide Evidence Synthesis

The effectiveness categories from our assessment of the Conservation Evidence Synopses are shown in Figure 2. Of the 91 combinations of practices and services that we assessed, 42 were assigned to a category other than “unknown effectiveness” (because the certainty scores were sufficiently high). Only one practice had evidence for all seven services (planting or maintaining ground cover in vineyards or orchards). Only one practice was assessed as “beneficial” or “likely to be beneficial” for pest regulation (growing cover crops in arable fields), but at least two practices were assessed as “beneficial” or “likely to be beneficial” for each of the other services. Effects on soil fertility and pollination were never assessed as “likely to be ineffective or harmful” or “trade-off between benefits and harms” (but there was less evidence for pollination than any other service). In contrast, there were some practices that were assessed as “trade-off between benefits and harms” or “likely to be ineffective or harmful” for each of the other five services. No practice was “beneficial” or “likely to be beneficial” for all of the services, which shows the need for multiple-criteria decision analysis to select the best practice when considering all of these services.



Multiple-Criteria Decision Analysis

A screenshot from the web app is shown in Figure 3, and the data and R code for the web app are provided in Files S1 and S2. The “best management practice” (BMP) for each criterion in the equal-weight scenario is shown in Table 3 (the BMP is the practice with the highest priority score for each criterion). For example, adding slurry to the soil was the BMP for crop production, and excluding grazers was the BMP for biodiversity conservation. For some criteria, there was only a small difference in priority between the best practice and the second-best practice. For example, growing cover crops was the BMP for water regulation, but using no tillage had a priority score of 0.93 (i.e., a priority score that was 93% as high as that of growing cover crops), and five practices had priority scores of 1.00 for cost (i.e., there were multiple BMPs for cost). The BMP for all criteria is shown in Table 4. In all three scenarios, adding compost to the soil was a high priority. High priority practices in the main analysis were also high priority practices in other analyses (Table 5), but the order of priorities changed slightly (e.g., the best practice became the second-best or third-best practice).


[image: Figure 3]
FIGURE 3. A screenshot from the web app for multiple-criteria decision analysis (http://mcda.metadataset.com/mediterranean/).



Table 3. Best management practices (BMPs) for farmland and/or rangeland in California and other Mediterranean farming systems: priority scores in the equal-weight scenario (but see the Discussion for the limitations of this prototype).

[image: Table 3]


Table 4. Comparison of the five best management practices in three hypothetical scenarios.

[image: Table 4]


Table 5. Comparison of the five best management practices in the main analysis and the sensitivity analyses (equal-weight scenario).
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The staff of TNC in California decided to use the web app to consider different “scenarios” for the Santa Clara Valley: (1) prioritizing agricultural/production outcomes (“farmer priorities”) or (2) prioritizing biodiversity/conservation outcomes (“TNC priorities”). Three people used the web app separately to set weights for each of these two scenarios, and then they compared their results (one person also set weights for “balanced priorities” as a third scenario). Thus, they considered three sets of weights for the first two scenarios and one set of weights for the third scenario (Table S2). Growing cover crops was the best or second-best practice for all seven sets of weights, and adding compost was the best or second best in five of seven sets (but only one of three sets for “farmer priorities”) (Table S3).




DISCUSSION

Based on 323 scientific publications that were summarized in 762 paragraphs, we assessed the evidence for 91 combinations of management practices and ecosystem services. We then used the outputs of this evidence synthesis as inputs for decision analysis. We were able to use this combination of evidence synthesis and decision analysis to select management practices that seemed to be high priorities in multiple scenarios (e.g., adding compost to the soil). TNC staff were also able to use our web app to select management practices that seemed acceptable not only as “TNC priorities” but also as “farmer priorities” for the Santa Clara Valley (e.g., growing cover crops in arable fields). This shows that these methods can be used in practice, and it also shows that decision analysis can be used to identify consistent results across multiple scenarios. However, these results should only be seen as an example of these methods, and we do not focus on the details of these results in this publication. We use these results only to consider the strengths and weaknesses of these methods, and to suggest some general principles for evidence-based decision analysis. These results should not be seen as evidence that some management practices are better than others in all situations, and decisions that are based on these methods should carefully consider these discussion points.


Evidence Synthesis Should Meet the Needs of Decision Analysis

Including the cost of writing the Conservation Evidence Synopsis (Shackelford et al., 2017), assessing the evidence (with unpaid participation by the expert assessors), and developing the web app, the process cost about £125,000 and took about two person-years. In other words, it cost perhaps as much as two systematic reviews (Haddaway and Westgate, 2019), but it provided evidence for the effectiveness of 20 management practices. It was not as robust as 20 systematic reviews would have been (and this should be seen as a weakness), but it provided evidence for a wider range of management practices, and thus we were able to use it for evidence-based decision analysis. If additional funding were available, the robustness of these methods could be increased by commissioning systematic reviews for some subset of these management practices. If systematic reviews were already available, these methods could include them without additional funding (and several meta-analyses were summarized as part of the evidence base), but the costs of additional systematic reviews would need to be carefully considered. Some combination of rapid reviews and systematic reviews could be a good compromise between cost and robustness. Management practices for which the evidence is complicated, controversial, or inconclusive could be high priorities for systematic reviews (Pullin et al., 2016). In summary, a strength of this system is that it provided evidence on the scale that was needed for decision analysis, without being prohibitively expensive, but this system would be stronger if the robustness of the evidence base could be increased through systematic reviews of high-priority topics.



Decision Makers Should Review and Reassess the Evidence

Another strength of this decision-support system is its transparency. We think it should be possible for decision makers to review the evidence scores, as well as the evidence itself (e.g., the summaries of individual studies in the Conservation Evidence Synopsis), and reassess the evidence from a different perspective. For example, we were surprised that adding compost to the soil seemed to be as high a priority for biodiversity conservation as habitat restoration along watercourses (Table 3). Looking back at the evidence scores (File S1), seven out of eight people had agreed that “likely to be beneficial” was the correct category for this practice, with respect to biodiversity conservation, but looking back at the summaries of individual studies, the evidence seemed biased toward plants that were not of conservation concern. Therefore, we used the web app to test the sensitivity of these results by entering different scores for this practice. However, even with a score of zero benefits for biodiversity conservation (which could be a realistic score in some situations), compost addition was still the BMP in the public-stakeholder scenario. Thus, this system can account for different assessments of the evidence, and sensitivity analyses can be used to test the robustness of the results.



Decision Makers Should Consider the Resolution of the Evidence

Another weakness of this system is that there is no formal mechanism for weighting the evidence for sub-criteria. For example, for biodiversity conservation (criterion), there is no mechanism for weighting the evidence on bird conservation vs. plant conservation (sub-criteria). Each sub-criterion could be scored and weighted as part of a lower-level decision analysis, which could then be used as an input into a higher-level decision analysis. For example, bird conservation could be given more weight than plant conservation, which would increase the relative priority of riparian restoration vs. compost addition. However, the system would then be more complicated to use (since weights would be needed not only for each criterion but also for each sub-criterion), and the evidence synthesis would be more time-consuming to produce (because performance measures and value scores would be needed for each sub-criterion). Moreover, it could be argued that sub-sub-criteria (e.g., bird abundance vs. bird diversity) should also be scored separately, and so on. A more complicated system could be developed, if a simpler system does not capture the values of stakeholders at a suitable level of resolution. Alternatively, the evidence for one criterion could simply be rescored after reconsidering the evidence for sub-criteria.



Decision Makers Should Consider the Local Relevance of the Global Evidence

Management practices could have different effects in different soils, different landscapes, or different climates (Unger and Vigil, 1998; Batáry et al., 2011; Steward et al., 2018), and decision makers should consider whether the global evidence is relevant to their local conditions (Sutherland et al., 2017b). For example, the evidence from irrigated vegetable fields in the Salinas Valley of California may not be relevant to rainfed cereal fields in the Ebro Valley in Spain. We assessed cover cropping and no tillage as “likely to be ineffective or harmful” for crop production, but these practices could be beneficial for crop production in the drier, rainfed parts of the Mediterranean (Unger and Vigil, 1998; Pittelkow et al., 2014). Decision makers can use the web app to re-score the benefits and harms of practices based only on the evidence that they consider to be relevant to their local conditions. However, this system would be even stronger if there were an automated method for recomputing the scores for subsets of the evidence that decision makers consider to be relevant to their local conditions. These subsets could be based on variables such as crop type, soil type, irrigation system, or other implementation options that could interact with the effects of a management practice. For example, different species of cover crops, in combination with different methods of fertilization, irrigation, and tillage, could have different effects on ecosystem services, and only some of these effects may be relevant to a decision maker, if only some of these implementation options are relevant to their local conditions.



Protocols for Evidence-Based Decision Analysis Should Be Developed

To reduce bias in some fields of primary and secondary research, it is standard practice to publish “protocols” that describe the methods that will be used, before they are used (Higgins and Green, 2011; Munafò et al., 2017). Likewise, it may become necessary to publish protocols for evidence-based decision analysis, not only to reduce unintentional bias but also to reduce intentional misuse of the evidence. For example, one of the strengths of this decision-support system is its flexibility (e.g., decision makers can reassess the evidence for themselves), but this flexibility could lead to biased decisions in which weights are reassigned, or evidence is reassessed, to prioritize a preferred alternative. Decision analysis could be especially vulnerable to this bias, since it is an iterative process. Protocols could describe methods of assigning weights (e.g., using robust methods to survey stakeholders), filtering the evidence base (e.g., using evidence only from predefined countries, climate types, or experimental designs), or handling gaps in the evidence base (e.g., imputing missing values), before the decision-support system is used.



Gaps in the Evidence Base Should Be Filled

There was more evidence for the practices related to conservation agriculture and nutrient management (in the top half of Figure 2) than there was for the practices related to habitat management and grazer management (in the bottom half). There was also more evidence for services that were more strongly related to crop production (on the left half of Figure 2) than there was for services that were more strongly related to biodiversity conservation (on the right half). Indeed, different practices could be expected to have different amounts of evidence, because of the lumping or splitting of practices (e.g., three practices involving tillage and two involving cover cropping could have been lumped together as components of conservation agriculture). Different services could also be expected to have different amounts of evidence. Nevertheless, the white and gray cells in Figure 2 are gaps in the evidence base that should be filled. For example, evidence on pollination and biodiversity conservation are wide gaps.

There are also “invisible” gaps in the evidence base. For example, there are practices and services that were not reviewed in the Conservation Evidence Synopsis. Thus, it is not only the white or gray cells in Figure 2 that are gaps, but also the rows and columns that could be added to Figure 2. For example, costs were not reviewed in the Conservation Evidence Synopsis. To show how costs or other non-systematically reviewed data could be used to fill gaps in the decision analysis, we used data on costs from government payments to farmers in California. However, we suggest that systematically reviewed evidence should be used wherever possible.

There are other invisible gaps, such as the interactions between multiple practices or multiple services. For example, most experiments do not test the effects of management practices on multiple ecosystem services at the same time and in the same landscape, and evidence of the interactions between services is a gap (Shackelford et al., 2013). Moreover, management practices are likely to have different effects in different landscapes (Batáry et al., 2011) and at different scales (Cong et al., 2014). It is not obvious how some of these gaps could be filled, considering the difficulty of setting up experiments at landscape scales (Ewers et al., 2011). However, decision makers could also consider non-experimental solutions to this problem, such as InVEST models (Nelson et al., 2009), which could potentially be parameterized using summarized data from Conservation Evidence. Multiple-criteria decision analysis could also be incorporated into these landscape-scale models by identifying alternative land-use strategies that would minimize the trade-offs between multiple services (Kennedy et al., 2016).

Some of these gaps are known to exist (e.g., we know that the Conservation Evidence Synopsis did not review evidence on cost), but there may be other gaps that are not known to exist. For example, there may be new management practices that have not yet been studied scientifically, and methods of horizon scanning could be used to identify these gaps (Sutherland et al., 2014). Even if it is possible to identify these gaps, it is not likely that there will be evidence to fill them. Our web app provides one option for handling missing data (imputation), but it would also be possible to provide other options. For example, hybrid systems could be developed that are partly based on evidence, where evidence is available, and partly based on expert elicitation, where evidence is not available.




CONCLUSION

We have shown that subject-wide evidence synthesis can be used as the basis for multiple-criteria decision analysis. This is only one part of an ongoing process of “structured decision making” (Gregory et al., 2012), and some parts of this process are likely to be contingent upon other parts. For example, the decision to select the best management practices for an agricultural landscape could be contingent upon the decision to use that landscape for agriculture instead of some other land use [e.g., land-sparing vs land-sharing (Green et al., 2005)]. These other decisions may also need to use some form of evidence-based decision analysis, and ever larger methodological pipelines may need to be developed, to connect these decision analyses to one another. However, we are confident that integrated systems of evidence-based decision analysis can be developed, if evidence can be provided on the scale that is needed. As general principles for evidence-based decision analysis, we suggest (as discussed above) that (1) the scale of evidence synthesis should meet the needs of decision analysis, (2) decision makers should review and reassess the evidence, (3) decision makers should consider the resolution of the evidence, (4) decision makers should consider the local relevance of the global evidence, (5) protocols for evidence-based decision analysis should be developed, and (6) gaps in the evidence base should be filled.
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Practice Cost Crop Soil Climate Water Pest Pollination Biodiversity  Priority

production regulation  regulation  regulation  regulation conservation
Grow cover crops in arable fields 097 045 087 069 1.00 0.76 1.00
Add compost to the soil 100 073 1.00 1.00 081 096
Plant or maintain ground cover in 096 045 082 0.60 089 0.68 093
orchards or vineyards

Use no tlage in arable fields 099 052 076 069 093 036 090
Use reduced tilage in arable fields 099 058 0.80 058 080 031 086
Use organic fertizer instead of 1.00 058 068 085 066
inorganic

Plant flowers 095 1.00 070 056
Add slurry to the soil 1.00 1.00 034 017 053
Use grazers to manage vegetation 1.00 077 037
Plant hedgerows 0.66 1.00 0.35
Use crop rotations 099 067 035
Add manure to the soil 1.00 0.63 0.34
Exclude grazers 054 1.00 032
Restore habitat along watercourses 0,00 080 017

Growing cover crops is the practice with the highest overall priority (1.00), and thus it is the best management practice (BMP) in this scenario. It is also the BMP for water regulation.
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Public-stakeholder scenario
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