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A B S T R A C T   

This study presents the most comprehensive set of ecosystem service provision estimates for diverse oyster-based 
resources to date. We use expert elicitation methods to derive estimates of five ecosystem services provided by 
oysters: oyster harvest (as indicated by oyster density), improved water quality (net nitrogen assimilation), 
shoreline protection (net erosion), and other fish habitat (blue crab and red drum density). Distributions are 
estimated for three distinct resources: on-bottom production, off-bottom farms, and non-harvested restoration/ 
conservation efforts, under twelve distinct scenarios according to varying environmental conditions (eutrophi-
cation, sedimentation, and salinity regimes). Our expert-derived estimates of ecosystem services provide useful 
comparisons across oyster resources of both expected ecosystem service delivery levels and the amount of 
variation in those levels. These estimates bridge an information gap regarding relative performance of diverse 
oyster resources along multiple dimensions and should serve as a useful guide for resource managers facing 
competing interests.   

1. Introduction 

It is well-documented that oysters provide a variety of ecosystem 
services (Alleway et al., 2019; Fodrie et al., 2017; Grabowski et al., 
2012; Higgins et al., 2011; Humphries and La Peyre, 2015; Interis and 
Petrolia, 2016; Kellogg et al., 2014; Meyer et al., 1997; Piazza et al., 
2005; Piehler and Smyth, 2011; Scyphers et al., 2011; Smyth et al., 
2013). Nevertheless, there remains a gap in the literature regarding the 
distribution of the levels of services delivered by oysters and oyster re-
sources, particularly the differences that exist among harvested and 
non-harvested oyster resources. Here we use the term oyster resources to 
distinguish oyster production methods, grouped broadly into three 
categories: on-bottom production (traditional bottom leases and 
commercially harvested oyster beds), off-bottom farming (containers 
where oysters are kept off the bottom, including cases where the 
container itself sits on the bottom), and restoration/conservation efforts 
(living shorelines and restored reefs with the intention of no-harvest). 

Hereafter, we refer to these as traditional, off-bottom, and restored for 
convenience (see Table 1 for summary of key terms and descriptions). 
Although it is well documented that restored yields a suite of ecosystem 
services, those derived from traditional and off-bottom are less known. 
This hinders our understanding of how diverse oyster resources differ in 
their ecosystem services and, thus, limits our capacity to manage these 
valuable resources. Indeed, there may exist substantial differences in the 
type and extent of ecosystem services provided by oyster resources due, 
in part, to their specific responses to changing environmental condi-
tions. For example, under high-salinity scenarios along the coast of the 
Gulf of Mexico, restored and traditional struggle to deliver ecosystem 
services due to mortalities stemming from predation and disease. On the 
other hand, ecosystem service delivery by off-bottom does not appear to 
diminish as they avoid the losses suffered by oysters on the bottom (e.g., 
Mann and Powell, 2007). 

The gap in information regarding ecosystem services provided by 
harvested oyster resources, and how it compares with those provided by 
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non-harvested resources, is particularly acute given the demand for this 
kind of information by scientists, managers, and regulators, especially 
when faced with decisions about multiple oyster resources and potential 
user conflicts (Baggett et al., 2015; Sutton-Grier and Bamford, 2015). 
Grabowski et al. (2012) note that “decision-support tools that allow 
location-specific value estimates would be of great value in prioritizing 
restoration projects to enhance the value of the services that they pro-
vide” (p. 907). Similarly, Alleway et al. (2019) note the importance of 
“increasing recognition, understanding, and accounting of ecosystem 
service provision by mariculture” (p. 59). Indeed, one of the main 
messages of Grabowski et al. (2012) is that different oyster resources 
should be considered when evaluating oyster-derived ecosystem ser-
vices, a topic that we directly address in our study. 

The purpose of this research is to generate reliable estimates of 
ecosystem service levels and distributions of direct relevance to the 
management of diverse oyster resources using expert elicitation 
methods. Toward this purpose, the work answers two specific questions: 
1) Do ecosystem services differ across oyster resources? and 2) Do these 
estimates vary based on region and elicitation method? We provide an 
answer to the first question by generating novel estimates of five in-
termediate ecosystem services – oyster density, net nitrogen assimila-
tion, reduced erosion, blue crab density, and red drum density – that can 
be mapped, under reasonable assumptions, to final ecosystem services, 
respectively –oyster harvest (for harvested resources only), improved 

water quality, reduced erosion, blue crab habitat, and red drum habitat. 
We provide these estimates for all three of the aforementioned oyster 
resources under 12 different scenarios of environmental conditions ac-
cording to eutrophication, sedimentation, and salinity levels (see 
Table 1). 

We provide an answer to the second question using a sample 
comprised of experts from two U.S. oyster-producing regions: the 
Atlantic and Gulf Coasts, and an experimental design that includes two 
different approaches for eliciting expert knowledge. Recent research, 
discussed below, has found that the elicitation method can affect re-
sponses. Our estimates are based on data collected from an extensive 
questionnaire designed to elicit oyster expert knowledge, an approach 
“used widely in the science and practice of conservation because of the 
complexity of problems, relative lack of data, and the imminent nature 
of many conservation decisions” (p. 29, Martin et al., 2012). A recent 
example is the case of ranking threats to endangered species (Donlan 
et al., 2010), and other examples in the literature include impacts of 
plastic pollution on marine wildlife (Wilcox et al., 2016), threatened 
species (McBride et al., 2012), and climate change impacts (Fuentes and 
Cinner, 2010) and coastal modification (Nelson Sella et al., 2019) on sea 
turtle nesting grounds. 

We present our expert-derived estimates as an alternative to, but 
certainly not as a complete or comprehensive substitute for, yet- 
unavailable new studies providing original empirical data. Despite the 

Table 1 
Key terms and descriptions.  

Oyster Resources Ecosystem Services 

Resource Description Service Units As indicator for final service 

Traditional natural oyster beds/reefs and/or traditional on-bottom plantings Oyster 
density 

#/m2 Oyster harvest 

Net N 
assimilated 

g N/m2 Water quality 

Off-bottom containers where oysters are kept off the bottom, including cases where the container itself sits 
on the bottom 

Reduced 
erosion 

m 
shoreline/ 
m2 

Reduced erosion 

Blue crab 
density 

#/m2 Blue crab habitat 

Red drum 
density 

#/m2 Red drum habitat 

Restored living shorelines, restored reefs with the intention of no-harvest       

Environmental Conditions Environmental Scenarios 

Category Levels Description Scenario Nutrients-Oxygen Sedimentation Salinity 

Nutrients- 
Oxygen 

Mesotrophic- 
normoxic 

medium nutrient concentrations: < 10 μ mols of dissolved inorganic 
nitrogen per liter, < 25 μg of chlorophyll-a per liter; well-oxygenated: � 4 
mg of oxygen per liter 

MNL mesotrophic- 
normoxic 

normal low 

MNM mesotrophic- 
normoxic 

normal medium 

MNH mesotrophic- 
normoxic 

normal high 

MHL mesotrophic- 
normoxic 

high low 

MHM mesotrophic- 
normoxic 

high medium 

MHH mesotrophic- 
normoxic 

high high 

Eutrophic- 
hypoxic 

high nutrient concentrations: � 10 μ mols of dissolved inorganic nitrogen 
per liter, < 25 μg of chlorophyll-a per liter; low oxygen: < 4 mg of oxygen 
per liter 

ENL eutrophic-hypoxic normal low 
ENM eutrophic-hypoxic normal medium 
ENH eutrophic-hypoxic normal high 
EHL eutrophic-hypoxic high low 
EHM eutrophic-hypoxic high medium 
EHH eutrophic-hypoxic high high 

Sedimentation Normal normal     
High high sedimentation from sources such as river inputs, eroding shorelines, 

and/or uncontained dredged sediments                 

Salinity Low <10 ppt     
Medium 10–20 ppt     
High >20 ppt      
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recognition that our study cannot replace the rigor of much needed 
studies providing empirical data, we contend it still presents the most 
comprehensive set of ecosystem service estimates for diverse (harvested 
and non-harvested) oyster resources to date. 

2. Elicitation of expert knowledge 

Martin et al. (2012) define expert knowledge as “substantive infor-
mation on a particular topic that is not widely known by others; ” they 
define an expert as “someone who holds this knowledge and who is often 
deferred to in its interpretation; ” and they define expert judgments as 
“predictions by experts of what may happen in a particular context” (p. 
29). Elicitation of expert knowledge has been used in a wide variety of 
settings where the demand for information exceeds its supply. The 
earliest documented instance of a structural method for eliciting expert 
knowledge appears to be Dalkey and Helmer (1963), who developed the 
Delphi method to determine the optimal number of atomic bombs to be 
manufactured during the Cold War. The method was developed further 
in Dalkey (1967, 1969). Subsequent uses include Gordon and Helmer 
(1964), to explore long-term trends in scientific research and forecasted 
impacts on society, with more recent applications including 
pharma-economics (Evans, 1997), knowledge management (Holsapple 
and Joshi, 2002), and e-commerce diffusion (Okoli and Pawlowski, 
2004). Applications specific to the environment and conservation efforts 
include studies on discount rates for future climate-related damages 
(Weitzman, 2001), ecosystem-based spatial planning (Scolozzi et al., 
2012), and ecosystem service valuation (Curtis, 2004), including valu-
ation of Amazon rainforest protection (Strand et al., 2017). There are a 
variety of other structural methods for eliciting expert knowledge, 
including Martin et al. (2012); the IDEA protocol of Hemming et al. 
(2018); O’Hagan et al. (2006), which is specifically focused on eliciting 
probabilities; and Veen et al. (2017). 

The IDEA protocol (the acronym stands for “Investigate, Discuss, 
Estimate, and Aggregate”) is a similar procedure, but with a key dif-
ference: the experts of a Delphi exercise work in isolation, whereas the 
IDEA protocol explicitly includes an open discussion stage between the 
two elicitation stages. A summary of the basic steps is as follows. A 
diverse group of experts is recruited to answer questions with probabi-
listic or quantitative responses. The experts are asked to first Investigate 
the questions and to clarify their meanings, and then to provide their 
private, individual best guess point estimates and associated credible 
intervals (Round 1). The experts receive feedback on their estimates in 
relation to other experts. With assistance of a facilitator, the experts are 
encouraged to Discuss the results, resolve different interpretations of the 
questions, cross-examine reasoning and evidence, and then provide a 
second and final private Estimate (Round 2). The individual estimates are 
then combined using mathematical Aggregation. Hemming et al. (2018) 
write that the purpose of discussion in the IDEA protocol is not to reach 
consensus but to resolve linguistic ambiguity, promote critical thinking, 
and to share evidence. Hanea et al. (2018) find that it can increase 
response accuracy. Strand et al. (2017), a recent example of an appli-
cation of the Delphi method, summarize the key elements of the Delphi 
method as: (a) anonymous responses by experts to multiple rounds of 
formal questionnaires; (b) an exercise incorporating iterative, controlled 
feedback with respect to the information provided at each round; and (c) 
statistical summary of the group’s responses. The present paper follows 
the Delphi method, and incorporates the open discussion component of 
the IDEA protocol as part of the experimental design. 

Consistent with the above methodologies, our methodology includes 
an experimental treatment, wherein there are two groups of experts. The 
first group, which we refer to as the “Isolated Group”, completes the 
entire process online, working in isolation from one another as in Del-
phi. The second group, which we refer to as the “Discussion Group”, 
completes the initial elicitation round online, exactly as the first group 
does. However, this group then meets in an in-person, open discussion 
prior to returning home to complete the second round online. As cited 

earlier, recent research suggests that incorporating a single discussion 
stage within a standard Delphi process generates improvements in 
response accuracy. This setup, therefore, allows us to make direct 
comparisons of degrees of participation and data quantity and quality 
between the two approaches. 

2.1. Questionnaire design 

The questionnaire on oyster ecosystem services was very involved 
and covered several topics, so it was important that it be designed in a 
way that eased the respondent into the elicitation exercise and began 
from a point of familiarity. Table 2 contains a summary outline of the 
major components of the questionnaire. The first section covered all 
basic and logistical information. First, respondents were asked to view 
and complete it on a full-screen monitor, rather than on a smart phone or 
tablet, because several of the questions and tables would be difficult to 
view on a small screen. They were then reassured of the anonymity of 
responses, reminded that the questionnaire was very demanding, 
encouraged to take breaks, and reminded that they had three weeks to 
complete it. The questionnaire also provided investigators’ contact in-
formation. The oyster resources (as described earlier) and the ecosystem 
services to be covered by the questionnaire were then reviewed. 
Ecosystem services were oyster density (here, focused on the eastern 
oyster, Crassostrea virginica), net nitrogen assimilation, reduced erosion, 
blue crab (Callinectes sapidus) density, and red drum (Sciaenops ocellatus) 
density (see Table 1). The combinations of three resources and five 
ecosystem services means that responses were asked to respond 
regarding 15 resource-service combinations. The importance of com-
plete responses, especially for oyster density levels, was then empha-
sized, but respondents were also reminded that they had the option to 
skip questions regarding resources and/or services with which they were 
unfamiliar. To mitigate concern about providing responses for 

Table 2 
Outline of questionnaire.  

I. Introduction and logistical information 
a. Provide screen requirements 
b. Reminder of anonymity of responses 
c. Reminder that questionnaire is demanding, encourage respondent to take breaks 
d. Provide completion deadline 
e. Provide contact information of the researchers. 
f. Provide description of items to be covered by the questionnaire 
g. Reminder about importance of complete responses 
h. Discussion about providing responses for unfamiliar items, familiarity levels 

II. Baseline (familiar) site from which all subsequent questions would pivot 
a. Elicit baseline resource 
b. Elicit baseline resource details 
c. Elicit baseline resource familiarity level 

III. Ecosystem service level data collection 
a. Oyster density 

i. Elicit service familiarity question 
ii. Elicit preferred unit of measure 
iii. Elicit absolute minimum and maximum bounds 
iv. Elicit point estimate under baseline environmental scenario 
v. Elicit point estimates for alternative salinity levels 
vi. Elicit point estimates for alternative sedimentation levels 
vii. Elicit point estimates for alternative nutrients-oxygen levels 
viii. Review of all previous responses 
ix. Respondent selects Resource 2 

1. Elicit resource familiarity level 
2. Same procedure as above 

x. Respondent selects Resource 3 
1. Elicit resource familiarity level 
2. Same procedure as above 

xi. Final review of all oyster density responses 
b. Respondent selects Service 2; same procedure as above 
c. Respondent selects Service 3; same procedure as above 
d. Respondent selects Service 4; same procedure as above 
e. Service 5; same procedure as above 

IV. Elicit relative frequencies for 12 environmental scenarios 
V. Closing screen: thank respondents and provide opportunity for comments  
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unfamiliar items, respondents were asked to provide their familiarity 
level with the item and reminded that familiarity level would be 
considered when responses were aggregated. 

In the second section, respondents were asked to identify a specific 
site with an existing oyster resource on which they have worked and 
with which they were familiar. All subsequent questions would pivot off 
of this initial site and its prevailing environmental conditions. Re-
spondents were asked to provide the name of the water body, the state in 
which the site is located, and the nearest city. Optionally, respondents 
could provide latitude/longitude and any other relevant information 
regarding the site. Next, respondents were asked to assess their own 
familiarity with the site (on a scale from 0 – not at all familiar – to 10 – 
very familiar). We acknowledge the limitations of a self-reported fa-
miliarity level, as more modest respondents may score themselves lower 
than less modest respondents with equal knowledge and experience. 
Next, environmental conditions typical at the site were elicited. Nutri-
ents and oxygen conditions were elicited first, with quantitative defi-
nitions of terms provided, and respondents were asked to characterize 
the site’s typical conditions (where typical was defined as "> 50 percent 
of the time”) as either eutrophic and hypoxic or mesotrophic and normoxic. 
Sedimentation conditions were elicited next, with choices being normal 
or high sedimentation. Salinity levels were elicited last, with choices 
being low (< 10 ppt), medium (10–20 ppt), or high salinity (> 20 ppt). 
For salinity, respondents could indicate one, two, or all three salinity 
conditions as being typical at the site (see Table 1 for additional details). 
The combinations of two nutrient and oxygen levels, two sedimentation 
levels and three salinity levels means that respondents were asked to 
provide answers on 12 different environmental scenarios for each 
resource-service combination. 

With the background information for the baseline site established, 
respondents were presented with specific questions about the initial 
resource-service combination. First, respondents were asked to identify 
the specific oyster resource present at the site. The familiarity question 
then asked respondents to indicate the level of familiarity with the 
chosen resource. For those responding with a level of familiarity less 
than three, an additional screen acknowledged their low level of fa-
miliarity, reminded them that familiarity levels would be considered, 
and then asked them to provide complete responses to the best of their 
ability. 

The next section began the ecosystem services level data collection in 
earnest. The first set of questions focused on oyster density. Note that in 
the first round, oyster size was not specified. In response to the Dis-
cussion Group’s recommendation, however, the Discussion Group 
considered oysters >25 mm only during Round 2. Familiarity with 
estimating oyster density was then elicited, then respondents were asked 
to provide their preferred unit of measure (number of oysters per square 
foot, number of oysters per square meter, or other specified by respon-
dent). The next question sought to establish reasonable bounds for 
oyster density at the site by asking respondents to provide the absolute 
best (under the best environmental conditions expected at the site) and 
absolute worst (under the worst conditions expected at the site) oyster 
density they would reasonably expect to encounter at the site. 

Next, the environmental conditions pivoted to the other two salinity 
conditions under the same nutrients-oxygen and sedimentation condi-
tions, and embedded the previous response in the response cells, so that 
respondents could then input the oyster density estimates for the other 
salinity levels, as well as revise the previous response, if needed. This 
ability to revise as they worked continued throughout the questionnaire 
until all responses were solicited and only the final responses were those 
ultimately used. Conditions pivoted further to include the alternative 
sedimentation levels, with nutrients-oxygen levels still fixed. Finally, the 
alternative nutrients-oxygen conditions were presented. The complete 
table was then re-presented for review and revision, if necessary. At this 
point, the solicitation of expert responses for the twelve environmental 
scenarios for the first resource-service combination was complete. 

Next, respondents were asked to select an alternative resource while 

keeping the ecosystem service fixed. Respondents were asked to 
consider a (potentially hypothetical) scenario where this alternative 
resource was present at the baseline site. The same line of questioning as 
described above was followed, except that the entire table of 12 envi-
ronmental scenarios was presented at once, in the same arrangement as 
before. Note that for a different respondent that chose different envi-
ronmental conditions, the table would be formatted differently, begin-
ning with that respondent’s typical conditions. Also presented were the 
previous responses provided for the first resource, so that the respondent 
could compare, and if necessary, revise, those as well. The same pro-
cedure then followed for the remaining (third) oyster resource, with 
both previous sets of responses shown for reference and any necessary 
revisions. A final screen presented all responses for all three resources 
for final review, and asked respondents to confirm that they were aware 
that this was the last opportunity to revise the values for that particular 
ecosystem service. 

The remainder of the questionnaire focused on the remaining 
ecosystem services: net nitrogen assimilation, reduced erosion, blue crab 
density, and red drum density. The respondent was asked to choose one 
of the remaining services; we recommended they begin with the one 
with which they were most familiar. As before, familiarity level was also 
collected, and those with low levels of familiarity were given the option 
to skip this line of questioning. As before, upper and lower bounds were 
first elicited, then the 12 environmental scenarios. For each question, 
the corresponding values for the first ecosystem service (oyster density) 
provided in the previous section were presented for reference (but, at 
this point, not for revision). The same line of questioning was then fol-
lowed for the next service chosen, then the remaining one. At this point, 
the solicitation of expert responses for the twelve environmental sce-
narios for all 15 resource-service combinations is complete. The final 
question elicited the relative frequencies of observing the 12 environ-
mental scenarios at the respondent’s site. Thus, the complete set of re-
sponses provided the probability of observing each environmental 
scenario at the site, as well as the estimated levels of each service under 
each resource conditional on each environmental scenario being 
observed. The closing screen thanked respondents and provided an op-
portunity to provide any comments. 

2.2. Questionnaire testing, revision, sample, and administration 

The questionnaire was designed using the Qualtrics online survey 
platform, tested, and revised over a 10-month period, from October 
2017 to July 2018. Expert panelists, including external reviewers, were 
recruited in June 2018. Four external reviewers reviewed the draft 
questionnaire during June and July, and suggested revisions were 
incorporated. 

Our sample was constructed as follows. We surveyed the literature to 
identify experts with a relevant publication record. In addition, we 
created a broad list of any additional individuals with interest in the 
topic and a strong likelihood of familiarity with the systems being 
studied. Our list was stratified by state, gender, and sector (e.g., 
academia, natural resource management, commercial industry, etc.). 
We strove to be as inclusive as possible in our search, and believe it is 
representative of the two regions’ experts. In terms of familiarity, most 
respondents often had 2-3 sites with which they were most familiar, with 
some experts having familiarity with a broader range of sites. We did not 
specifically attempt to include generalists, but believe that several of the 
included experts could be characterized that way. 

The final Round 1 questionnaire, which was identical for the Isolated 
and Discussion groups, was administered to 39 expert panelists during 
July and August 2018, with periodic reminders sent to non-respondents. 
One panelist opted out shortly thereafter. Completion times ranged from 
1 to 18 days. Round 1 response summaries were sent to all panelists on 
August 24. The summary included tables of summary statistics (N, mean, 
minimum, maximum), as well as box-and-whisker plots of responses, for 
each resource-service combination. The Discussion Group’s in-person 
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panel was held August 31, 2018, at the Dauphin Island Sea Lab, Ala-
bama. That same day, the questionnaire was re-sent to Isolated Group 
respondents to make any revisions based on the response summaries, 
and was in the field from September to November, with reminders sent 
in-between. The questionnaire remained unchanged for the Isolated 
Group. For Discussion Group respondents, the questionnaire was revised 
(revisions described below) based on the in-person panel, and this 
revised questionnaire was sent back to them to complete, remaining in 
the field from September to November, with periodic reminders sent to 
non-respondents. All responses were received by the end of November 
2018. Data review and processing began shortly thereafter. Problematic 
responses were identified, and follow-up email correspondence was sent 
to individual panelists as needed. All correspondence with panelists was 
concluded by the end of March 2019 and the dataset was finalized. 

Seven clarifying revisions came out of the in-person discussion. The 
first added a question where, for restored, the respondent indicates 
substrate type, whether harvest is allowed, and whether they are sub-
tidal or intertidal. The second defined hypoxic conditions as “sub-lethal 
effects on adults over a one-week timespan”. The third specified that 
only oysters >25 mm in size be considered. The fourth separated blue 
crab responses into two size classes: 0–30 mm (small) and >30 mm 
(large juveniles and adults). The fifth separated red drum into three size 
classes: 25–150 mm (small), 150–350 mm (medium), and >350 mm 
(large). The sixth defined the relevant nitrogen metric as “net nitrogen 
assimilation into oyster tissue and shell”. The seventh added a question 
regarding erosion, that elicited a baseline erosion rate, and revised 
scenario responses to be observed rates rather than net changes. 

2.3. Literature as potential test of external validity 

Prior to the design of the expert questionnaire, a comprehensive 
literature review was conducted for the ecosystem services provided by 
traditional, restored, and off-bottom oyster resources. Over 200 publica-
tions and resources were sorted through and categorized. The initial 
plan was to use the results of a literature meta-analysis as a test of 
external validity of the expert elicitation estimates. The literature review 
was limited to quantitative studies that would allow for comparison of 
units across papers. The majority of the literature found was focused on 
restored, followed by traditional, then off-bottom. Regarding ecosystem 
services, the largest number of papers focused on habitat, followed by 
oyster harvest or abundance. Papers referencing water quality and 
erosion protection were relatively scarce. Metrics and reporting of sta-
tistics also varied widely. For example, although we found roughly 125 
quantitative studies about water quality, only 50 of those used metrics 
that could be compared across at least two other publications, and re-
ported basic summary statistics (number of observations, mean, and 
standard deviation). In the end, we concluded that a meta-analysis for 
the purpose of comparing to our expert data was infeasible, so we merely 
report the results of the literature search and provide a summary of 
findings in Appendix A. 

3. Results 

3.1. Sample overview 

The final sample consisted of 38 individuals, with 19 from the U.S. 
Atlantic Coast and 19 from the U.S. Gulf Coast. Of these, 22 were 
assigned to the Isolated Group, and 16 were assigned to the Discussion 
Group. Thirty were academics, 8 were from federal or state government 
agencies (working as resource managers), and 4 were from non- 
governmental organizations or industry. 

3.2. Estimates by round, elicitation method, and region 

We first provide a discussion of results related to our second research 
question Do oyster resource estimates vary based on region and elicitation 

method? Table 3 reports means and standard deviations of estimated 
ecosystem service levels over all environmental scenarios by oyster 
resource, round, and subsample, that is, by elicitation type (Isolated or 
Discussion) and region (Gulf or Atlantic). Also reported are the results of 
two-sided t-tests of mean differences between rounds, elicitation sub-
samples, and region subsamples, respectively. (Note that unpaired t- 
tests were consistent across assumptions of equal and unequal variance 
in all but four cases. In these cases, where standard deviations were 
found to be significantly different, we report the t-test result for unequal 
variance, and vice-versus.) The results of F-tests of standard deviation 
differences between rounds are also reported. Because respondents 
could opt out of resources and services for which they were less familiar, 
individual estimates are based on different numbers of observations. 
These differences were most pronounced across ecosystem services, 
although we generally observed slightly lower numbers of responses for 
off-bottom relative to the other resources. Out of 38 respondents, oyster 
density averaged 36 respondents per scenario; blue crab density aver-
aged 28; reduced erosion averaged 24; net nitrogen assimilated aver-
aged 20, and red drum density averaged 10. The full set of summary 
statistics for these data are reported in Appendix B. Note that the means 
reported in this section should not be interpreted as the levels expected 
to be observed because environmental scenarios are given equal weight; 
they do not account for relative probabilities of each environmental 
scenario occurring. These means are reported only for the purpose of 
comparing responses across rounds and subsamples. The subsequent 
section will report scenario-specific levels. 

We find only two instances (both for red drum) of significant (95 
percent level) differences in means between rounds for the Isolated 
subsample, and no differences in standard deviation. For the Discussion 
subsample, however, we find substantial differences. We find eleven 
instances of significant mean differences and twelve instances of sig-
nificant standard deviation differences between rounds. In all but two of 
these instances, standard deviations decrease in Round 2. 

Comparing the elicitation subsamples, in Round 1 we find 9 in-
stances of significant mean differences and 12 instances of standard 
deviation differences. In the 3 instances where the mean was not 
different but the standard deviation was, the Discussion subsample had 
the higher standard deviation in 2 of them. In Round 2, the number of 
mean differences drops to 6, but the number of standard deviation dif-
ferences remains at 12. In the 8 instances where the mean was not 
different but the standard deviation was, the standard deviation for the 
Discussion subsample was lower in all but 2. Taken together, these re-
sults indicate that the in-person panel discussion appears to induce a 
greater degree of engagement and subsequent revisions in initial re-
sponses, whereas the isolated response approach leads to no real re-
visions. Additionally, the discussion approach appears to lead to 
reductions in variation of estimates relative to the isolated approach. 

We also compare estimates across regional subsamples, as it is 
possible that ecosystem service levels may differ by region. Note that 
elicitation subsamples are pooled in this case. Note also that because 
Round 2 responses represent the final responses, we leave behind Round 
1 responses from this point forward and focus on Round 2. We find 6 
instances of significant mean differences between region subsamples. 
Mean net nitrogen assimilated for off-bottom is significantly lower in the 
Atlantic subsample, as is reduced erosion for all resources, and blue crab 
density for off-bottom; red drum density is higher for traditional. No 
significant differences are found for oyster density for any resource. 

The final comparison made in this section is across. Results indicate 
general agreement among 3 of the 4 subsamples that each resource has a 
distinct oyster density level, with off-bottom having the highest oyster 
density level, followed by restored, then traditional. The Discussion 
subsample also indicates that off-bottom has a significantly higher level, 
but with no significant difference between traditional and off-bottom. 

For net nitrogen assimilated, results indicate that traditional levels 
are consistently different than restored levels, with off-bottom levels 
falling generally in-between, although the relative magnitudes are not 
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consistent across subsamples. Note that summary statistics are based on 
all observations, whereas we used paired t-tests, where applicable, some 
of which are based on a smaller number of observations. Consequently, 
the reported test results may appear inconsistent with the reported 
summary statistics in a few cases. Reduced erosion levels are consis-
tently significantly greater for restored, whereas levels for traditional and 
off-bottom are not significantly different. We find some significant dif-
ferences for blue crab density across resources. Red drum density levels 
are more mixed. The Isolated subsample indicates no significant dif-
ferences, whereas the Discussion and Gulf subsamples indicates rela-
tively higher levels for off-bottom, intermediate levels for traditional, and 
the lowest levels for restored. The Atlantic subsample, however, in-
dicates distinct levels across resources, with the highest levels for 
traditional, followed by off-bottom, then restored. 

To provide some additional guidance to users of our data, we also 
investigated whether the data exhibited any systematic non-response 
patterns, insofar as non-response may be influencing our estimates. 

We estimated logistic regressions for each service, with a binary indi-
cator for response (versus non-response) dependent variable and round, 
elicitation type, and region as binary explanatory variables, using 
cluster-robust standard errors (clustered on respondent). We found no 
significant non-response patterns for oyster density, reduced erosion, or 
blue crab density. However, we found that Gulf respondents were 
significantly (p-value < 0.05) less likely to provide net nitrogen assim-
ilated responses. This implies that the net nitrogen assimilated estimates 
are potentially biased toward the Atlantic region. Concerning elicitation 
type, we found that Isolated respondents were significantly less likely to 
provide red drum density responses. The implications of this latter 
finding is not clear, but possibly reflects unobserved idiosyncrasies of 
individual respondents that transcends our experimental controls. We 
can only emphasize that readers use caution when interpreting and 
using these estimates. 

In summary, we find that estimates may indeed differ depending on 
elicitation method and region, and we make no judgment on which set of 

Table 3 
Frequency (N), means (μ), and standard deviations (σ) of service levels by resource, round, and subsample.  

Service Resource Round 1 Round 2 

Isolated Discussion Isolated Discussion Gulf Atlantic 

Oyster Density 
(#/m2) 

Traditional N ¼ 240 192 240 192 212 220 
μ ¼ 83.89 112.00 83.87d 74.62a,b 75.41d 83.95d 

σ ¼ (250.30) (304.20)b (250.80) (232.60)a (263.20) (221.60) 
Off-bottom 240 192 240 192 220 212 

230.00 188.20 229.60d 220d 243.60d 206.40d 

(282.50) (276.60) (282.40) (259.50) (300.90) (238.00) 
Restored 242 192 242 192 214 220 

157.30 172.30 170.40d 73.79a,b 123.90d 131.30d 

(528.90) (464.60) (542.40) (232.20)a,b (528.80) (321.50) 
Net N Assimilated 

(g N/m2) 
Traditional 141 132 141 108 84 165 

89.19 200.10b 88.99d 81.58a 66.38d 95.64 
(157.00) (611.30)b (157.10) (282.40)a,b (151.70) (247.40) 

Off-bottom 128 132 128 108 84 152 
79.03 140.60b 76.49 56.69a 91.54 54.11c 

(165.10) (293.50)b (164.90) (87.32)a,b (200.30) (76.67) 
Restored 142 132 142 108 84 166 

105.50 262.80 105.40 41.31b,d 95.73 68.62d 

(205.60) (945.60)b (205.70) (98.61)a,b (234.10) (127.10) 
Reduced Erosion 

(m shoreline/m2) 
Traditional 192 132 192 108 144 156 

0.32 0.41 0.32 0.31 0.53 0.11c 

(1.80) (1.83) (1.80) (0.61)a,b (2.09) (0.34) 
Off-bottom 179 108 179 96 131 144 

0.23 0.74b 0.23 0.33a 0.42 0.12c 

(1.00) (1.58)b (1.00) (0.83)a,b (1.29) (0.39) 
Restored 195 132 195 108 148 155 

1.60d 0.47b 1.60 0.53b,d 2.22d 0.26c,d 

(7.08) (2.02)b (7.08) (0.64)a,b (8.04) (0.44) 
Blue Crab Density 

(#/m2) 
Traditional 218 168 218 132 165 185 

6.16 2.66b 6.20 2.85a,b 5.21 4.69 
(14.56) (4.04)b (14.56) (3.89)b (10.98) (12.57) 

Off-bottom 188 140 188 118 152 154 
4.09 3.01 4.18 2.94a 6.07 1.37c 

(10.04) (4.79)b (10.08) (4.66)b (11.35) (1.80) 
Restored 226 168 226 132 172 186 

5.74 3.18b 5.84 3.11a,b 5.08 4.61 
(13.06) (5.39)b (13.07) (4.20)a,b (8.80) (12.33) 

Red Drum Density 
(#/m2) 

Traditional 48 132 48 84 84 48 
0.88 0.29b 0.75a 0.58a 0.49 0.90c,d 

(1.11) (0.60)b (1.15) (1.12)a (0.92) (1.40) 
Off-bottom 36 108 36 72 72 36 

0.86 0.17b 0.78 0.84a 0.87 0.73d 

(0.92) (0.43)b (0.95) (1.35)a,b (1.33) (1.00) 
Restored 48 132 48 84 84 48 

0.93 0.25b 0.79a 0.46a,d 0.51d 0.71d 

(1.11) (0.53)b (1.14) (0.89)a,b (0.87) (1.18)  

a Round 2 mean (standard deviation) significantly different (95% level) than Round 1 mean (standard deviation) based on two-sided t-test (F-test), within elicitation 
subsample. 

b Discussion subsample mean (standard deviation) significantly different than Isolated subsample mean (standard deviation) based on two-sided t-test (F-test), 
within round. 

c Atlantic subsample mean significantly different than Gulf subsample mean based on two-sided t-test (Round 2 only). 
d Resource mean significantly different from each of the other resource means based on pairwise two-sided t-tests, within service and subsample (Round 2 only). 
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results are superior. We simply report them as is so that other re-
searchers and managers can evaluate and utilize them when evaluating 
potential ecosystem services from different oyster resources. As a 
reminder, we also provide Appendix B, which contains full summary 
statistics for every combination of environmental scenario, ecosystem 
service, oyster resource, and elicitation subsample. 

3.3. Estimates by environmental scenario 

To give the reader a more in-depth understanding of the differences 
discussed above, Figs. 1–3 plot median, mean, and familiarity-weighted 
mean oyster density levels for each resource under each of the twelve 
environmental scenarios by subsample, compared to the pooled (“All”) 
sample. Familiarity weights were calculated as follows: for each 
respondent, each resource familiarity score was multiplied by each 
service familiarity score for every resource-service combination. Then, 
the familiarity score products were summed over those respondents that 
provided a response for that particular round-resource-service-scenario 
combination. Then, the ratio of each familiarity score product and the 
sum of familiarity score products were calculated to yield the familiarity 
weights. The weighted means were then calculated using these famil-
iarity weights. Median levels tend to be lower than mean levels across 
the board, and we find more consistency across subsamples for off-bot-
tom. For traditional and restored, means across subsamples tend to differ 
most for the eutrophic-hypoxic/normal sedimentation/medium and 
high salinity scenarios (ENM and ENH), and for restored, for the 
mesotrophic-normoxic/normal sedimentation/medium and high 
salinity scenarios (MNM and MNH). Median differences for traditional 
and restored tend to occur for the mesotrophic-normoxic/normal sedi-
mentation/low, medium, and high salinity scenarios. Appendix C con-
tains similar figures (Figs. C1-C12) for net nitrogen assimilated, reduced 
erosion, blue crab density, and red drum density. 

3.4. Estimates by resource 

The other central question this work sought to answer was Do 
ecosystem services differ among oyster resources? Acknowledging the 
aforementioned differences found in our estimates, to facilitate discus-
sion, from this point forward, we focus on the pooled (“All”) estimates. 

Figs. 4–8 plot median, mean, and familiarity-weighted mean ecosystem 
service levels under each of the twelve environmental scenarios by 
resource. Fig. 4 indicates that oyster density is consistently higher for 
off-bottom. Median estimates indicate larger differences under 
mesotrophic-normoxic/normal sedimentation/medium and high 
salinity scenarios (MNM and MNH) than do mean estimates, whereas 
mean estimates indicate larger differences under mesotrophic- 
normoxic/normal and high sedimentation/low salinity scenarios (MNL 
and MHL). 

Fig. 5 indicates more muted differences for net nitrogen assimilated, 
with relatively larger differences observed under mesotrophic-normoxic 
scenarios, although these differences are further muted based on 
familiarity-weighted mean estimates. Fig. 6 indicates consistently 
higher erosion reductions for restored. Median estimates indicate that 
the differences across resources are large under all except one scenario 
(EHH), whereas mean differences indicate that differences are scenario- 
specific. 

Fig. 7 indicates that relative blue crab density is more mixed and 
scenario-specific. Each resource is shown with the highest density under 
at least one scenario/estimate type. Fig. 8 indicates that relative red 
drum density is also mixed, but off-bottom tends to have higher density 
levels under eutrophic-hypoxic scenarios. Under mesotrophic-normoxic 
scenarios, median estimates tend to favor restored, whereas mean esti-
mates are mixed. 

3.5. Summary metrics of relative performance by resource 

In this section we wish to assess overall relative performance across 
oyster resources. We use two summary measures, percent deviation from 
mean ecosystem service level and coefficient of variation. Percent de-
viation from the mean is defined as the ratio of the resource-specific 
mean service level across scenarios and the mean service level across 
resources, minus one. Positive values indicate above-average perfor-
mance and negative values indicate below-average performance. For 
example, one particular respondent’s mean oyster densities over all 
scenarios for the three resources were 92.08 (traditional), 337.50 (off- 
bottom), and 84.17 (restored). So, this respondent’s percent deviation 
from the mean for traditional is {92.08/[(92.08 þ 337.50 þ 84.17)/3]} - 
1 ¼ � 0.46, indicating a 47 percent below-average performance. 

Fig. 1. Comparison of oyster density (#/m2) by subsample, traditional oyster resource, over aggregation method (panels) and environmental scenario (columns).  
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Coefficient of variation for a given resource is defined as the ratio of 
standard deviation and mean. Again, this particular respondent’s stan-
dard deviation for traditional was 146.68, so coefficient of variation is 
(146.68/92.08) ¼ 1.59. 

Now, there are two sources of variation in our data. The first is 
variation across scenarios, within subject. This represents the “true” 
variation in service levels (as respondents perceive them) due to changes 
in environmental conditions. The second source of variation is between 
subjects. This represents the uncertainty among respondents regarding 
the true values. In this section, we wish to control for the latter and 
examine the former. To do so, we calculate percent deviation from the 

mean and coefficient of variation within subjects first. Then, we calculate 
the means and standard deviations of these performance measures. In 
this way, the mean values reflect the within subject variation, that is, the 
average respondent’s estimates of relative performance. We then 
construct confidence intervals around these means, and the confidence 
intervals reflect the between subject variation, that is, the degree to which 
respondents differed in their responses. 

Percent deviation from the mean results are reported in the top panel 
of Fig. 9. Here we pool observations because pooled results are fairly 
consistent with those of individual region and elicitation subsamples. 
The reader is directed to Appendix C, Figs. C13-C16, for the results by 

Fig. 2. Comparison of oyster density (#/m2) by subsample, off-bottom oyster resource, over aggregation method (panels) and environmental scenario (columns).  

Fig. 3. Comparison of oyster density (#/m2) by subsample, restored oyster resource, over aggregation method (panels) and environmental scenario (columns).  
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subsample. Note that we exclude respondents that did not provide re-
sponses for all 12 scenarios for a given resource-service combination. 
The origin of the vertical axis in Fig. 9 represents the mean level of 
ecosystem service delivery. Thus, our data indicate that traditional and 
restored deliver, on average, a 42 percent and 34 percent lower level of 
oyster density, respectively, relative to the three-resource average, 
whereas off-bottom delivers, on average, a 73 percent higher level of 
oyster density. Furthermore, the confidence-interval (CI) bars show that 
the difference between off-bottom and the other two resources is sig-
nificant, that is, that. 

respondents systematically estimated off-bottom oyster density at 

higher levels than the other two resources. For the remaining services, 
although there are some visible differences in performance, the CI bars 
show substantial overlap, indicating that these differences are not sig-
nificant. Results using familiarity-weighted means are very similar, so 
we do not discuss them here, but report them in Appendix C, Fig. C17. 

Coefficients of variation are reported in the bottom panel of Fig. 9. 
Results indicate that, on average, coefficient of variation was lower for 
off-bottom relative to traditional and restored across all services. In other 
words, on average, there was less variation in off-bottom service levels 
across environmental scenarios. Additionally, the CI bars indicate that 
the oyster density difference is significant across resources, that is, that 

Fig. 4. Comparison of oyster density (#/m2) by oyster resource, over aggregation method (panels) and environmental scenario (columns).  

Fig. 5. Comparison of net nitrogen assimilated (g N/m2) by oyster resource, over aggregation method (panels) and environmental scenario (columns).  
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respondents systematically estimated lower variation in oyster density 
for off-bottom relative to traditional and restored. CI bars for the 
remaining services show substantial overlap, indicating that none of the 
other mean differences in coefficient of variation are significant. 

4. Discussion 

Results from our elicitation treatments indicate that elicitation 
method can indeed affect the distribution of final responses. However, 
we note that even during Round 1, in which there were no differences in 

elicitation procedures, we found significant mean differences for 8 of the 
15 estimates elicited. Fewer differences are observed when comparing 
elicitation types directly, and more when comparing how responses 
changed within each elicitation treatment going from Round 1 to Round 
2. We find only two instances of significant differences in means be-
tween rounds for the Isolated subsample, and no differences in standard 
deviation. For the Discussion subsample, however, we find eleven in-
stances of significant mean differences and twelve instances of signifi-
cant standard deviation differences between rounds. Thus, we find that 
the Discussion treatment results in substantially higher revision rates 

Fig. 6. Comparison of reduced erosion (m shoreline/m2) by oyster resource, over aggregation method (panels) and environmental scenario (columns).  

Fig. 7. Comparison of blue crab density (#/m2) by oyster resource, over aggregation method (panels) and environmental scenario (columns). (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

D.R. Petrolia et al.                                                                                                                                                                                                                              



Journal of Environmental Management 268 (2020) 110676

11

between rounds. 
We caution, however, that these results do not necessarily imply that 

the Discussion treatment was the superior approach. Our group discus-
sion, like any group discussion, featured individuals that spoke 
frequently and confidently, and others that spoke little and/or more 
tentatively. So it is possible that a small number of researchers’ opinions 
had undue influence on others such that their final estimates were 
inconsistent with their own personal knowledge and experience. It 
should be noted, however, that respondents still provided final re-
sponses individually and privately, so that peer pressure should have not 

played a major role. 
We also found some significant higher service estimates among Gulf 

respondents relative to Atlantic respondents: mean net nitrogen assim-
ilation for off-bottom was 69 percent higher among Gulf respondents; 
reduced erosion was 250–750 percent higher, depending on resource; 
and blue crab density was 343 percent higher for off-bottom. The 
remaining significant difference found red drum density 84 percent 
higher for traditional among Atlantic respondents. These results are 
intriguing and suggest that further work is necessary to determine if 
these results reflect true differences in ecosystem services between 

Fig. 8. Comparison of red drum crab density (#/m2) by oyster resource, over aggregation method (panels) and environmental scenario (columns). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Top: Percent deviation from mean ecosystem service level (top) and coefficient of variation (bottom) by oyster resource as a measure of relative level of 
ecosystem services. 
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regions or simply differences across expert respondents’ perceptions. In 
the effort to quantify ecosystem services, it will be essential to under-
stand the impact of geographic region, if any. 

Our summary performance metrics tell a slightly different story. 
First, as a matter of convenience, we present these results aggregated 
across subsamples because it would be too much to present these for 
each individual subsample (but the reader can examine them in 
Appendix C). Furthermore, although there are indeed some differences 
in particular cases across subsamples, the general finding is the same: we 
find significant differences for oyster density only, with off-bottom out-
performing both traditional and restored in terms of both higher mean 
density and lower variability. For the remaining services, however, we 
find substantial overlap in confidence intervals, indicating perhaps that 
the true differences are not large, that there is substantial disagreement 
among our experts, or that we simply do not know what the true values 
are. 

Given the potential differences between the regional responses as 
well as the elicitation methods, a manager might ask how these data 
should be utilized. First, as we suggest above, the regional differences 
observed warrant further exploration to determine if those differences 
reflect real differences in those natural systems or if those differences are 
due to differences in respondents’ perceptions. Second, we urge caution 
when interpreting the data from either elicitation method and suggest 
that managers use these data as current best estimates. These estimates 
of ecosystem services provide a valuable starting point, either as a point 
of comparison for locally collected field data or as a reasonably justified 
assumption in the absence of such data. Given the cost of the field 
studies required to assess this range of ecosystem services, the data 
generated here provide value. Second, despite some differences between 
elicitation methods in terms of specifics, the general pattern is consistent 
that valuable ecosystem services are provided by each of the oyster re-
sources evaluated. We also note in passing that these performance 
metrics should not be construed to indicate economic performance. 
Economic performance depends not only on quantities, but on market 
prices, ecosystem service values, and production costs. Future work 
would need to take all of these other factors into account to speak to 
economic performance of oyster resources. 

Our data indicate that, among the oyster resources studied here, off- 
bottom is the one for which knowledge and experience is relatively 
scarce, and among services, reduced erosion and red drum density are 
the ones for which knowledge and experience is either relatively scarce 
or lacks consensus. Response rates for off-bottom tended to be lower than 
those of traditional and restored, although these differences were small 
and not universal. Responses rates for red drum density, however, were 
substantially lower, regardless of subsample, indicating a relative lack of 
knowledge and experience with this service. And the very wide confi-
dence intervals on reduced erosion performance metrics indicate vast 
differences of opinion across responses. If these findings are represen-
tative of the larger population of oyster scientists and practitioners, then 
these are particular areas of need (and opportunity) for researchers in 
the days ahead. More generally, however, we note that standard de-
viations of service level estimates were larger than the means across the 
board, indicating that much work remains regarding understanding 
ecosystem service delivery by oysters. 

5. Conclusions 

Acknowledging that our study is not a complete substitute for much- 
needed empirical data – data, we should add, that would be very costly 
and would require many years of field work, lab work, and analysis – we 
contend it still presents the most comprehensive set of ecosystem service 
estimates for diverse (harvested and non-harvested) oyster resources to 
date. The gap in information regarding ecosystem services provided by 
harvested oyster resources, and how it compares with those provided by 
non-harvested resources, is particularly acute given the demand for this 
kind of information by scientists, managers, and regulators, especially 

when faced with decisions about multiple oyster resources and potential 
user conflicts (Baggett et al., 2015; Sutton-Grier and Bamford, 2015). We 
believe that our efforts and estimates here will bridge this information 
gap and will greatly enlighten the ongoing debate regarding the relative 
merits of different oyster production systems and the challenges asso-
ciated with managing multiple oyster resources to achieve multiple 
objectives. Furthermore, the data highlight where empirical data may be 
needed most. 

We also acknowledge some of the key weaknesses of our approach. 
First, we have attempted to cover a broad range of environmental con-
ditions representative of the spatial and temporal variability in such 
conditions encountered in the Gulf and Atlantic coasts. Although our 
analysis could therefore be interpreted as capturing localized conditions 
and temporal variability, we acknowledge that our scenarios are mere 
proxies for the true spatial and temporal variability. A more in-depth 
analysis of how explicit types of temporal variability (e.g. monthly vs. 
seasonal vs. interannual) could affect such estimates is needed. Second, 
the analyses presented in this paper do not allow us to estimate possible 
dependencies among the ecosystem services targeted, as well as how to 
scale up our results to larger spatial extents. For example, enhanced 
shoreline protection can increase blue crab density through new 
growth/expansion of adjacent marsh (McDonald et al., 2016). Finally, 
other scaling non-linearities could affect our conclusions and utilization 
by managers. For instance, our results could get amplified under syn-
ergistic interactions, or else plateau under functional saturation, as reefs 
grow bigger and bigger (Barbier et al., 2008). More research is needed to 
shed light on these important questions. 
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