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Price vs. Value of Marine Monitoring

Henrik Nygéard *, Soile Oinonen, Heidi A. Hallfors, Maiju Lehtiniemi, Eija R antajarvi and
Laura Uusitalo

Finnish Environment Institute (SYKE), Marine Research CentHelsinki, Finland

Monitoring data facilitate the basic understanding of chages taking place in nature and
provide information for making management decisions, but mvironmental monitoring
is often considered expensive. Here, we apply the concept ofalue of information to
evaluate the value of marine monitoring in the EU Marine Stegy Framework Directive
context. We estimated the costs of the Finnish marine moniting program and used the
costs and economic bene ts estimates of the Finnish marine sategy to assess the value
of environmental monitoring. The numbers were applied to snarios with different levels
of information available prior to management decision-makg. Monitoring costs were
related to the value of perfect information prior to the mangement decision, assuming
that managers will choose the management option that maxinaes the benets. The
underlying assumptions of the conceptual model are that m@ accurate information
about the status facilitates the selection of an optimal sebf measures to achieve the
environmental objectives and the related welfare gains fne the improved environmental
status. Our results emphasize the fact that monitoring is amssential part of effective
marine management. Importantly, our study show that the vak of marine monitoring
data is an order of magnitude greater than the resources cuently spent on monitoring
and that an improved knowledge base can facilitate the planing of more cost-effective
measures.

Keywords: environmental management, value of information, monit oring, MSFD, Marine biodiversity

INTRODUCTION

In environmental management, monitoring activities cange the foundation for understanding
changes taking place in nature and provide information esakfdr decision making. However,
monitoring is often looked upon as an expensive activity drgabnly costs, not considering the
wide use of the data and the value of more informed decisi@wsu@ghlan and Oakley, 2001
Considering environmental management, from monitoringi@nagement programs, monitoring
costs constitute only a small proportion (of the total costgttbecomes even smaller when adding
the bene ts achieved from e cient management (skevett et al., 200and references therein).
Value of information (Vol) analysis is a tool for evaluatingw much a rational decision-maker
would be willing to pay for a new piece of information prior to makjia decision $tigler, 196)L
Colyvan (2016provides an overview of the concept and its application in consgenvaiology and
Keisler et al. (2014eviews the peer-reviewed literature from the years 1990+20haracteristic
for the Vol analysis is that the value of information is in riéen to the decision context. For
exampleRunting et al. (2013found that when making decisions about where to locate arvese
system to preserve coastal biodiversity it is optimal to allea substantial proportion of the
conservation budget in better data and models. Inthe shen@nagement literature, Vol analysis
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has been recognized as a valuable tool in advising on the aptimmonitoring theme is split into phytoplankton and zooplankton
shing e ort or quotas (Hilborn and Walters, 1992; Mantyniemi sub-programs, among others. Data on the costs (year 2013)
et al., 200% In this paper we apply the Vol concept to study were collected from the institutes responsible for the mariitg
marine environmental management and the optimal allocatiorand by interviewing involved experts. The cost data are based
of resources between monitoring and measures to improve then Finnish prices. Flow charts were prepared to identify the
status of the marine ecosystem. di erent steps causing costs in monitoring (séégure 1 for

The EU Marine Strategy Framework Directive (MSFD;an example). The biodiversity monitoring sub-programs are
European Union, 2008requires that Member States strive to diverse and use multiple approaches and methodologies, but
obtain or maintain good environmental status (GES) in theiras a general frame the monitoring cost data were split into
marine waters by 2020. For management to be e ective, inthe following categories: research vessel, equipment, sapplie
depth knowledge about the functioning of the marine ecosyiste personnel, xed costs, and other costs (followihgidemane
changes in the system as well as the ability of monitoringetedt  and Pakalniete, 20)5Research vessel costs were based on the
these changes is needed. daily price for running the vessel (including crew, fuel and

At the start of each MSFD cycle of 6 years the status ahaintenance costs). When samples for several monitoring sub
the environment is assessed and indicators and their mati programs were collected during the same monitoring cruise
to GES are set. Monitoring programs to ensure the collectioife.g., phytoplankton, zooplankton and benthos), the research
of data needed for the indicators are then developed. Based @essel costs were divided with the total number of samples
the status assessment, the distance from GES is evaluaded aollected during the monitoring cruises to allocate specic
the descriptors not achieving GES are identi ed. To reduce thresearch vessel costs per monitoring sub-program. Equipment
distance from GES and to remain in GES for descriptors alreadyosts (e.g., sampling gear, microscopes etc.) were calculated
in GES, the program of measures (PoM) is set up where correctias the list price taking into account the expected lifetime
measures need to be planned and implemented. Once the 6f the equipment and a yearly discount rate. The costs of
year cycle is completed, the e ect of the PoM is evaluated by supplies (e.g., sample bottles, preservatives, petri dishes etc.)
new status assessment, which starts the new MSFD cycle. Thugre calculated based on the yearly usage. The costs of both
assessment of GES is in the core of the MSFD and the assessmamqiipment and supplies were classi ed into sampling, analysis
results will largely rely on the set of indicators used andith or data management expenses, to facilitate distinguishimg th
performance (Jusitalo et al., 201§aln addition to ful lling the  categories when adding up the costs. Personnel costs were
quality requirements of an indicator (e.@ueiros et al., 2006  likewise categorized into eld, laboratory and data mamagat
indicator performance depends on the quality of the data used f expenses, and estimated based on the level of expertise and
calculating the indicator value as well as for setting thdidator  number of person-months needed per year for the various tasks.
GES boundary. Inadequate and/or insu cient monitoring will Overheads were applied to the personnel costs and included
decrease the precision of the indicators, which can lead tas xed costs. Other costs included transport of equipment
erroneous assessment results; GES can be adjudged on falsd personnel from the institute to the research vessel, costs
premises and needed corrective measures are omitted riskifigr maintaining necessary professional skills, accreditat
further degradation, or the indicators are unable to showm@ct  participation in pro ciency tests and sustaining continuityf o
positive response leading to undertaking unnecessary messur expertise at the institute. The cost data were transformea$b ¢

The MSFD requires social and economic analysis wheper sample, in order to facilitate estimating indicator costsl an
assessing the status of the marine ecosystem and when giexelo evaluations of cost-e ectiveness with respect to the quafitiata
the PoM (e.g.,Oinonen et al., 2016a but cost-e ectiveness (e.g., how the number of samples or the spatial and temporal
analysis is not required for the monitoring programs. In thiscoverage of sampling a ect the uncertainty of the indicator
paper, our aim is to show the value of data and informationresult).
produced by monitoring programs and how that value relates For the costs of di erent management options we followed
to the costs of the monitoring programs. We discuss how wellOinonen et al. (2016hbyho assessed the costs of the Finnish PoM
designed monitoring programs can lead to cost savings in thé_.aamanen, 20)6which were expected to be 136.2 millien
marine management. As an example case, we illustrate the V@he economic bene t estimates are taken from the cost-bene t
concept with a hypothetical example and with data from theanalysis of the Finnish PoM(inonen et al., 2015 Oinonen

Finnish Marine Strategy. et al. (2015)followed Hasler et al. (2016and linked existing
valuation studies of\htiainen et al. (2014a&and Kosenius and

MATERIALS AND METHODS Ollikainen (2015)with the GES descriptors and used a bene t
transfer method (e.gRichardson et al., 20)%0 estimate the

Data non-market value of reaching GES. As the management aim is

In this study we used information from the Finnish national to improve the environmental status, economic bene ts aggsin

marine biodiversity monitoring program Korpinen et al., only from an improvement in the environmental status are
2019. The biodiversity monitoring program is divided into considered. The economic bene ts of achieving GES for D1,
ve monitoring themes (marine mammals, birds, sh, benthic D4, and D5 in 2020 were estimated to be around 2090 million
habitats, and water column habitats), which are furtherididd e (Oinonen et al., 2015 The cost-e ectiveness analysis of the
into 19 sub-programs. For example, the water column habitaFinnish PoM also provided knowledge on the probability of
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FIGURE 1 | Flow chart describing the work steps in the Finnish zooplankton monitoring sub-program. D1, D2, and D4 stands for the EU Marine Strategy
Framework Directive descriptors Biodiversity, Non-indignous species and Food webs, respectively.

achieving GES with di erent sets of measures; the probabilitd. The costs of these monitoring alternatives.

of reaching GES by 2020 is 0.77 for biodiversity (D1) and food. The status assessment after the selected monitoringtgcti
webs (D4), and 0.02 for eutrophication (D5pihonen et al., has been carried out—improved understanding of the
20160h). To obtain the expected benets from the PoM, the ecosystem state if additional monitoring has been carrigtd o
bene ts of reaching GES were multiplied with the probability5. The alternative management actions, depending on thestatu
of reaching GES. Thus, the economic bene ts of the Finnish of the system. This list could also include “no action” if that i

PoM were estimated to be 894 millioa (Oinonen et al., the best alternative under certain environmental states.
2019. 6. The costs of implementing the said management actions.

7. The change in the environmental status if the management
Conceptual Model options are implemented. This should be evaluated for all
To construct a model to evaluate the Vol gained through management actions and all environmental states that are
monitoring, the following components are needéddure 2): considered possible.

The bene ts associated to various states of nature—they.,

. 8.
1. The best available assessment of the state of the systessd-b bene t of reaching GES.

on the information that is available to the manager beforg an
additional monitoring is carried out. For the computation of Vol, probabilities of the alternative

2. The alternative monitoring activities that could be d¢atr possible states of the system (components 1, 4, and 7) are needed
out to gain more information (possibly including the “no for example, the status assessment in component 1 could be,
monitoring” option). simply, “based on what we know now (e.g., precision of the
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FIGURE 2 | A conceptual model of the value of information analysi s. The ovals denote uncertain, random variables, the boxes derte decisions that managers
make, and the diamonds denote the costs and bene ts associatel to the parts of the model. Numbers refer to the components $ited in the text. Note that the true
ecosystem state, unknown to us but which we aim to evaluate ttough the assessments, affects both the assessment resultand the ecosystem status after the
management measures have been applied. The numbering refeto the steps described in the text.

indicator value or con dence of the indicator with regard to The di erence between these gures is the value of informatio
spatial and temporal coverage), we estimate that the probabililn the exampleTable 1), this value is 20. It must be noted that the
of being in GES is 30% and the probability of not attaining GES ivalue of information about the true state increases as thesat
70%.” The classes (in the example, GES/sub-GES) can be de nattertainty increases; and if the existing knowledge isadlye
according to the question at hand. very certain, the value of perfect information may be very.low
The Vol concept can be illustrated by a simple example The example inTable 1 computes the value of perfect
(Table ). In this example, the ecosystem status is dividednformation, i.e., the value of knowing precisely the stattithe
into three classes (poor, moderate, and good), where thecosystem. In reality, perfect information is often unattdile.
classes poor and moderate denote sub-GES (far from anthe value of imperfect information can, however, be estimate
close to the GES boundary, respectively) and good represeritg comparing scenarios with di erent levels of knowledge. We
GES. Three management alternatives (do nothing, interatedi illustrate this with an example of evaluating the expected value
management, strict management) with di erent direct costspof biodiversity monitoring in the Finnish marine monitorm
and dierent benets that they provide under the dierent program in the Baltic Sea, using the best available estimates o
environmental states, are applied. For illustration purposesnonitoring costs, PoM, their e ectiveness and costs.
assume that good environmental status will bring bene ts
worth 1000 units and these benets will not increase anyScenarios to Assess Value of Information
further by added management. However, the net bene t willApplying the Vol concept Table 1), scenarios in which varying
actually decrease because of the costs of the unnecessamels of knowledge were available for the status assessmen
management. The example shows that given the uncertaintyere constructed in order to optimize the bene ts of de ned
about the environmental state, the optimal decision is to eaypl management options to achieve GES and estimate the value
the intermediate management option, as it has the highesif perfect information. Perfect information is here de ned a
expected bene t. However, the best management action di ersd00% certainty of the environmental status when choosing
for between the three environmental states. This means thabte management option. In the scenarios we applied three
the decision maker might make di erent decisions if they knewpossibilities of initial environmental status: poor, moderand
the true state of the environment, and therefore, informati good (as de ned above).
about the true state has value. The value can be calculated Three hypothetical scenarios for monitoring were tested:
by multiplying the maximum economic benet that can be (1) No prior knowledge of the environmental status, i.e., no
gained from each environmental state with the probability ofmonitoring takes place. In this situation the status assesgm
each state, and summing up these gures. This number can besult was based on chance and all three status categonies we
compared with the bene t that can be gained if the managemengqually probable (0.33). (2) Monitoring takes place, but it is
scenario yielding the highest expected bene t is implementednsu cient to give a con dent status assessment. In thisisago,
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TABLE 1 | An example calculation of the value of information, bas ed on hypothetical gures; for explanations and references to actual data see text.
Management Cost of Net bene ts of the management given the ecosystem Expected net bene t of the
option management state, minus the management cost management option, given the

uncertainty about the ecosystem state
Possible states of the ecosystem

Poor; Moderate; Good;
probability D 0.2 probability D 0.7 probability D 0.1

Do nothing 0 0 100 1000 170
Intermediate 100 150 550 900 505
Management

Strict 500 200 500 500 440
Management

Maximum bene t in each state 200 550 1000

Maximum bene t * probability of each state 40 385 100 525
Value of information about the true statu® sum (maximum bene t in each case * probability of status)—exgcted 20

bene t given the uncertaintyD 525-505

The shaded values highlight the maximum bene ts in each ecosystem sta and the highest net bene t given the uncertainty about the ecosystem state.

the probability of the status to be correctly assessed wat® setin the scenarios. Moderate environmental status would bring
0.5, with 0.25 and 0.25 probabilities for poor or good statu894 million e (the bene ts achieved with the current Finnish
when the true status is moderate. When the true status waBoM by 2020) and good environmental status was set to yield
poor or good, the probability for the status to be assessed @990 million e in benets (Oinonen et al., 2005 The “no
moderate was set to 0.3 with a 0.2 probability for assessiod gomanagement” option would not bring any additional bene ts. In
or poor status, respectively. (3) Good monitoring, with a 0.8he “intermediate management” option, the improvement from
probability of being correct in the status assessment. Wien t poor to moderate would yield 894 millioa. Also, if the initial
true status was moderate, 0.1 and 0.1 probabilities wereset fstatus was moderate, intermediate management was setrig bri
assessing poor or good status. If the true status was poor 804 millione, thus the bene ts would be 1788 millica. Also in
good, the probability for the status to be assessed as maderdhe “strict management” option and poor initial status, betse
was set to 0.15 with a 0.05 probability for assessing good ar powere considered to be 1788 millian. If the initial status was
status, respectively. These probabilities are illustrattienates moderate, the bene ts with strict management would be 2090
based on the expected performance of ecological indicators. million e.
ecological studies, indicators are often considered aabépif
they predict the status correctly more than 70% of the timel an RESULTS
excellent if more than 80% of the timeléle and Heltshe, 2008

Given the scenarios, three management options were appliemonitoring Costs

(1) no management, (2) intermediate management and (3§tstri The yearly costs for the Finnish national marine biodiversit
management. The “no management” option did not induce anymonitoring program were around 5.9 milliore (Table 2.
costs and no change in the environmental status was expectefhe largest costs were generated by the sh monitoring (2.58
The “intermediate management” option was based on the ctirremyjllion e ), where the gathering of information for the Common
management scheme (Finnish PoMjamanen, 20)6which has  Fisheries Policy accounted for 2.21 millien as well as by the
been estimated to cost 136.2 mi"i(ﬁn(omonen et al., 2016b o -shore pe]agic and benthic monitoring (220 m||||w]), where
Based on this management option, improvement from an initiakunning the research vessel constituted a major expense.€gte s
poor status to moderate status was expected. However, if thonitoring received administrative assistance from thenigh
initial status was moderate, this management option was n@order Guard and thus all surveillance ights were not aquteal
considered to reach GES within the management cygleqnen  for since the Border Guard would have own anyway. The bird
etal., 201} In the “strict management” option, we expected thatmonitoring was partly based on voluntary work by ornithologist
the environmental status would improve from poor to moderatethys reducing the costs.
and from moderate to good, respectively, depending onthinit  Dividing the monitoring costs into the type of work and the
status. The costs for the “strict management” option werédaet categories from where the costs originated (Sable 3 for an
500 million e (roughly the double of the expected maximum example of the zooplankton monitoring) allowed for a more
costs of the Finnish PoNbinonen et al., 2005 critical evaluation of the monitoring expenses. Field worlda
Since the benets were considered as non-markefaporatory work cost approximately the same, summing up to
benets arising from improved environmental status, poorconstitute almost 50% of the total expenses of the zooplankton
environmental status was not considered to y|6|d any bene tmonitoring Sub_program_ A|th0ugh Zoop]ankton monitoring
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TABLE 2 | Yearly costs of the ve marine biodiversity monitorin
in Finland.

g themes

Monitoring theme million e/year

Mammals 0.18
Birds 0.16
Fish 2.58*
Off-shore pelagic and benthic monitoring 2.29
Coastal pelagic and benthic monitoring 0.70
Total 591

*includes information for the Common Fisheries Policy (2.21 mikk). The pelagic and
benthic monitoring themes are here combined, and split in coastal and &khore
monitoring.

TABLE 3 | Costs of the Finnish zooplankton monitoring sub-pro gram

itemized by the type of work and the categories from which the co sts

originate.

Type of work elyear Category of costs elyear

Field work 20 600 Research vessel 15 500

Laboratory work 22 400 Equipment and 4700
supplies

Data management 3700 Personnel 26 500

Fixed costs (e.g., 18 300 Fixed (e.g., overheads) 18 300

overheads)

Other costs (e.g., transport, 21 200 Other (e.g., transport, 21 200

accreditations etc.) accreditations etc.)

Total 86 200 Total 86 200

Fixed costs include overheads of personnel costs and other costs inatle transport of
equipment and personnel, maintenance of professional skills anaccreditations (see text
for full explanation).

The value of perfect information was the highest when no
prior knowledge of the environmental status was availabie. |
the scenarios where information was available for the statu
assessment (indicative or good information), the value ofgm
information was highest when the state of the environment
was good Table 4. In these cases, the acquisition of additional
information would help to distinguish between the possiyilit
that the status is good and no management needs to be
undertaken, and the possibility that the status is moderate o
poor, and management measures are needed. Perfect infamati
has the least value when the state is known (even with some
uncertainty) to be poor, since strict management will be diear
the best option in that case.

Increasing the amount of knowledge available for making
management decisions from no information to good infornaati
is worth 50-151 milliore (the di erence in the value of perfect
information), depending on the environmental state. Thusst
sum could be invested in monitoring activities to increase
the knowledge base and reduce the uncertainty of the made
decisions. Given the assumptions, the net cost of this investm
is zero, since the investment costs are covered by the iregteas
bene ts of the better decisions.

DISCUSSION

The example presented in this paper shows that the value of
improved information concerning the status of the sea can be
an order of magnitude greater than the monitoring costs; in
the case example up to more than a hundred million euros.
While these numbers are indicative due to the simpli ed setup
of the model, the calculation still illustrates the high vaard
tremendous signi cance of monitoring data and puts its costs
into the perspective of the costs of the entire marine managémen
framework Eigure 3.

takes place o-shore and using a large research vessel, theMonitoring improves the quality and reliability of the
research vessel cost was only 18% of the total costs wheg Uity ironmental status assessment, but does not directlyt ahec

the cost allocation of ship time per number of samples.

Value of Information

environmental status. For e ective management well-planned
and e ective measures are the key, and su cient monitoring
provides information to aid in the required decision-making.

The scenarios showed that making the management decisiddecause of this, monitoring can in many cases actually be the
based on better knowledge of the environmental status asgd most e cient way to improve the status of the seas, since

the expected net bene tsT@ble 4, with the exception of poor

it facilitates targeting and scaling the management measure

environmental status. In this case, strict management ygwa more accurately. For monitoring to be e ective, links to the
brought the most benets, regardless of the probability ofdecision-making system and management strategies need to
correct status assessment. When no information was availathe clear. In the MSFD, monitoring data are used not only in
for the environmental status assessment, the highest esghectthe status assessment, but they also provide the fundamental

net bene ts were achieved with strict management. If intica

understanding for linking pressures from human activities t

information was available, strict management was the mosthanges in environmental statugigure 4). Thus, monitoring
bene cial option when the environmental status was poor ordata are utilized also to identify measures and scaling them
moderate, whereas intermediate management would yield theroperly to ensure an improved environmental status afterrthei

highest net bene ts if the state was good. With good inforioat

implementation.

available for the status assessment, the risk of making an If the environmental status is far from the GES boundary (the
erroneous management decision was smaller. In this casg, st environmental status is either poor or excellent), this canaliyu

management would be preferable if the environmental statas w be veri ed with less monitoring e ort (e.g., with decreased
poor, and the intermediate management option would be the bestequency in monitoring): the whole con dence interval of

choice if the initial status was moderate or good. Even is taise,

the value of perfect information was 34—135 millien(Table 4).

the assessed indicator will be below/above the GES border
even if the uncertainty is high. Moving closer to the GES
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TABLE 4 | The results from the value of information analysis base d on the three scenarios with varying amount of prior knowledg e.
Quality of prior True state of the Probabilities of the status Expected net bene ts from Value of perfect information
knowledge environment assessment chosen management option
Poor Moderate Good (millione ) (millione)
No information Poor/ Moderate/ Good 0.33 0.33 0.33 185
Indicative Poor 0.5 0.3 0.2 119
information
Moderate 0.25 0.5 0.25 156
Good 0.2 0.3 0.5 1624 174
Good information Poor 0.8 0.15 0.05 _ 34
Moderate 0.1 0.8 0.1 1593 67
Good 0.05 0.15 0.8 1848 135

The expected net bene ts are based on the option maximizing the bene ts @ht blue D intermediate management, dark blueD strict management). The green line indicates the GES
boundary. The “Do nothing” management option was not the best option in ay of the cases. The pink cells mark the most probable status assessed.

(Piroddi et al., 2015; Lynam et al., 2016; Tedesco et al.))2016
Moreover, in our scenarios, even good knowledge prior to
the management decision indicated that additional infotioa
would be bene cial. Interestingly, additional informatidad the
highest value when the environmental status was good, stgpwi
the savings made by avoiding unnecessary measures.

Status assessments indicate the situation of the stateeof th
environment at a given moment. Although the MSFD integrates

) H an assessment period of 6 years and thus incorporates natural

H— monltomng variability to some extent, continuous monitoring is estain
POM to place the assessed status in a long-term context. Long-ter
monitoring and data series provide baselines to detect cbsirg
ecosystem structure and function, o er empirical data for inig
when exploring new questions and for developing models, as well
as identify ecological surpriséesifdenmayer and Likens, 20J.0
Continuous monitoring also allows for timely reactions when
identifying changes. Such early-warning signals allowléss
costly measures compared to reacting only at a more deteedrat
stage and for avoiding a total ecosystem collapseadhings and
Myers, 199%

As environmental status and biodiversity are by de nition
multifaceted concepts (e.gCochrane et al., 20)0often

wom benefits

FIGURE 3 | Relative proportions of the resources spent on the Finnish

marine monitoring and the program of measures (PoM), as wellast  he aected by a multitude of pressures acting through multiple
expected bene ts of the environment reaching good environmen tal pathways Korpinen et al., 2012; Andersen et al.,, 2015;
status. Uusitalo et al., 201§bthe information on numerous ecosystem

components provided by monitoring is essential for informed

decision-making. As a consequence, the link from any single
border, the indicator con dence interval needs to be naresw monitoring sub-program to the management measures is less
in order to correctly assess the status, meaning that a highstraightforward than with some other management targets.
monitoring e ort is required to attain a more precise estimate However, this is not taken into account in our model, where
of the status. However, should the sampling frequency bwe assume that the pressure-status relationships are known
reduced due to a high certainty of the current environmentaland the uncertainty in the status assessment stem only from
status, the additional bene ts obtained from monitoringtda the quality (precision, temporal and spatial coverage etc.) of
(scienti c, educational, and cultural) may be compromisedmonitoring data feeding into the indicators. A well-known
in a way that the net savings from the reduced monitoringchallenge in environmental management is that the pressure-
will be dwarfed (ovett et al., 2007 Monitoring data are state relationships of indicators are not always clear and
also important for development and validation of ecologicalthat several pressures impact the environment simultaneously.
models. Ecological models have capabilities to evaluasysismn Consequently, a careful development and selection of inolisa
structure and function, involving impacts of human actiesi, is needed to reduce the uncertainty of the environmental
and are potentially valuable aids in environmental managgme assessment.
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FIGURE 4 | Conceptual gure of the MSFD management cycle (modi e d from Oinonen et al., 2016b ). The black box indicates the steps in assessing the
status and identifying the distance to the desired state (G&). The blue box includes the steps in developing the prograraf measures (PoM), whereas the red box
indicates the implementation and effectiveness of the PoMI'he steps where monitoring information is required diregtl(green lled circles) and indirectly (open black
circles) are indicated.e indicate the steps where economic analyzes are needed.

Here, our main focus was the value of monitoring forthe natural processes and variability in the marine enviremt)
management needs. When estimating the value of environatentare di cult to value in economic terms. The acquired scienti
monitoring, it is also important to consider bene ts not dicly ~ knowledge has uncertain, but potentially considerable, e ects
associated with management. This aspect is seldom hightighton the planning of future environmental management and use
although monitoring is recognized as also contributing¢géesce in ecological modeling, as well as on other parts of society
and to protecting resourcess(i th, 1998; Lovett et al., 200y,  such as education, culture, and other elds of science. Tée u
The scienti ¢ bene ts, such as essential basic understapdif of monitoring data to inform the public about changes in the
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environment can increase their interest for sustainabke sse

use of research vessels, required for o-shore monitoring is

and increased awareness can strengthen the commitment ekpensive, ship time is used e ciently and the costs are shbyed
citizens to facilitate and speed up the reaching of GES. Miitiva several monitoring programs and research projects. It was thu
of people to participate on marine protection in the Baltic Seanecessary to split the research vessel expenditures betiveen t

area has been studied for example ®§derqvist (1998and

Ahtiainen et al. (2014b)

on monitoring costs were not easily available. The inforiovat

monitoring programs in order to allocate costs correctly. As t

grounds for this division, we here used the number of samples
An interesting observation and challenge was that the dateollected for each monitoring program. This approach resulted

in relatively low ship costs for monitoring programs relying

on costs usually consisted of lump sums from the monitoringon a low number of samples, e.g., zooplankton monitoring,

program’'s accounting, and allocating them to indicator letee

compared to monitoring programs with more samples, e.g.,

inform management decisions in the MSFD context was nophysical and chemical monitoring of the water column, even
trivial. As most monitoring sub-programs have been in placghough the data were collected during the same monitoring
before MSFD coming into force and also before the developmermtruise and hence the days at sea and sea area covered were the

of indicators (which furthermore is still ongoing), none tfe

same. The principles of gathering monitoring cost information

monitoring programs are aimed at producing only data forand splitting it between indicators and/or monitoring progns

indicators. Thus, exact calculations of the cost of an iatticare
complicated to perform. The biodiversity indicators are lther

need to be elaborated in order to better facilitate the usénisf t
information for optimizing monitoring programs. Our approach,

monitored parameters measured from samples. Often also othée., to estimate the cost per sample in the monitoring programs
parameters are measured from the same sample and thus, notialla useful approach when planning monitoring campaigns

information collected in the monitoring programs is usedetitly

forindicators and management purposes, but this data conteb sampling.

to the scienti ¢ understanding of processes taking place in
nature. Additionally, an indicator may require data cotkt in
other monitoring programs, if not for direct calculation, e¢n
at least for the interpretation of the indicator results. &rthe

e.g., during revision of the spatial and temporal coverage of

In this study, we did not address the question of how much
additional monitoring is needed in order to increase the fse&m
of the environmental status assessment and how much regssurc
this would require. Factors a ecting the quality of the asseent

TABLE 5 | Steps for analyzing the value of information.

Steps of the conceptual scheme

Work in this case study

Work in t

he MSFD context

1.The best available assessment of the state of the
system—based on the information that is available to
the manager before any additional monitoring is carried
out.

2.The alternative monitoring activities that could be
carried out to gain more information (possibly including
the “no monitoring” option).

3.The costs of these monitoring alternatives.

4.The status assessment after the selected monitoring
activity has been carried out—improved understanding
of the ecosystem state if additional monitoring has
been carried out.

5.The alternative management actions, depending on
the status of the system. This list could also include
“no action” if that is the best alternative under certain
environmental states.

6.The costs of implementing the said management
actions.

7.The change in the environmental status if the
management options are implemented. This should be
evaluated for all management actions and all
environmental states that are considered possible.

8.The bene ts associated to various states of
nature—e.g., the bene t of reaching GES

The three scenarios of ecosystem status

The three scenarios were de ned

Monitoring@st data for current monitoring
program collected and split into cost categories
(e.g., eld work, laboratory analyses, etc.). See text
for further explanation.

Evaluated in hypothetical examples

The three scenarios were de ned

Applied results from Qinonen et al., 20165

The three scenarios were de ned

Applied results from Qinonen et al., 2019

The best availablesaessment of ecosystem
status, e.g., the latest MSFD assessment

De ne realistic monitoring psgram alternatives
taking into account the data need for the indicators;
e.g., the current monitoring, proposed reduced
program(s), proposed enhanced program(s)
Collect monitoring cost data and evaluate the
costs of the monitoring alternatives. To estimate
the costs of proposed monitoring programs, a
detailed cost evaluation of the current monitoring
program (i.e., cost/sample) is helpful.

Assess the environmeaitstatus using the
monitoring to de ne the distance to GES, and
evaluate the uncertainty of the assessment result.

Based on the status assessmety develop program

of measures to reach/remain in GES.

Evaluate the costs of the program of measures

Evaluate the effectivenessfaneasures

Evaluate the economic bene ts of reaching GES

The steps are exempli ed by work needed in MSFD context as well as how theteps were done in this study.
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are measurement accuracy as well as the spatial and tempoaaicount not only the immediate minimum knowledge needs but
scales of sampling. For exampliéais et al. (20163howed that also the bene ts gained through more e cient management and
catching the population dynamics of zooplankton communitiesthe scienti ¢, cultural and societal value of the knowledigat is

in the Baltic Sea requires sampling every 2 weeks. Comparedoduced. Thus, the monitoring should not be priced according
to the present temporal resolution of the Finnish nationalto its costs but according to the value it is creating to theisty.
zooplankton monitoring (sampling twice a year), a monitoring

scheme fully covering the population dynamics of zooplanktoAUTHOR CONTRIBUTIONS

would require considerably increased resources. Howeher,

status assessment uses one zooplankton indicator (mean skB, LU, and SO: Conceived the paper; HN, HH, and ML:
versus total stock) and the twice a year sampling during th€ollected data on monitoring costs; LU, SO, and HN: Developed
productive season ful lls the data requirements for thisicetor the model and scenarios; All authors contributed to the
(Gorokhova et al., 20)6 Optimizing the sampling program interpretation of the results. ER: Made the gures; HN: Wrote
needs to be considered carefully taking into account what ththe rst draft; All authors contributed to and approved the ha
requirements for the indicator are and what would be gaingd b draft

adding spatial or temporal coverage. The monitoring cost data

collected in this study allow for such evaluations, sincedata FUNDING

provide information on costs per sample.

The Vol concept has here been illustrated with an exampl&his study was supported by the DEVOTES (DEVelopment Of
that can be calculated easily on any spreadsheet program. Timovative Tools for understanding marine biodiversity and
steps needed for a Vol analysis are summarizetaible 5with  assessing Good Environmental Status) project funded by the
links to steps in the MSFD work. The same concept could b&uropean Union under the 7th Framework Programme, “The
implemented as a Bayesian Network based in uence diagramcean of Tomorrow” Theme (Grant Agreement No. 308392),
(e.g.Uusitalo, 200yin a more re ned form that would allow the  http://www.devotes-project.eu, the MARMONI (Innovative
direct comparison of di erent monitoring programs, their cast approaches for marine biodiversity monitoring and assessmen
and the expected improvement in the level of knowledge abouwsf conservation status of nature values in the Baltic Seggpro
the ecosystem status. funded by the European Union LIFE Nature and Biodiversity

Comparing the costs of the current monitoring with the value program (Project Nr. LIFE09 NAT/LV/000238), http://marmoni
of making well-informed decisions highlights the unbalario  alticseaportal.net and the BONUS BIO-C3 project that was

the present interpretation of monitoring expenses. Whereassupported by BONUS (Art 185), funded jointly by the EU, and
monitoring causes concrete costs for managers, the bene fgcademy of Finland.

of reliable information to more accurately scale measures a

hard to trace and thus usually not considered. Further, theACKNOWLEDGMENTS

bene ts achieved by an improved environmental status needs

to be determined using economic valuation methods. Vabrati We would like to acknowledge Joona Salojéarvi for help catigct
of monitoring needs to have a broad approach that takes intéthe monitoring cost data.
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