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Marine ecosystem services provide multiple benefits and hold significant
economic value; however, the capacity of the marine environment to provide
ecosystem services can be compromised by anthropogenic pressures. To ensure
proper environmental conditions and human well-being, it is necessary to study
the functioning of marine ecosystem services. In this context, the aim of this
study is to test whether the Common International Classification of Ecosystem
Services (CICES) cascade framework is adequate to explain the flow between the
natural and the socio-economic domains and identify its limitations. To this end,
the study was divided in two parts: (i) review, compilation and classification of
CICES Ecosystem Services Cascade model indicators, for three marine
ecosystem service examples (provisioning, regulation and maintenance, and
cultural), together with the analysis of the number of indicators and the match
of the classification undertaken by the authors in the literature and CICES
proposal; and (ii) the application of the CICES Ecosystem Services Cascade
model to the practical case study of the anchovy fishery in the Bay of Biscay.
The results obtained show that many indicators were incorrectly assigned in the
literature to the different components of the CICES Ecosystem Services Cascade
model. This study highlights the need to develop a standardized classification and
understanding of the marine ecosystem services. Significant correlations
between the different five steps of the CICES Ecosystem Services Cascade
model were obtained, suggesting that this cascade is effective at explaining the
links between a healthy environment and the sustainable supply of ecosystem
services and benefits.

CICES cascade, indicators, anchovy fishery, ecosystem service value, provisioning
ecosystem service
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1 Introduction

Coastal and marine environments play a crucial role in
maintaining the ecological equilibrium of our planet and
supplying human communities with ecosystem services (Peterson
and Lubchenco, 1997). These environments are under continuous
transformation and protecting service flows require preserving
sufficient natural capital stock (both in terms of quality and
quantity) (Martinez et al., 2007), as well as the interconnections
of the ecosystem components and their relationship with the abiotic
environment (Buonocore et al., 2021). The viability of these marine
ecosystem services and the benefits they provide to humans are
significantly affected by both anthropogenic and natural stressors,
and their cumulative effects (Outeiro et al., 2017). Understanding
how marine ecosystem services are supplied is essential for the
sustainable management of socio-ecological systems (i.e.,
Ecosystem-Based Management) (Atkins et al., 2011).

From the beginning of the 21°* century, several ecosystem
services classification frameworks have been developed by
different organizations and initiatives. The first one was the
Millenium Ecosystem Assessment (MEA, 2005), an international
initiative undertaken between 2001 and 2005, conducted by the
United Nations and involving over 1,300 experts from 95 countries.
The main purpose was the evaluation of the ecosystem’s state, the
services provided by these ecosystems to humans, and the
implications for human well-being. After this, the European
Commission, supported by various countries and organizations,
created “The Economics of Ecosystems and Biodiversity” (TEEB,
2010). This assessment provided comprehension about the
economic value of ecosystem services, emphasizing the
undervaluation of these services in the conventional economic
and decision-making processes.

Numerous more recent classifications [e.g., The UK National
Ecosystem Assessment (NEA) (Watson et al., 2011), Final
Ecosystem Goods and Services (FEGS-CS) (Landers and Nahlik,
2013), Nature’s Contribution to People (NCP) (Pascual et al,
2017)], have been developed upon the initial groundbreaking
works. Some of the new ecosystem services classifications are
specifical for the marine environment (e.g., Atkins et al, 2011;
Bohnke-Henrichs et al.,, 2013; Liquete et al.,, 2013; Turner et al.,
2015). The most accepted classification nowadays in Europe would
be the Common International Classification of Ecosystem Services
(CICES) (Haines-Young and Potschin, 2012), used by several
European Union (EU) agencies and many Member States. The
aim of all these different classifications is universal; however, all of
them have a particular background, and favor specific contexts and
goals (Czucz et al., 2018).

CICES was developed to have an internationally recognized and
standardized approach for ecosystem services assessment and
provides a systematic categorization and description of ecosystem
services (Haines-Young and Potschin, 2012). This classification was
based on the ecosystem services groups defined by the MEA
classification, together with a literature review, survey results,
workshops, and direct experience from European projects
(Culhane et al., 2018; Grima et al., 2023). The result is a
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classification that is structured into five hierarchical levels (from
higher to lower level: Section, Division, Group, Class, Class type), in
line with the “best practices” proposed by the UNSD (1999). The
utilization of the CICES framework helps scientists, policymakers,
and other stakeholders to better understand how ecosystems benefit
human well-being, enabling them to make well informed choices
regarding ecosystem preservation and management. CICES
classification is a dynamic and constantly evolving tool, regularly
updated (last version: CICES V5.1) (Haines-Young and Potschin,
2018). There are three different ecosystem services according to
CICES, provisioning services, regulation and maintenance services,
and cultural services. The three ecosystem service sections are
interconnected and collectively contribute to the overall benefits
that ecosystems provide to humans (Grima et al.,, 2023).

In this context, the Ecosystem Services Cascade model, which
will be referred in this paper as CICES cascade (Potschin and
Haines-Young, 2017) establishes a connection between natural
systems and various aspects of human well-being, resembling a
production chain, between the natural environment to the socio-
economic system (Figure 1 illustrates an example). It starts with the
ecological structures and processes created by ecosystems and
culminates in the provision of services and benefits that
ultimately serve human needs.

Nevertheless, following the CICES cascade model, multiple
different frameworks have emerged with the purpose of
explaining the environment-human benefit transition. Costanza
et al. (2017) argued that a “linear cascade”, referring to the CICES
cascade, was too simple to explain the connections between
ecosystem processes, functions, and benefits to humans, as these
links are complex, non-linear, and dynamic. In this study, a diagram
with higher complexity was developed, describing those services
equal benefits, and the many interactions and feedback that “are
required” between the natural capital and other forms of capital to
produce the ecosystem services (Costanza et al., 2017). More recent
studies have also proposed modifications to the initial model. Elliott
(2023) discussed that the cascade diagram produces overlaps
between the different concepts involved, adding more confusion
to the understanding of the ecosystem service flow. In his model, the
ecosystem structure and functioning are considered at the same
level within the natural domain (equivalent to environment, in
Figure 1). The natural capital flows into the ecosystem services,
classified as “provisioning aspects” and “regulating processes” (in
this model, cultural services are considered as “provisioning
aspects”). Then, there is a transition to the “human domain”
(equivalent to social and economic system, in Figure 1), that
considers the human capital and assets necessary to provide
societal goods and benefits, classified as “extracted provisions”,
“environmental regulation, hazard and risk reduction including
safety”, and “cultural, aesthetic and health benefits”.

On the other hand, different frameworks have also been
developed, without considering the CICES classification or
cascade (Barbier, 2017; Culhane et al., 2020). For example, in the
scheme presented by Barbier (2017), the ecosystem service is
separated from the natural domain and is not distinguished from
the benefit concept. This model considers the economic system to
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FIGURE 1

Cascade diagram: from structure to functions, to services to benefits to value, showing as example of ecosystem service wild fish for nutrition.
Adapted from the Common International Classification of Ecosystem Services (CICES) cascade (Potschin and Haines-Young, 2017).

be the production of the goods and services that lead to human well-
being. Although all these different models have varying
perspectives, everyone concurs that there exists a - “pathway”
through which ecosystem services are delivered, connecting
ecological structures and processes at one end to the well-being of
people at the other.

Apart from being classified, ecosystem services need to be
quantified and monitored to understand their characteristics and
trends (Layke et al., 2012). This is usually done using indicators.
Indicators are necessary to describe not only the ecosystem services,
but the ecological functions responsible for delivering them, the
benefits that ecosystem services offer, and the interconnected
relationships between all these elements (de Groot et al., 2010).
However, direct quantification of ecosystem services is often not
possible, and a significant portion of the required data lacks
systematic organization and interpretation of the flow between
the natural and the socio-economic systems (Balvanera et al., 2022).

Indicators for the environmental domain of the “ecosystem
service production chain” are defined as physical elements of the
ecosystem measurable with available tools and knowledge (Grima
et al., 2023). Indicators for ecosystem benefits and value should
demonstrate the realized human use of the service and its economic
outcomes of the same (Hattam et al., 2015). These indicators should
be understandable for decision-makers and practitioners and serve
as a base for establishing an effective monitoring system for the
study of ecosystem services (Feld et al., 2009).

Several authors have compiled indicators of ecosystem services,
using different terminology and classifications to describe the flow
between the environment and the socio-economic system (e.g.
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Bohnke-Henrichs et al., 2013; Liquete et al., 2013; Atkins et al.,
2015; Hattam et al., 2015; Lillebo et al., 2016; Broszeit et al., 2017).
Thenen et al. (2020) carried out an exhaustive compilation of
marine ecosystem service indicators, following the CICES
classification. In this study, the terms that did not follow the
CICES criteria were adapted with the objective of having a
harmonized set of indicators for each step of the CICES cascade.
Also, this review groups all the indicators of the environmental part
into one category (ecosystem service capacity), instead of
differentiating between biophysical structure or processes and
function steps of the cascade.

The difficulty to agree upon appropriate indicators, single
classification system and flow models, makes it challenging to
compare and provide comprehensive ecosystem service overviews
(Busch et al, 2012), compromising the adoption of the whole
ecosystem service concept in policies and management of marine
systems (Nahlik et al., 2012). Therefore, there is an urgent need to
reconcile them to consistently evaluate how the relationships
between nature and society evolve, facilitating the efficient
integration of these concepts into management and policymaking
(McDonough et al., 2017).

In this context, the aim of this study is to test whether the
CICES cascade framework is adequate to explain the flow between
the natural and the socio-economic domains and identify its
limitations. For proving this, firstly, we compiled and classified
indicators according to the different components of the CICES
cascade, for the three most studied marine ecosystem service types
(Thenen et al., 2020). Secondly, to check if the CICES framework
allows to explain the ecosystem service flow between the
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environment and the socio-economic system, the relationship
between the cascade components was tested with available data
from a provisioning service: the anchovy (Engraulis encrasicolus)
fishery in the Bay of Biscay. This example was considered optimal
for the exercise because of the large dataset available (data from
1987 to 2022), including data for each cascade step indicator, and
because of the management adaptation to sustainable fisheries after
a historical collapse of the species population in the Bay of Biscay
and the fishery closure (Uriarte et al., 2023).

2 Materials and methods

2.1 CICES cascade indicators

The objective of this part of the study was to review indicators
suitability for the CICES cascade and identify inconsistences and
incoherences in their classification and implementation for three
marine ecosystem services examples, one for each section
(provisioning, regulation and maintenance, and cultural).

To identify the indicators, a literature search was carried out
within the bibliographic Elsevier’s database “Science Direct” and
grey literature, focusing on documents published between 2000 and
2024. Articles including marine ecosystem services indicator sets,
for “marine ecosystem services” in general and more specifically, for
the three examples of ecosystems services selected: fish for nutrition
(class: “Wild animals used for the nutritional purposes” -
Provisioning), carbon sequestration by marine environments
(class: “Regulation of chemical composition of atmosphere and

10.3389/fmars.2025.1497521

oceans” — Regulation and maintenance) and recreational marine
mammal watching (class: “Characteristics of living systems that
enable activities promoting health, recuperation or enjoyment
through passive or observational interactions” - Cultural). The
selection process began with the identification of papers using a
specific set of search criteria, with the following search terms:
“Marine” or “Ecosystem services” or “Indicators” or “Ecological
status” or “Environmental status” or “Provisioning ecosystem
service” or “Regulation and maintenance ecosystem service” or
“Cultural ecosystem service” or “Fisheries” or “Carbon
sequestration” or “Marine mammal recreational watching”. All
articles selected were read for extraction of indicators that could
fit any step of the CICES cascade.

We have followed the most updated CICES classification
(Haines-Young and Potschin, 2018) to select the indicators, but
also the terminology within the European Marine Strategy
Framework Directive (MSFD; European Commission, 2008).
Merging both terminologies, allow to link ocean health (= “good
environmental status”, within the MSFD) to the human activities
and pressures that compromise it, and ultimately to the services and
benefits available. Hence, the indicators were classified as shown
below (Table 1).

Indicators identified in the literature are collated in Appendix
Tables A1-A3. First, they were assigned to a step of the CICES
cascade, according to the reference from which they had been
extracted (Appendix, columns A, “Original classification”). Then,
each indicator was cross-checked with the CICES cascade
definitions (Table 1) and reclassified, if needed (Appendix,
columns B, “Proposed classification in the CICES framework”).

TABLE 1 Common International Classification of Ecosystem Services (CICES) cascade step term followed by its definition and one indicator example:

MSFD, Marine Strategy Framework Directive.

CICES Definition

cascade step

Data source
and period

Indicator
example in the

Pressure Relevant anthropogenic pressures (biological pressures,

physical pressures, substances, litter, and energy), defined in
the MSFD and coming from different human activities at sea

or land based.

Bay of Biscay

Harvest-rate ICES (2022)

1987-2022

Biophysical structure General biotic or abiotic description of the habitat. Upwelling index (m® s km™) Ibaibarriaga et al. (2023)
or process 1987-2022
Function Characteristics of the living system that come together Anchovy recruitment (tonnes) ICES (2022)
(processes) to make an ecosystem service possible. age 0 1987-2022
Service Ecological outcomes that ecosystem characteristics or Anchovy Spawning (tonnes) ICES (2022)
processes generate, that can ultimately benefit people. stock biomass (SSB) 1987-2022
Benefit The direct and indirect outputs from ecosystems that have Total catch of (tonnes) ICES (2022)
been turned into products or experiences that are no longer anchovy landed 1987-2022
functionally connected to the systems from which they
were derived.
Value The importance attributed to the benefits. This can be Economic value of catch € (i) ICES (2022)

economic, social, health or intrinsic value.

(ii) Ministerio de
Agricultura, Alimentacion y
Medio Ambiente
1990-2021
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For indicators accounting for same or similar concepts,
harmonization was carried out using common criterion between
the different ways of describing what the indicators represent. For
example, in the case of the original indicators: “Fish catch”
(Appendix Table Al, line 160) and “Amount of fish captured”
(Appendix Table Al, line 162), considering that both indicators
make reference to the same concept we thought that “Fish catch”
was a more accurate and simple description for that example, so we
used it to harmonize both indicators. The first classification of
indicators was carried out by the main author (AOA) and
afterwards reviewed by all co-authors.

Each indicator was assigned to one of these three categories: (i)
“correct”, when the indicator was originally classified according to
CICES criteria, and assigned to the correct step of the cascade (in
Appendix Tables A1-A3, cells highlighted in green); (ii) “incorrect”,
when the indicator was originally classified according to CICES
criteria, but assigned to an incorrect step of the cascade (e.g., a
function indicator incorrectly classified in the original source as a
service indicator) (in Appendix Tables A1-A3, cells highlighted in
red); and (iii) “other terms”, for indicators extracted from articles
that did not follow the CICES classification (e.g., ecosystem service
flow, ecosystem service capacity, essential ecosystem service
variables) (in Appendix Tables A1-A3, cells highlighted in blue).

The total number and corresponding percentage of indicators
classified as “correct”, “incorrect” and “other terms” were
calculated, considering the ecosystem service section and the step
of the cascade that they belong to.

2.2 Practical application to the
anchovy fishery

The study area of the anchovy stock, the Bay of Biscay, is an open
oceanic bay in the northeastern part of the Atlantic Ocean (Figure 2).
Its complex hydrological regime and weather pattern exhibit both

10.3389/fmars.2025.1497521

temporal and geographical heterogeneities (Borja et al., 2019). An
average weak oceanic circulation characterizes this bay, cyclonic and
anticyclonic eddies, a poleward flow along the slope driven by wind
and density gradients, tidally induced currents over the continental
shelf, and freshwater runoff and river plumes, especially from the
large French rivers, such as the Garonne (Koutsikopoulos and Le
Cann, 1996). Moreover, the seasonality is very evident, and mean sea
surface temperature varies between 12°C at the end of winter and
over 20°C at the beginning of summer (Koutsikopoulos and Le Cann,
1996), showing an increasing trend of the temperature because of
global climate change (Chust et al,, 2022).

The European anchovy (Engraulis encrasicolus) is a small
pelagic fish with a short life cycle and a maximum lifespan of 4
years (Motos, 1996; Petitgas et al., 2013; Uriarte et al., 2016). This
species is characterized by rapid growth, high fecundity, and
mortality (Motos, 1996). The distribution of this species extends
from NW Africa in the south to the North Sea and the Baltic Sea in
the north, as well as the Mediterranean Sea, Black Sea, and Azov Sea
(Reid, 1966). E. encrasicolus has a wide distribution with
differentiated populations, and one of these populations is located
in the Bay of Biscay (Motos, 1996). The peak of anchovy spawning
tends to occur in spring when the environment experiences rapid
change. According to Koutsikopoulos and Le Cann (1996) and Sanz
and Uriarte (1989), this peak can be brought on by changes in the
amount of daylight, the direction of the wind, a decline in
freshwater runoff, or a rise in atmospheric and seawater
temperatures. The spawning season takes place between March
and August (Motos, 1996).

The one-year-old anchovy of the Bay of Biscay recruits support,
on average, 60% of the spawning stock biomass (SSB) and most of
the annual catch (25-87%) (ICES, 2021). After several years of
recruitment failures under a constant capture regime, the fishery
collapsed and was closed (2005-2009) (Vermard et al., 2008). Due
to the inability to anticipate the size of the population during the
first half of the year, when the main fishery occurred, precautionary
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FIGURE 2

Study area within the Bay of Biscay, to demonstrate with a practical case the Common International Classification of Ecosystem Services

(CICES cascade).
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advice was neglected (Uriarte et al., 2023). In 2008, the EU
implemented a long-term management strategy in response to the
collapse. The biological risk was reduced in the absence of a
recruitment indication by closely coordinating evaluation,
guidance, and management, and shifting the management year to
begin immediately following the adult spring surveys (Roel, 2009;
Uriarte et al., 2023). The addition of an early recruitment indicator
from a fall acoustic study on juveniles (Boyra et al., 2013) marked
significant progress in 2014 (Uriarte et al.,, 2023). This permitted
further resource utilization at comparable risk levels. As a result,
Total Allowable Catches (TACs) are now set on a management
calendar basis following the recruit survey. This strategy was
unanimously approved and established a successful participatory
fishery management approach (Uriarte et al., 2023).

For the anchovy case study, indicators for each different step of
the CICES cascade were selected. For the pressure, harvest rate
(Table 1) was chosen as the ratio between landings and total stock
abundance, which is estimated from the stock assessment with SSB
(Ibaibarriaga et al., 2011). The median SSB estimates are considered
similar to the true population i.e. the complete stock abundance
(Uriarte et al., 2023). Regarding the cascade steps, for the
biophysical structure or processes, upwelling index was chosen as
the indicator (Table 1). Upwelling is an oceanographic
phenomenon that involves wind-driven motion of dense, cooler,
and usually nutrient-rich water from deep water towards the ocean
surface. Upwelling, and the associated turbulence, have been
identified in small pelagic fishes as one of the biophysical
processes that can explain the success in recruitment (Bakun and
Parrish, 1982), also including the European anchovy (Borja et al.,
1998). For the function step, recruitment at age 0 (Table 1), which is
the most determinant factor that regulates the anchovy population
size, and in general fish population, is their recruitment.
Recruitment is the process through which small, juvenile fish
advance to an older, larger life stage (Camp et al., 2020). The data
available for anchovy recruitment were “Recruitment at age 17, in
tonnes, which is the recruitment that can be caught, when the
anchovy reaches its legal size for fishing (Uriarte et al., 1996). One-
year-old anchovy supports on average 60% of the total SSB.
However, for the needs of the CICES cascade, the indicator used
was the recruitment at age 0. To estimate it, natural mortality was
applied to the data of age 1, and the tonnes available one year earlier
were calculated. In the case of service, SSB (Table 1), that can be
defined as the combined weight of all individuals in a fish stock that
have reached sexual maturity and are capable of reproducing. The
estimation of SSB is accomplished by applying the Daily Egg
Production Method (DEPM) (Lasker, 1985). For the benefit step
the total catch landed of the anchovy was chosen, while for the
value, the economic value of the catch, obtained by the fleets of first
sale after landings, was selected.

The statistical analysis was carried out using R studio. Linear
regression analysis was carried out to check whether these
indicators statistically determined the state of the following step
of the CICES cascade and how. The linear regressions were
performed for three periods: The complete period (1987-2022),
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before the anchovy fisheries collapse (1987-2004) and after the
collapse period (2010-2022). The temporal series was studied
separately because the patterns of the links were different, due to
the fisheries collapse. The collapse period (2005-2009) was not
taken into account as some data were missing due to the fisheries
closure. The relationships were analyzed for normality and linearity,
respectively. In the case where the regression distribution was not
normal (catch vs SSB 1987-2021; Economic value (EV) vs catch
2010-2022), skewness test was carried out to check which variable
was asymmetric, and a logarithmic transformation was applied in
these cases.

3 Results
3.1 CICES cascade indicators

In total, 84 articles were initially identified, from which only 21
were used finally to extract indicators (Appendix Tables A1-A3). In
most cases, the discarded articles either did not include indicators or
the indicators included were considered not useful as in relation to
the CICES cascade.

The total number of indicators identified in the selected articles
was 313. The number of indicators found diftered between each
ecosystem service type, with provisioning services having the
highest number (“wild fish for nutrition”; n: 213), followed by
regulation and maintenance services (“carbon sequestration by
marine environments”; n: 153), and cultural services
(“recreational marine mammal watching”; n: 116) (Figure 3).
Despite the differences in number, the proportion of indicators
classified across the three different categories (e.g., CICES cascade
indicators, “incorrectly” classified and other terms) was similar
between the three ecosystem service examples. The indicators
correctly classified, according to CICES cascade, represented 39%,
39% and 43%, for provisioning, regulation and maintenance, and
cultural, respectively. Similarly, 41%, 32%, and 45% of the
provisioning, regulation and maintenance, and cultural indicators
were identified by the authors as having been incorrectly classified
in the original source. Finally, the indicators classified as other
terms were 20% (provisioning), 29% (regulation and maintenance),
and 11% (cultural).

The distribution of indicators across different CICES cascade
components was not homogeneous within the selected ecosystem
services (Figure 4). The total number of indicators regarding the
cascade steps was: Biophysical structure and processes (54),
Function (76), Service (14) Benefit (72), and Value (69).

Most “biophysical” indicators were adequately classified
according to the CICES framework provisioning (65%),
regulation and maintenance (62%) and cultural (63%).
Comparing the three ecosystem service examples (Figures 4a—c)
with the graph showing the total amount of indicators (Figure 4d),
it can be observed that the number of indicators for this cascade
component did not vary much: provisioning (46), regulation and
maintenance (50) and cultural (35).
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FIGURE 3

Total number of indicators for the three ecosystem services (ES) studied:
provisioning (wild fish for nutrition), regulation and maintenance (carbon
sequestration by marine environments), and cultural (recreational marine
mammal watching). Different colors represent the number of indicators
that the authors considered that are correctly classified according to
CICES (Common International Classification of Ecosystem Services) in
the literature (green), the incorrectly classified ones (red) and other terms
(e.g. ecosystem service flow, ecosystem service capacity, essential
ecosystem service variables) (blue).

However, in the case of the “functioning” indicators, more than
50% of the indicators found in the literature had not been adequately
classified (i.e., observe blue/red ratios, for function bars, in Figure 4d).
In this case, provisioning, regulation and maintenance, and cultural

10.3389/fmars.2025.1497521

indicators (33%, 27% and 59%, respectively) had been classified at the
biophysical structure and processes step, instead of at the functioning
step Appendix Tables A1-A3.

The lowest number of indicators corresponded to “service”
indicators, for which only 14 were found (Figure 4d). In this case
only 25% of the indicators were correctly classified, 25% incorrectly
classified and the remaining 50% as other terms. Those 43
indicators that had been incorrectly classified in their sources, 25
related to provisioning service, 10 to regulation and maintenance,
and 8 to cultural ecosystem services.

In the benefit and value boxes of the CICES cascade, the
indicators found for provisioning were much higher than the
ones for regulation and maintenance or cultural services
(Figures 4a-c). In the case of the provisioning service, 48 benefit
and 34 value indicators were found, in the case of regulation and
maintenance 12 benefit and 14 value indicators, and for cultural, 12
benefit and 21 value indicators. All the indicators were unique for
each ecosystem service. In the case of provisioning, most of the
indicators found for value were incorrectly classified as benefit or
service or classified as ecosystem service indicators.

In the case of pressure, the provisioning service has the
highest number of indicators (30), followed by regulation and
maintenance (24), being the cultural service again the one with
less indicators (11) (Figures 4a—c). In this case, the majority of the
indicators were correctly classified according to MSFD, i.e.
provisioning (60%), regulation and maintenance (67%) and
cultural (100%) (Figures 4a—c).
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TABLE 2 Pressure effect, as harvest rate of anchovy, on Function
(Recruitment at age 0) and Service (Spawning Stock Biomass, SSB),
represented by linear regression and p-value.

Before
Complete collapse After collapse
1987-2022 1987-2004 2005-2022
Recruitment= Recruitment= Recruitment=
Regression 184746*(Harvest -61566*(Harvest 653431*(Harvest
rate)+211737 rate)+136073 rate)+54342
R 0.209 0.015 0.188
p-value 0.009 0.629 0.139

1987-2022

1987-2004

2005-2022

SSB=-162313* SSB=-90360* SSB=-316724*
Regression (Harvest (Harvest (Harvest
rate)+139632 rate)+98502 rate)+174330
R’ 0.555 0.208 0.175
p-value < 0.001 0.057 0.155

The regression has been calculated for the complete period and the periods before and after
the collapse of the fishery. In red, are significant correlations.

3.2 Practical application to the
anchovy fishery

The relationship between pressure on anchovy fishery
(measured as harvest rate) and two of the CICES cascade
components (Function, as Recruitment at age 0, and Service, as
SSB) was determined using linear regression analysis (Table 2). The
results showed a negative and statistically significant regression for
the complete period (1987-2022) for both relationships
(recruitment vs harvest rate, p-value: 0.009; and SSB vs harvest
rate, p-value < 0.001). However, when exploring the Pressure effect
separately before and after the anchovy fisheries collapse, this
relationship was not significant for either the function or the
service components (Table 2).

This temporal variation of recruitment and SSB as in relation to
harvest rate is graphically represented in Figure 5. Several periods
can be identified: (i) between 1987 and 1996, the pressure values
were very high, (i.e., harvest rates ranging between 0.5 and 0.74), the
recruitment values ranged from 20,080 to 193,041 t and the SSB
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values from 14,917 to 72,428; (ii) this was followed by a period
(1998-2004) with moderate harvest values, that ranged between
0.35 and 0.54, which coincide with a dramatic drop in the
recruitment (from 204,823 to 9,394 t) and the SSB (from 89,496
t0 29,989 t); (iii) the third period, extends from 2005 to 2009, which
coincides with the anchovy fisheries collapse, in which the harvest
rate values suffered a dramatic decrease (<0.1) and with very low
recruitment and SSB values; and, finally, (iv) the period after the
collapse (2010-2022), characterized by low-pressure values (harvest
rate between 0.15 and 0.3), and increasing recruitment and SSB
values, reaching the maximum of the series.

As a second step, when exploring the links between the different
parts of the CICES cascade (i.e., Biophysical components or
processes — Function; Function - Service; Service - Benefit;
Benefit — Value), the Biophysical components or processes
(Upwelling index) did not significantly determine the Function
(Recruitment) (Table 3). However, the Function (Recruitment)
significantly determined the service (SSB) (p-value < 0.001)
(Table 3). The service (SSB, t) showed to affect the anchovy
fisheries benefit (Catch, t) significantly and positively for the three
periods too (Table 3). The service (SSB) explained for 70% of the
catch before-collapse period and after-collapse the relationship
seems to be weaker. Finally, the relationship between the benefit
(catch, t) and value (€) was only significantly positive for the after-
collapse period (p-value: 0.008).

A representation of these links between the different pairs of
CICES cascade components can be observed in Figure 6. Although
the relationship between the upwelling index and recruitment was
not significant, certain similarities in the evolution pattern can be
seen (Figure 6a). Periods of higher upwelling values (i.e., 1989-1997
and 2010-2021) corresponded to higher recruitment values, whilst
lower upwelling values (1998-2009) matched with lower
recruitment (Figure 6a).

As observed before, the recruitment and SSB covaried and were
related with a year lap difference (Figure 6b).

Before the fishery collapse, a high proportion of the SSB was
caught, being the captures in this period more than 50% of the SSB
(Figure 6¢). Between 1987 and 1993 the catch followed the SSB
evolution, ranging from the minimum catch in 1989 (10,374 t), with
also a minimum value for SSB (observed before), and a maximum
for both components in 1993 (catch: 40,087 t) (SSB: 72,428 t). After
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Temporal variation of pressure (harvest rate) with (a) function (recruitment at age 0) and (b) service (spawning stock biomass, SSB).
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TABLE 3 CICES (Common International Classification of Ecosystem
Services) cascade component relationships represented by linear
regression and p-value.

Before
Period Complete collapse After collapse
1987-2022 1987-2004 2005-2022
Recruitment= Recruitment= Recruitment=
Regression 87.42*(UPW 74.242*(UPW 69.575*(UPW
index)+55129 index)+46937 index)+88457
R? 0.072 0.089 0.033
p-value 0.113 0.228 0.468
Period 1987-2022 1987-2004 2005-2022
SSB= 0.4856* SSB= 0.3695* SSB= 0.49661*
Regression (Recruitment) (Recruitment) (Recruitment)
+8830.4 +11521 +16720
R? 0.817 0.833 0.864
p-value < 0.001 < 0.001 < 0.001
Period* 1987-2021 1987-2004 2010-2021
R i Catch=15302* Catch=0.3556* Catch=0.1219*
CBIESSION | (10gSSB)-48862 (SSB)+8522.4 (SSB)+8545.4
R? 0.197 0.704 0.444
p-value 0.014 < 0.001 0.018
Period* 1990-2021 1990-2004 2010-2021
Economic value Economic value Log Economic value
Regression =4.7018*(Catch) =-23.793*(Catch) =1E-05*
+3E+06 +4E+07 (Catch)+6.2817
R2 0.001 0.025 0.522
p-value 0.8565 0.570 0.008

The regression has been calculated for the complete period and the periods before and after
the collapse of the fishery. In red, are significant correlations. *Not considering collapse years
(2005-2009). UPW, Upwelling; SSB, spawning stock biomass.

this, SSB had a decreasing pattern for the next five years (1994-
1998) (minimum SSB: 39,486 t, 1995). Catches followed the same
pattern as the period before, the captures exceeded the half of the
SSB all the years, and decreased in values, reaching the minimum in
1997 (22,337 t). As mentioned before, SSB showed an increasing
pattern from 1997 to 2000, doubling in some cases the values
reached the period before (maximum SSB: 91,838 t); however, the
captures maintained the values around 30,000 t during this period.
When the SSB started decreasing its values in 2001, catch followed
the same evolution reaching a minimum of captures in 2005, with
1,128 t, when the fishery collapsed (Figures 6¢, d). In turn, after the
collapse, the SSB (service) increased dramatically, but the catches
(benefit component) remained at a low level, with a slight increase,
and not far from the before-collapse levels, reaching a maximum in
2018, with 30,773 t caught (Figures 6¢, d).

Despite these fluctuations in the catches (benefit), the economic
value of anchovy landings has been maintained without dramatic
changes between 1992 and 1997 (mean value 2.8 million €)
(Figure 6d). In 1998, even if catch did not increase its values
significantly, the value reached its maximum (6.03 million €),
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before falling to 3.58 million €, in 1999. The next two years (2000
and 2001), both catches and economic value showed a slightly
increasing pattern (Figure 6d). Even if captures decreased sharply,
the following years (2002-2004) the economic value maintained its
values around 4.5 million €. When the fishery collapsed, the
economic value reached its minimum (0.5 million €). After that,
the economic value started to increase, following the captures
pattern, and maintaining values of around 4 million € (Figure 6d).

4 Discussion

4.1 CICES cascade indicators

Previous studies (e.g. Bohnke-Henrichs et al.,, 2013; Liquete
et al., 2013; Thenen et al., 2020) have listed indicators to determine
marine ecosystem services flows, and many others reviewed
indicators for investigating ecosystem services in general (de
Groot et al.,, 2010; Egoh et al., 2012; Hernandez-Morcillo et al.,
2013; Grima et al., 2023). Among all the literature reviewed for this
study, Thenen et al. (2020) was the only one that assessed the CICES
cascade components for marine ecosystem services. However, they
did not follow the CICES cascade terminology strictly, as they
grouped the biophysical structure and processes and function steps
into “ecosystem service capacity”. Other studies focused on marine
ecosystem services, but did not follow the CICES cascade
classification (Liquete et al., 2013; Atkins et al., 2015).

In our study, the principal problem faced was the terminology
used for the assessment of ecosystem services in the literature,
which is neither normalized nor standardized across the different
frameworks (i.e.,, MEA, 2005; TEEB, 2010; Atkins et al.,, 2011;
Bohnke-Henrichs et al., 2013; Liquete et al., 2013; Turner et al.,
2015; Balvanera et al., 2022; Costanza et al., 2017; Haines-Young
and Potschin, 2018; Culhane et al., 2020; Barbier, 2017;
Chalkiadakis et al., 2022). This issue has been tackled by assessing
the current status of indicators, for the three ecosystem service
sections (i.e., provisioning, regulation and maintenance, and
cultural) and the steps of the cascade flow (i.e., biophysical
structure or process, functioning, service, benefit, and value),
where the main confusions for these indicators’ classification and
the principal gaps have been identified. The different interpretations
of this flow and the numerous terminologies led to a general
confusion of the terms and the links of the CICES cascade
components (Lillebo et al,, 2016; Czucz et al., 2018; Chalkiadakis
et al., 2022; Grima et al., 2023; Thenen et al., 2020).

This was observed in our study when looking at the three
ecosystem services chosen and the components of the cascade.
Considering the different frameworks and proposals around the
flows, it was not surprising that more than 30% of indicators were
incorrectly classified in their original source according to the CICES
cascade. The lack of a unified framework and issue of ecosystem
services terminology hindrance the research and interpretation of
outcomes in this field (Grima et al., 2023). However, the effects are
not the same across ecosystem services (Czicz et al., 2018)., and
each has been explored to a different extent.
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FIGURE 6

Temporal variation of the links between pairs of CICES (Common International Classification of Ecosystem Services) cascade components:
(a) Biophysical components or processes (UPW, Upwelling index) - Function (Recruitment at age 0 (R0O)); (b) Function (R0O) with Service (SSB,
Spawning Stoc Biomass); (c) Service (SSB) with Benefit (Catch); and (d) Benefit (Catch) with Economic value (EV, in euros).

In line with previous studies (Thenen et al., 2020), we found that
out of the three ecosystems services analysed, the provisioning service
was the one with the highest number of indicators, specially concerning
the benefit and value components of the cascade. This is not surprising
since this service primarily relies on fisheries, which is a crucial industry
for the global economy, supplying with livelihoods and food to millions
of people worldwide (Golden et al., 2021). Moreover, it has been largely
studied, and there is a specific science to study the fish populations and
dynamics for the fisheries management (Munro and Scott, 1985).
Furthermore, food provisioning indicators are relatively easy to
measure (Hattam et al., 2015), and broad efforts have been made to
assess fish stocks (e.g., ICES stock assessment database) (Froese et al.,
2018). Provisioning services are also easier to assign an economic value
to, as they are directly linked to market activities and resource
extraction (Liu et al, 2010). The massive amount of data related to
fisheries can explain the higher number of indicators for each step of
the cascade in provisioning, when compared to the other two examples
explored. In contrast, much less indicators were found for regulation
and maintenance services. This type of services are more challenging to
quantify and value, due to their indirect and often non-market nature
(Abson and Termansen, 2011). The example chosen for literature
indicators assessment, carbon sequestration, has been a hot topic for
the last decade and multiple studies had been carried out (Duarte, 2016;
Macreadie et al., 2021). Assessing the significance of carbon storage has
become increasingly important in recent times, leading to the
establishment of the carbon market (Calel, 2013), although these
markets have been recently criticised for their impacts on
biodiversity (Pascual et al., 2023). Despite the growing interest and
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the considerable high number of publications on the topic, determining
the indicators for the different cascade steps was not easy. The fact that
carbon storage is a process complicates the application of the CICES
cascade, as it was not clear which indicators should be allocated to each
step (more information can be seen in Appendix Tables A1-A3).

The understanding of cultural service nature is even more
complicated as they are the least studied ecosystem services
(Ghermandi et al,, 2012; Martin et al., 2016; Rodrigues et al., 2017;
Thenen et al,, 2020), and measuring their benefits could be complicated,
and so indeed was finding accurate indicators. This may be due to the
intangible nature of their resources, which is even more evident for
marine environments (Queiroz et al., 2017; Elliott, 2023). The revised
literature about marine cultural ecosystem services flows was quite
limited, coinciding with other ecosystem service indicators assessments
(e.g. Hattam et al., 2015). Moreover, the definitions and measurement
procedures for cultural ecosystem service indicators were not clear
enough, coinciding with the conclusions also made in other studies
(Milcu et al., 2013; Hattam et al., 2015). For example, the boundaries
between function and biophysical structure or process are confusing, as
both relate to processes that can be important for the ecosystem service
delivery (Haines-Young and Potschin, 2018). In our case, we overcame
this issue by following the definitions (Table 1) for each cascade step to
classify the indicators.

The biophysical structure or process was the first cascade
component with the highest number of indicators regarding the
cultural service, the second regarding regulation and maintenance
and the third regarding the provisioning service. In this case most of
the indicators were correctly classified according to CICES. This
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may be explained as most (>60%) of these indicators were extracted
from the same source (Atkins et al., 2015). Despite this research
study did not follow the CICES framework, but UK NEAFO WP3b
framework (UK NEAFO, 2014), both (CICES and UK NEAFO)
shared the first step of the ecosystem service flow (component and
processes), and this specific set of indicators was abundant and
appropriate (Atkins et al., 2015). Some of the indicators found for
this cascade component were equivalent across the three ecosystem
service examples as these indicators described general factors of any
marine ecosystem (i.e. nutrient concentration or pH) (Appendix
Tables A1-A3).

It was surprising that the cascade category with less (accurate)
indicators in the literature was indeed the ecosystem services
component. This leads to a question: Is it clear what an ecosystem
service is? The definition of ecosystem service, according to CICES, is:
“Ecological outcomes that particular ecosystem characteristics or
processes generate, that can ultimately benefit people” (Haines-Young
and Potschin, 2018). It seems that a confusion exists when comes to
distinguish what an ecosystem service is, and what flows (determined
as other terms in this study) of different components of the cascade for
CICES are (Chalkiadakis et al.,, 2022). This problem has been reported
in other ecosystem service indicator assessments (Lillebg et al., 2016;
Czucz et al,, 2018; Grima et al., 2023). Lillebe and colleagues (2016)
collected indicators from 14 different case studies around Europe and
they reported that for the participants the most challenging part was
understanding the differences among ecosystem service capacity, flow
and benefit. In this study, it was observed that 21% of all the indicators
found were originally classified as other terms (i.e., ecosystem service
flow, ecosystem service capacity, essential ecosystem service variables),
meaning that they follow a logic to classify ecosystem service indicators
different to the one used by the CICES cascade. The high number of
indicators classified as other terms can be explained because the
different frameworks explaining the ecosystem service flows use
different terms and concepts (Balvanera et al, 2022; Barbier, 2017;
Costanza et al., 2017; Haines-Young and Potschin, 2018; Culhane et al.,
2020; Thenen et al., 2020).

One of the steps that creates more confusion is the one from
service to benefit. Indeed, some authors do not distinguish between
both (Balvanera et al,, 2022; Barbier, 2017). In our study, we
followed CICES definitions and interpret service and benefit
following the definitions in Table 1. In this framework the
“production boundary” represents the inputs that a service
requires to become a benefit (e.g. harvesting fish for nutrition
requires investing energy, time and resources). These inputs have
been made explicit in other frameworks, such as Costanza et al.
(2017), who highlighted that human and social capital are needed
for natural capital to flow (in the form of ecosystem service) and
become a human benefit.

The indicator numbers unbalance is especially remarkable
concerning the socio-economic side of the cascade (benefit and
value). As mentioned before, the provisioning ecosystem service, and
in particular, fish stocks have been widely studied for decades in
science and managing (Munro and Scott, 1985). The benefit of fisheries
can be easily measured, either as wild catch landed fish or employment
in fisheries (Appendix Table A1) (Béne et al., 2012; Seitz et al., 2014),
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while the benefits for regulation and maintenance and cultural services,
not only had been less studied, but also are more difficult to measure, as
for example healthy climate (regulation and maintenance) or leisure
(cultural) (Jarvis et al., 2017; Pouso et al., 2020).

The benefit and the value components of the cascade, which
correspond to the socio-economic part of the model, and
consequently specific for human, are not really distinguished in
the literature (Liquete et al., 2013; Hattam et al., 2015; Atkins et al.,
2015; Barbier, 2017). As found in our study, all the value indicators
of ecosystem services were originally classified as benefit indicators
in the literature; this can be explained because the economic value
can be seen as a type of human benefit (Sagoff, 2008).

The differences and mismatches in the classification of indicators
into the different steps of the CICES cascade identified in this research
calls researchers to once adopted CICES, to be coherent with the
meaning of the different terms as used in this classification.

4.2 Practical application to the
anchovy fishery

When studying the links within the different steps of the CICES
cascade, the relationship between the biophysical structure or process
(upwelling index) and the function (recruitment) was not significant.
However, previous studies (Borja et al., 1996; Borja et al., 1998; Borja et
al,, 2008; Planque and Buffaz, 2008; Fernandes et al., 2010; Erauskin-
Extramiana et al, 2019) have identified a series of environmental
indices affecting the recruitment of anchovy in the Bay of Biscay,
including upwelling, turbulence, and stability. It must be noted that
the recruitment data used by Borja et al. (2008) were not the same as
those used in our study, as the methodology used in the surveys and
the estimation of biomass changed (Uriarte et al, 2023). A more
recent study (Ibaibarriaga et al., 2023) has concluded that upwelling
and turbulence combined are positively related to recruitment,
explaining 34.7% of the variability in the recruitment (at age 1).

Due to the biology of the species, the short lifetime and the
population concentrations, the factor that mostly determines the
recruitment (age 0) biomass is in fact the SSB (ecosystem service),
which is used to estimate next year population biomass (Ibaibarriaga
et al,, 2011). Moreover, data for the recruitment (at age 1) surveys is
used to predict the SSB of the next year (Boyra et al., 2013). Thus,
these two components are highly correlated, and the results obtained
for this link between the two cascade components were expected.
Hence, considering that the 1-year-old recruits contribute to about
60% of the total SSB of a year (ICES, 2021), the result of recruitment
(at age 0) explaining >80% of the variability of the SSB of the next
year can be expected for a short-living species, such as the anchovy of
the Bay of Biscay (Motos et al., 1996).

The relationship between SSB and catch was significant and shows
that SSB is an appropriated indicator for service, indicating the real
capacity of the ecosystem (anchovy population, in this case), to further
provide the benefit (anchovy catch). The fact that the relationship
between both components was not statistically significant for the
complete period, but it was positive and strong when analysing the
relationship before and after the collapse individually can be explained
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by the different fishery management during each period: before the
collapse, management was based on a constant TAC of 30,000 t,
regardless ICES advice. However, this TAC did not really condition
Spanish and French fishery at that moment, so, in practice, it was an
unregulated fishery (del Valle et al,, 2001; Lazkano et al,, 2013). The
catch before the collapse was higher than after the collapse, and
positively and linearly related to SSB; just after this period the
anchovy fishery collapsed, due to repeated recruitment failures
(Uriarte et al, 2023). After the collapse, the catches are more
constant, independently of the SSB increase, and this leads to a more
“asymptotic relationship” of the component. Even if more data are
needed to confirm this in coming years, it seems that the management
adopted by the European Commission after the collapse, in which the
TAC is thoroughly calculated with more exact estimations of
recruitment and SSB (Uriarte et al, 2023), has led to a higher
anchovy population (SSB), and as consequence to a sustainable
anchovy fishery.

All this comes to a last step in the cascade (value), which in this case
is the economic value of the ecosystem service and determines how
much money can anchovy fishery provide humans with. In this case,
the relationship was not as strong as the function-service or service-
benefit relationships. The fact that the value of the anchovy per
kilogram varies from year in response to catches and other external
factors (Garcia del Hoyo et al., 2023) may explain why the economic
value was not related to the benefit (catch) considering the complete
period and the before the collapse period. There is a peak in the value
(euro kg) in the years before the collapse, in which the anchovy

10.3389/fmars.2025.1497521

become scarce and its value increased dramatically (Roel, 2009; Garcia
del Hoyo et al., 2023). After the collapse, the relationship between catch
and economic value was significant and positive (Table 2). The
economic value after 2010 was maintained in relatively high values
and can be maintained in time, contributing to the sustainability of
the activity.

Some elements and links of the CICES cascade can be affected by
natural and anthropogenic pressures, especially through fisheries (ie.,
fishing mortality), but also other (Large et al,, 2015). This means that
both parts of the cascade, the environmental and the socio-economic
parts, can be impacted by different pressures. The biophysical part of
the cascade may be the one that is more affected by cumulative effect of
human pressures (Stelzenmiiller et al., 2009). In this study, harvest rate
was not relevant as in relation to the upwelling index. However, other
natural or human pressures can affect the biophysical part of the
cascade. One of the most obvious is the climate change, which can
affect the upwelling index intensity and duration, as it has been
observed worldwide (Varela et al, 2015; Wang et al., 2015). Studies
by Sousa et al. (2017, 2020) have revealed that this may be especially
noticeable in the north of the Iberian Peninsula and may probably
affect the anchovy population and fishery in the future.

The pressure indicator used in this study (harvest rate) was
explained SSB variability when looking at the whole picture
(complete period). The harvest rate before the collapse was really
high (between 0.5 and 0.8), and the growth of the SSB was limited by
the high fishing pressure, consequence of the unregulated fishery
(Uriarte et al,, 2023). When the stock started to recover after the
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collapse, together with the implementation of management measures,
the harvest rates were maintained around values of 0.3. These values
did not increase even if the SSB reached maximum historical levels, and
the recovery of SSB is in part explained by these lower harvest levels
(Uriarte et al, 2023). Harvest rate would not directly perturb the
recruitment age 0 population, as these fish are not harvested, being
affected only indirectly by this pressure by the SSB of the same year.

In Figure 7, the application of the CICES cascade, adapted to our
case study (anchovy), is represented considering the findings of this
research. The cascade results obtained from the component links are
represented with their R* values, indicating empirical demonstration of
the relationships between the components. There are multiple
pressures in the marine environment that can affect differently each
of the cascade components, thus we propose to represent this reality in
the cascade diagram. Hence, this Figure 7 represents the real
application of data to the cascade components links.

In this study only one species (Engraulis encrasicolus) and one
ecosystem service (provisioning) was considered, and the cascade links
were tested with one indicator for each component of the CICES
cascade. The large data available for a wide temporal series and having
a suitable indicator for each cascade step was crucial to carry out this
exercise, which otherwise would not have been possible. However, this
is not enough, for a comprehensive understanding of ecosystem
services flows and their importance to humans, it is also necessary to
better understand the multiple relationships of the marine
environment components and the socio-economic part of the
cascade (Hattam et al, 2015). Hence, studies including multiple
species, ecosystem components, indicators, pressures, different flows
and relationships (linear, non-linear), including multivariate analyses,
should be undertaken in the future to catch the complexity of the
marine environment, as well as the interactions between the different
ecosystem service sections.

Human welfare is directly and indirectly dependent of the
ecosystem services supply, and the sustainable management of the
resources is necessary for the sustainable provision of ecosystem
services. We are aware that this study has some limitations, as the
analysis of the indicators was focused in three examples, and the
application of the cascade was only carried out considering one species.
However, despite the limitations of the study, the results highlight the
need for scientist and stakeholders to careful use the ecosystem service
terminology and proves that the CICES cascade links works when
applying it with real data. Therefore, management guided towards
maintaining these relationships should allow the sustainable provision
of ecosystem services and benefits for humans.

5 Conclusions

The lack of a standard terminology and understanding of
ecosystem services components and the relationship and flows
between the environment and the socio-economic system, leads to
general confusion in the studies about this topic. many indicators are
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incorrectly assigned in the literature to the different components of the
CICES cascade, which makes difficult the comparability across studies.
Therefore, a standardization of terminology, classification and
understanding is necessary for a holistic and sustainable
management of the marine environment and its resources.

Such standardization could benefit the study of ecosystem services
flows with real and practical cases, as illustrated with the anchovy of the
Bay of Biscay. In this case, adequate indicators and sufficient data for
each CICES cascade component, have allowed to demonstrate the links
between the environmental and the socio-economic part. Future works
should try to consider several species, components, and indicators at
the same time, as well as several cumulative human pressures, and even
climate change effects, under non-linear relationships.

The approach presented here could be applied to other ecosystem
services, as well as explore the complex, multivariate, and non-linear
relationships among the cascade components flow. In case of being
successful, an operational approach can be proposed for policy-makers
to take management decisions on marine ecosystem services mapping,
assessment and conservation.
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