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The constant demand for seafood products and the undeniable effects of fishing on
marine ecosystems make it urgent to implement an ecosystem approach, even in data-
poor scenarios such as small-scale fisheries. Understanding the impacts of fishing is
essential for promoting management strategies that prevent irreversible damage to
marine ecosystems. Thus, ecosystem quantitative science-based models have been
frequently used to evaluate the effects of fishing, although fishers’ local ecological
knowledge (LEK) can aid the implementation of qualitative models, particularly in data-
poor conditions. Here, we present a framework for simulating and assessing the
effects of fishing following two strategies: (1) for both types of models, we simulated
species removal scenarios, and (2) for quantitative science-based models, we fitted time
series to dynamically assessed impacts. The impacts were analyzed through ecological
indicators commonly used for quantitative models, and because these indicators cannot
be easily estimated for qualitative models, we propose the use of topological indicators
in both types of models. The approach was applied to three case studies of small-
scale finfish fisheries in northwestern Mexico. We found that the ecosystem response
to species removal was different in each case study and that the target species can
play an important role in ecosystems, but their removal does not generate abrupt
changes in the ecosystem structure. The quantitative science-based models were able
to reproduce the historical catch trends, which allowed us to reveal that changes
in ecosystems are indeed influenced by fishing effort but also by underlying primary
productivity. Furthermore, topological and ecological indicators showed similar trends
in the quantitative models, which suggests that the former could be useful when data-
poor conditions allow only qualitative models. This result confirms the relevance of the
participation of fishers in generating qualitative models and their decisive role in the
discussion of co-management strategies and risk scenarios in a better-informed manner.
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INTRODUCTION

To cope with the global growing demand for seafood
consumption and the concurrent recognition of the impacts
of fisheries on marine ecosystems and coastal livelihoods, it is
necessary to visualize fisheries using an ecosystem approach
(EA). The EA must account for direct and indirect impacts on
both the target species and the wider ecosystem (FAO, 2003,
2020). The EA is currently a core element in most nations’
fisheries policy and in guidelines from non-governmental actors
regarding marine conservation and fisheries management. This
approach is mandated even in data-poor fisheries scenarios,
which tend to be the case for small-scale fisheries. For this
reason, it is necessary to seek alternatives to implement adaptive
and precautionary co-management (Johannes, 1998; Johnson
et al., 2017). In this context, the assessment of fishing impacts,
the strategies to avoid serious damage to the ecosystem, and
the quality of information are elements that allow government
agencies to adopt an EA to achieve sustainability and increase
benefits in coastal communities.

Some fisheries have begun to make efforts in research and
information generation together with stakeholders, which favor
the co-management of their fisheries and cooperative research
(Kaplan and McCay, 2004). Currently, there are international
sustainability standards that integrate these elements through
an EA to improve resource management. One of them is the
Marine Stewardship Council (MSC) standard, which evaluates
three principles: (1) health of the target population; (2) mitigation
of environmental effects, impacts of fishing gear, and impacts of
extraction on the ecosystem; and (3) effective management and
improvement of the governance system (Fernández-Rivera Melo
et al., 2018; Arton et al., 2020). Derived from this standard, there
is a scheme based on these three principles that seeks to address
environmental challenges and thus encourages positive changes
that last over time and change public policies. This scheme,
which involves collaboration between multisectoral stakeholders
and is named the Fishery Improvement Project (FIP) (Zelasney
et al., 2020), has been applied for more than 20 years and has
enabled users to participate in citizen science and to publicize
management improvements and impacts on fisheries.

Due to the nature and dimensions of marine ecosystems,
modeling is one of the most frequently used tools for ecosystem-
based fisheries management (Plagányi, 2007; Collie et al., 2016;
Townsend et al., 2019). This tool makes it possible to evaluate
the direct and indirect impacts generated in the ecosystem
by the extraction of biomass from target species. Despite this
situation, which suggests that ecosystem modeling would be
helpful, most of its applications worldwide have been for strategic
(long-term decisions) rather than tactical (short-term decisions)
management advice (Heymans et al., 2016; Skern-Mauritzen
et al., 2016). On the other hand, because fisheries are commonly
related to negative impacts on marine ecosystems, particularly
on the target and incidental species, effects may not necessarily
occur at the whole level of an ecosystem’s food web. For this
reason, it is relevant to use modeling tools to analyze the
vulnerability of ecosystems to biodiversity loss as a consequence
of human impacts (Dunne et al., 2002; Allesina et al., 2009;

Marina et al., 2018), such as fishing (Ávila-Thieme et al., 2021).
However, although the effects of fishing can modify the structure
and function of the ecosystem, changes in the productivity of
the system due to other factors can produce similar effects,
and moreover, the interaction of different factors jointly affects
ecosystems (Ávila-Thieme et al., 2021).

Nevertheless, the implementation of the EA remains a
challenge for fisheries scientists and for artisanal fishing
communities—particularly those involved in multispecies
fisheries—that seek to comply with EA guidelines due to their
limited capacity to collect data for traditional assessment models
or the fact that these data are not made available by fisheries
management bodies. Efforts have been made in this direction,
including the development of models that are very robust
given limited data and can still provide helpful management
advice (Dowling et al., 2015; Carruthers and Hordyk, 2018).
Additionally, it has been recognized that the incorporation of
local ecological knowledge (LEK) can help fill the scientific
gaps in the implementation of an EA (St. Martin et al., 2007;
Bélisle et al., 2018; Berkström et al., 2019; Kaiser et al., 2019).
Recently, Cisneros-Montemayor et al. (2020) proposed a
framework for assessing the ecosystem effects of fishing that
is applicable to data-poor artisanal fisheries. This framework
proposes that quantitative science-based models and qualitative
LEK-based models could be useful for assessing the ecosystem
effects of fishing. In this regard, the framework shows how to
use quantitative models to assess the effects of fishing on the
ecosystem and how to use LEK to build qualitative models.
However, the latter type of model has not been used to assess the
magnitude of fishing impacts. Therefore, we further extended
the framework to use both types of models for simulating and
assessing the ecosystem effects of fishing in situations in which
a quantitative model is available as well as in situations in
which fishers’ LEK is integrated into a qualitative model. This
study attempted to evaluate the ecosystem effects as a result of
a multispecies finfish fishery in three regions: El Rosario, BC;
Isla Natividad, BCS; and Guaymas, Sonora (Figure 1). For this
purpose, trophic models that represent the main interactions
between species in the ecosystem were used, and the changes
in the ecosystem’s food web as a consequence of biomass
removal were evaluated.

MATERIALS AND METHODS

Strategy Approach
We extended the framework proposed by Cisneros-Montemayor
et al. (2020) for data-poor small-scale fisheries to situations
in which qualitative or quantitative ecosystem modeling is
available. Our purpose was to demonstrate how the science-based
(quantitative) and LEK-based (qualitative) models suggested by
Cisneros-Montemayor et al. (2020) can be used to produce
results that can guide strategic management decisions. Here, we
consider temporal changes in the ecosystem as a consequence
of fishing and environmental drivers that are applicable to
quantitative modeling approaches. This study seeks to identify
the potential ecosystem impacts of small-scale fisheries through
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FIGURE 1 | Case studies for evaluating ecosystem impacts from artisanal
fisheries showing the target species in each area.

dynamic scenarios. We used two different approaches according
to data availability: (1) if the data allow only the use of a
qualitative model, we performed species removal simulations to
evaluate potential ecosystem impacts; (2) if the available data
allow the use of a quantitative model, in addition to species
removal simulations, we also calibrated the model using historical
data to evaluate the dynamic historical ecosystem impacts. See
Supplementary Figure 1 for the proposed extended framework.

Based on the abovementioned information, our approach can
be applied to data-poor artisanal fisheries using qualitative LEK-
based models or quantitative science-based models. In the first
case, it is possible to evaluate ecosystem impacts due to the
potential removal of target species, and in the second case, it
is possible to include the effects of environmental and fishing
effects. In addition, species removal simulations can be applied
to quantitative models to perform a comparison of the results.

Case Studies
The framework was applied to three small-scale finfish fisheries,
all of them under an FIP scheme. These fisheries are located in
the western Mexican Pacific Ocean and the Gulf of California:
El Rosario (Baja California), Isla Natividad (Baja California Sur),
and Guaymas (Sonora) (Figure 1). For the purpose of this study,
we primarily focused on the main finfish target species in each
locality (Table 1).

All of the tested fisheries are organized in fishing cooperatives
that hold fishing permits for finfish and other marine resources.
The fisheries usually alternate the main target species and
therefore the fishing gear throughout the year depending on
species abundances, climatic factors, market demand, and closed
seasons. The fishing fleet comprises fiberglass small vessels (7–
10 m length) operated by 2–3 fishers, which are locally known as
pangas, with an outboard motor.

None of the main finfish target species in the three localities
has a specific fishery management plan, and all the species
are included within a finfish group composed of 271 finfish
species distributed in the Mexican Pacific (Diario Oficial de la
Federación, 2010). This group also lacks a fishery management

plan and specific objectives. The applied regulations pertain to
allowable fishing gear and fishing effort control regulated by a
number of commercial fishing permits.

Qualitative Modeling
In El Rosario, because no ecosystem model was available, we
used the qualitative modeling approach based on LEK, which
has been proven to be useful in EAF studies (Espinosa-Romero
et al., 2014; Bentley et al., 2019a; Sánchez-Jiménez et al., 2019;
Cisneros-Montemayor et al., 2020). Due to the COVID-19
pandemic situation, a team of four people previously trained
in the application of the survey and in data capture methods
conducted phone surveys based on a systematic questionnaire
applied to fishers to identify the main trophic relationships
in an ecosystem. A total of 23 surveys were conducted from
November to December 2020 with local fishers (18 men and
five women) with an average of 14 years of fishery experience.
The surveyed population included fishers that exploit several
species (e.g., seaweeds, sea cucumbers, lobsters, abalone, sea
urchins, finfishes, and sharks) and use several types of fishing
gear (e.g., handlines, gillnets, traps, diving, and longlines), which
allowed us to obtain a wide perspective on the different ecosystem
habitats. The questionnaire was divided into two main parts:
(1) mapping main biological components (species or groups of
them) in the ecosystem and (2) identifying trophic relationships
between them. In the first part, fishers named all biological
components that they had identified as part of the ecosystem
based on their LEK. In the second part, they described prey-
predator relationships between each biological component they
recognized in the first part of the interview.

We compiled the information collected from the surveys,
grouped similar species, translated local names to standard names
and compared the consistency of the trophic interactions with
scientific knowledge, mainly that in FishBase1 and World of
Marine Species2. The data collected from the surveys allowed the
initial identification of 104 species, of which 25% corresponded
to commercial species. Once the common names and synonyms
were revised and the species were aggregated, the list was
reduced to 52 functional groups and 264 trophic interactions.
The final output from this process was a relational matrix that
represented the main species or functional groups (nodes) and
their trophic interactions (links) in the food web, which served as
the input for building a qualitative (binary) network model (see
Supplementary Figure 2a).

Quantitative Modeling
For Guaymas and Isla Natividad, we used previously built
Ecopath with Ecosim (EwE) models. In the case of Isla
Natividad, the model built by Vilalta-Navas et al. (2018)
explicitly included ocean whitefish as a functional group (see
Supplementary Figure 2b). In the case of the Guaymas
region, we adapted the model built by Arreguıìn-Sánchez et al.
(2002) (see Supplementary Figure 2c). The original model
included Lutjanidae and Serranidae functional groups that

1https://www.fishbase.se/
2http://www.marinespecies.org/
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TABLE 1 | Regions and finfish target resources used in the ecosystem impact analysis.

Region Fishing gear Target species Functional group in the
model

Model availability

El Rosario (Baja California) Traps Barred sand bass (Paralabrax nebulifer) Sand basses Qualitative: based on local
ecological knowledge (this
study)

California sheephead (Semicossyphus pulcher)California sheephead

Handlines Vermilion rockfish (Sebastes miniatus) Rockfishes

Starry rockfish (S. constellatus)

Isla Natividad (Baja California
Sur)

Traps and handlines Ocean whitefish (Caulolatilus princeps) Ocean whitefish Quantitative: Ecopath with
Ecosim [Vilalta-Navas et al.
(2018)]

Guaymas (Sonora) Handlines Ocean whitefish (Caulolatilus princeps) Ocean whitefish Quantitative: Ecopath with
Ecosim [adapted from
Arreguıìn-Sánchez et al. (2002)

Rooster hind (Hyporthodus acanthistius) Sea basses

Goldspotted sand bass (Paralabrax
auroguttatus)

Pacific red snapper (Lutjanus peru) Snappers

TABLE 2 | Ecological and topological indicators used for analyzing the food web structure and dynamics.

Description Source

Ecological indicators

Total catch Sum of total fishery catches -

Ecological diversity Shannon’s diversity index of the biological community Shannon (1948)

Mean transfer efficiency Mean of biomass transfer efficiencies between trophic levels Lindeman (1942)

Ascendency/capacity Relative ascendency, a measure of the ecosystem organization Ulanowicz (1986)

Topological indicators

Diameter Longest distance between nodes. Csardi and Nepusz (2006)

Loss of connectivity Proportional change in distances between nodes This study

Clustering coefficient Probability that nodes tend to group together in a network Barrat et al. (2004)

Mean topological diversity Average Shannon diversity of nodes based on the number and weights of their links Eagle et al. (2010)

allowed us to represent the Pacific red snapper and sea basses,
respectively. However, we added an additional functional group
representing the ocean whitefish. The input parameters such
as biomass and commercial catches were based on data from
the fishery monitoring program implemented by the fishers
within the framework of the FIP and commercial statistics. Other
input parameters required by the EwE models, such as diet
and production/biomass and consumption/biomass ratios, were
obtained from Vilalta-Navas et al. (2018).

We selected these models because they represent the zones
for the case studies and because they met the thermodynamic
principles recommended for EwE models (Heymans et al., 2016).
For example, thermodynamically, for each functional group, the
outputs (e.g., predation, fishing) cannot be greater than the
biological production.

Simulations
We now detail the simulation approach for the qualitative and
quantitative models. In the first case, we used the error and
attack simulation scenarios proposed by Albert et al. (2000)
that can be applied to qualitative or quantitative networks. This

approach simulates the subsequent removal of the nodes, one at
each step. At each step, the change in the network structure is
quantified through network indicators (see below). To simulate
random network failures, the order of node removal is random.
In contrast, to represent attacks on the network, i.e., the impacts
directly exerted on some node, the order of removal is decided
based on a criterion, such as removing nodes according to their
connectivity in decreasing order or relevance to the network.
Here, we use the betweenness index (BCi) of each functional
group as a criterion to determine the order of removal. This
index, which measures the positional importance based on how
frequently a functional group i is located on the trophic pathways
between every pair of groups j and k, was estimated as follows:

BCi =

∑
j<k

gjki

gjk

where gjk is the total number of pathways between groups j and
k, and gjki is the number of pathways where group i is present
(Freeman, 1979; Wasserman and Faust, 1994). We performed
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error and attack simulations in the R environment3, and BCi
was estimated with the help of igraph R-package version 1.2.6
(Csardi and Nepusz, 2006).

We then compared the changes in the structure of the
food web due to random failures and direct impacts and gave
particular attention to the nodes that represent the resources
exploited by fishing. Topological indicators, which measure
network properties based on connectivity, have been shown to
be useful in the analysis of network vulnerability and resilience
(Albert et al., 2000; Dunne et al., 2002; Moore et al., 2015; Gao
et al., 2016; Dey et al., 2019). Although there are numerous
topological indicators, our purpose in this study was to show the
potential use of LEK-based models to track changes in the food
web structure, and we selected the four indicators described in
Table 2. The removal of species is expected to result in change
in the food web. However, the attack and error scenarios seek
to explore whether these changes differ in the face of random or
directed impacts. In addition, we explored whether these changes
were abrupt, particularly when a target species was removed.
Because error and attack approaches can be applied to both
qualitative and quantitative models, we applied this strategy to
all case studies.

The approach for quantitative models was available for the
Guaymas and Isla Natividad finfish fisheries, and for these case
studies, we fitted models to recorded historical catches. We used
the “fitting to time series” routine included in EwE software
(ver. 6.6.54), which dynamically performs model simulations
forced by fishing and environmental drivers (Christensen and
Walters, 2004). To calibrate the model to both drivers, the routine
can optimize parameters that represent trophic interactions
between predators and prey with the objective that the model
predictions in response to environmental or fishing changes
approximate historical data. These parameters, called trophic
vulnerabilities, represent the degree to which a change in
predator biomass affects prey mortality (Walters et al., 1997)
and are based on the foraging arena theory (Ahrens et al.,
2012). Here, using an approach similar to that described by
Mackinson et al. (2009) and Scott et al. (2016), we evaluated
the possible effects of environmental and fishing drivers that
could explain historical catch data. In this case, as a fishing
driver applied to target species, we used the number of
fishing days obtained from regional offices where captures
were reported. Additionally, as an environmental driver, we
used phytoplankton satellite-derived chlorophyll-a anomalies
(MODIS from NOAA’s CoastWatch program) because changes
in primary productivity are mostly influenced by oceanographic
conditions. These changes in primary productivity propagate
through the food web and thereby indirectly affect species
abundance, including that of the target species. During the
fitting process, the sum of squared differences (SS) was used to
measure the goodness-of-fit to the historical catch. To analyze
the influence of environmental and fishery drivers, we separately
measured the SS for both chlorophyll anomalies and fishing effort
once the trophic vulnerabilities were optimized. Details of this

3https://www.r-project.org
4https://www.ecopath.org

procedure were described by Christensen and Walters (2004),
Mackinson et al. (2009), and Scott et al. (2016). The purpose
of the fitting procedure is to calibrate the model such that it
is able to reproduce historical fishing patterns. After the model
was calibrated, we evaluated possible structural and functional
ecosystem changes as a consequence of fishing and changes in
environmental conditions. Here, we analyzed trends in the four
ecological indicators proposed by Cisneros-Montemayor et al.
(2020) and the four selected topological indicators described
in Table 2. All ecological indicators were obtained from EwE
software, and for the estimation of topological indicators, we used
a plugin developed for EwE software that allows us to save Ecosim
consumption matrices during time simulations. These matrices
were used as the input to build yearly network models for the
quantification of topological indicators.

RESULTS

Figure 2 shows the trends of topological indicators obtained from
simulations of random failures and directed impacts scenarios
(error and attack scenarios). We found differences in the results
from the scenarios among the case studies. For some indices, the
resulting effect from directed impacts was notoriously different
from those expected by random failures, as was observed in the El
Rosario and Isla Natividad regions. Conversely, in Guaymas, the
effects on the food web indicators produced by random failures
and direct impacts did not show many differences, and drastic
changes in the clustering coefficient and network diameter were
only obtained with a high number of removed nodes (>15). This
result suggests that the food web in this area is more tolerant to
the loss of functional groups regardless of their role on the food
web (see below).

For all case studies, a loss in connectivity and topological
diversity indicators did not show abrupt changes but exhibited
nearly monotonic trends in response to both random failures and
direct impacts, which indicated that all food webs analyzed were
tolerant to a loss of network connectivity and reductions in the
diversity of trophic links. In contrast, the diameter and clustering
coefficient showed changes in the food webs of El Rosario and Isla
Natividad in addition to the differences between random failures
and directed impacts (fishing). Thus, in the directed impacts
scenario, decreases in the clustering coefficient and the number of
removed nodes were found for both case studies, which indicated
that the complexity of trophic interactions was reduced un
response to loss of species. In addition, increases in the network
diameter were found in both case studies as the functional groups
were removed, which indicated that the distance between them
was increasing. Both the clustering coefficient and the network
diameter remained relatively constant in the random failure
scenario and showed changes only when many functional groups
were removed (> 30).

In relation to the target species, their removal can cause
differential changes in the ecosystem food web in some areas
regardless of the values of betweenness centrality. For example,
in the El Rosario region, barred sand bass was identified as one of
the most important functional groups in terms of its frequency in
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FIGURE 2 | Changes in food web indicators in El Rosario, Isla Natividad, and Guaymas as a consequence of removing nodes (functional groups) based on two
scenarios: random failures (gray lines) and directed impacts (black lines). In the directed impacts scenario, non-target species are indicated by gray dots, and target
species are indicated by different colors.

the trophic pathways and was among the first ten to be removed
in the simulation. Similarly, sea basses, Pacific red snapper,
and ocean whitefish were among the most important species in
the Guaymas region. However, in the latter case, the structure
of the food web did not experience abrupt changes, contrary
to the results found for El Rosario. In Isla Natividad, ocean
whitefish was not among the first species to be removed, which
indicated that this species does not have a high betweenness
value and thus that fishing effects do not appear to drastically
modify the food web structure as a consequence of exploitation
of this fish resource.

The goodness-of-fit (SS) estimated during the fitting
procedure to the historical catch time series is shown in
Table 3. We found that fishing effort produced the lowest SS in
comparison to the effect of primary productivity (chlorophyll)
in both case studies. However, it was undeniable that both
factors influenced the ecosystem dynamics. For this reason, we
chose to run simulations with both factors, but we allowed the

TABLE 3 | Sum of squares (SS) estimated for environmental and fishing drivers
during the fitting of the quantitative models of Isla Natividad and Guaymas.

Chlorophyll
anomaly

Fishing effort Both without
optimized
vulnerabilities

Both with
optimized
vulnerabilities

Isla Natividad 4.03 0.68 0.91 0.76

Guaymas 38.18 10.48 15.1 12.1

Ecosim fitting routine to optimize the trophic vulnerabilities,
which resulted in lower SS values than those obtained without
optimized trophic vulnerabilities. The relative fishing effort and
chlorophyll time series used in the fitting procedure appeared to
exhibit an inverse pattern in both cases (Figures 3A, 4A). The
first half of the time series showed higher primary productivity,
which tended to be lower in the second half in both case studies.
In contrast, fishing effort was higher in the second half of the
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time series and lower in the first half. The similar behavior found
for primary productivity can be explained by the geographical
proximity of both case studies. The resulting fitting of the
simulated data to historical data was relatively good, and the
model was able to reproduce the main trends in fishing catches
for ocean whitefish in Isla Natividad (Figure 3B) and Guaymas
(Figure 4B) and for Pacific red snapper (Figure 4D) in the latter
case study. However, the fit obtained for sea basses was not
as good, even though the model was able to capture the main
trends (Figure 4C).

After we calibrated the Isla Natividad and Guaymas models
to reproduce the historical observed trends in catches, we
evaluated possible historical changes in the ecosystem structure
and functioning. The results related to the variability of the
ecological and topological indicators are shown in Figure 5. In
all cases, the indicators varied as a consequence of the fishing
effort exerted and changes in primary productivity. In general,
the ecological and topological indicators showed similar trends in
both areas. All the highest or lowest values occurred at some point
between 2011 and 2013, a period that coincides with the highest
chlorophyll values in both areas, with one exception, namely,
the total catch in Isla Natividad, which presented the highest
values between 2014 and 2015. Moreover, all indicators showed
a tendency to decrease in the last 5 years, which contrasted with
the fact that catches in the last 5 years increased. The trends
found for diameter and loss of connectivity were the opposite of
those found for the mean diversity of trophic links and clustering
coefficient in both areas.

DISCUSSION

In this study, we showed that potential ecosystem impacts could
be assessed using dynamic simulation scenarios. The proposed
framework could be applied to data-poor small-scale fisheries.
In some cases, it is possible to use science-based quantitative
models widely accepted by the scientific community, and in
others, it is possible to use LEK from fishers to build qualitative
models. These models can help explore fishing impacts and thus
avoid serious damage to the composition and function of an
ecosystem. This information can be used to develop strategic
management plans that limit harvesting and focus on minimizing
ecological impacts. This approach has allowed researchers to
address the challenges of data-poor fisheries with the inclusion of
LEK to generate comprehensive models. Even so, it is necessary
to implement actions to ensure the availability of updated
and quality data that will allow tactical decisions to be made
regarding the management of small-scale fisheries. However, the
involvement of fishers in the generation of LEK-based models
could facilitate the co-management of fisheries because it is easier
for fishers to adopt strategic management measures, as in the
artisanal fisheries cases investigated in this work.

Experimentation through simulation scenarios may differ
according to the information and models available. Nevertheless,
in both cases, it is possible to devise models to improve the
framework for decision-making processes. Our approach in
this study was useful to analyze the potential impacts on the

ecosystem structure in response to the depletion of a target
species based on relatively simple topological indicators. The
results indicated that some of the target species, such as barred
sand bass and rockfishes in El Rosario and sea basses and Pacific
red snapper in Guaymas, may play an important role in the
structure of the ecosystem food web, but the effect of their
removal depends on the degree of vulnerability and the resilience
of the ecosystem. Additionally, the availability of a quantitative
model that incorporates environmental and fishing effects made
it possible to reproduce historical catch trends, which allowed the
demonstration that changes in the structure of the ecosystem may
be mainly influenced by primary productivity in the ecosystem.

The modeling approaches proposed here as alternatives show
differences in terms of complexity and the level of information
demand. On the one hand, EwE is one of the most widely
accepted approaches in the scientific community for analyzing
fisheries in an ecosystem context and has numerous applications,
even for ecosystem theoretical applications (Heymans et al., 2014;
Colléter et al., 2015; Heymans et al., 2016). For application
of our proposed framework, it is important to review the
assumptions and input data quality of the quantitative models to
be used. We recommend checking the robustness of EwE models
based on the criteria proposed by Link (2010) and Heymans
et al. (2016). In addition, it has been mentioned that one of
the desirable requirements for using EwE models to explore
management scenarios is that they must be calibrated and capable
of reproducing observed trends in abundance or catch. In this
sense, one disadvantage of using EwE for management is the
demand for data and time series, which are not always available.
Mexico is one of the countries with a relatively large number
of available models5, but the country has a complex fisheries
system, an extensive coastline, a large number of multispecies
fisheries, multiple users and stakeholders, and different types
of fishing gear. There are many cases in which a quantitative
EwE-type model is not available. On the other hand, the use
of LEK can be an alternative to preliminarily fill these gaps
and involve local user resources, in this case, fishers, to make
contributions to improving their fishery management (Espinosa-
Romero et al., 2014). LEK is capable of improving fishery
management because it can provide information about the
ecology and abundance of not only the target species but also
other species that form part of the ecosystem (Silvano and
Valbo-Jørgensen, 2008; Aswani et al., 2018). Additionally, it has
been demonstrated that fishers’ LEK shows significant similarities
compared with EwE models and the scientific literature (Silvano
and Begossi, 2012; Sánchez-Jiménez et al., 2019). This result
is very important for revealing the impacts generated by
fishing activities, particularly small-scale fisheries, because most
of the information on the ecological impacts originates from
studies performed in countries with a high development of
industrial fishing (Shester and Micheli, 2011; Lewison et al.,
2014). Additionally, these results can be implemented to achieve
improvements in fishery within the outcome, management, and
ecosystem indicators of the MSC standard.

5http://ecobase.ecopath.org/
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FIGURE 3 | Fitting of the Isla Natividad EwE model. (A) The forcing drivers, namely, satellite-derived chlorophyll-a anomaly and the relative fishing effort, are shown in
green and red, respectively. (B) The fitted trends of historical and predicted relative catches are shown by black dots and black lines, respectively.

The role of resource users in the EA in marine resource
management has been changing and increasing. User
participation occurs mainly in two ways: in one case, users
produce reliable data and information to complement scientific
information that can be used in the decision-making processes
for local and regional management (Fulton et al., 2019a,b), and
in other cases, users have helped confront particular interests
that go against local cultural interests and values (Gadgil et al.,
2002). In this study, with the help of scientific knowledge, LEK
was used to fill an information gap because fishers have been
familiar with the diets of species for several years due to their
fishing experience (e.g., bait preparation and product processing)
(Gadgil et al., 2002; Espinosa-Romero et al., 2014; Bentley et al.,
2019a). However, LEK may be subject to bias or uncertainty
due to partial knowledge or the tendency of fishers to know the
target species better. Therefore, it is advisable to apply rigorous
methodological designs and identify local experts (Davis and
Wagner, 2003) or supplement the obtained data with scientific
information (Cisneros-Montemayor et al., 2020), as was done
in this study. Non-etheless, our goal was to present how LEK

can provide a first approximation of the ecosystem structure and
the trophic interrelationships between species. This approach
allowed us to run simulation scenarios of the impact of the
extraction of a target species and to contrast the results with
those obtained with random scenarios.

However, the availability of quantitative models does not
always guarantee that the effects of fishing can be evaluated
dynamically. It has been mentioned that an important aspect of
the trophic models built with the EwE approach is the ability to
reproduce observed historical patterns (Heymans et al., 2016).
However, there are two main problems: (1) the constructed
EwE models do not frequently include time-series calibration
(Heymans et al., 2014), and (2) the use of time series from
statistical records is associated with a risk of high uncertainty.
Discrepancies have been repeatedly observed between real and
registered fishery statistics (Watson and Pauly, 2001), which
could be particularly important in the case of artisanal finfish
fisheries (Salas et al., 2007; Cisneros-Montemayor et al., 2013).
In addition, the EA to fisheries requires models that consider
environmental and human drivers (e.g., climate variability and
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FIGURE 4 | Fitting of the Guaymas EwE model. (A) The forcing drivers, namely, satellite-derived chlorophyll-a anomaly and relative fishing effort, are shown in green
and red, respectively. (B–D) The fitted trends of historical and predicted relative catches are shown by black dots and black lines, respectively.

fishing effort), which could provide a more realistic scenario
at the expense of increasing the complexity of the models
(Sánchez-Jiménez et al., 2019). Although this complexity may aid
the development of more representative models, their uncertainty
could increase (Collie et al., 2016). We recognize that our
approach does not include other stressors that may be relevant
for ecosystem dynamics (e.g., pollution and climate change).
However, it is possible to include other drivers that force
quantitative model simulations or other criteria for species
removal in qualitative models.

In this sense, ecosystem models constitute a valuable tool for
informing fisheries management, and it has been recommended
that these models be calibrated and validated as much as
possible such that they can be used for experimentation through

simulation scenarios (Heymans et al., 2016; Grüss et al., 2017).
Although the use of ecosystem models has increased to inform
management decisions by providing system-level information
and in some cases for strategic analysis, their use in tactical
decision processes has not been widely adopted due to the
uncertainty of complex model outputs that do not provide
sufficient confidence for specific management decisions (Collie
et al., 2016). In view of the abovementioned factors, our goal was
to propose a relatively simple scheme that can be used to evaluate
the possible ecosystem impacts of data-poor fisheries, but the
approach can be applied to other fisheries. In this sense, our goal
was not meant to propose specific management measures but
rather to offer a framework of the environmental context in which
fishing is performed and to determinate whether fishing has
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FIGURE 5 | Estimated trends in ecological (left panels) and topological (right panels) indicators resulting after calibrating the Isla Natividad and Guaymas models. All
indices were scaled from 0 to 1 for comparison purposes.

had negative (or positive) effects within the ecosystem. Although
we recognize the uncertainty associated with fishery statistics
in data-poor systems, institutions have traditionally used lack
of information as a factor that hinders fisheries management,
which has a direct impact on fishers and their communities,
who must manage their fisheries based on scarce data. In fact,
most of the time, the few data available are outdated with
respect to the current fisheries context and therefore do not
serve their purpose. In this sense, in data-poor situations, it is
important to generate knowledge that provides tools or possible
solutions and measures to avoid environmental degradation
(United Nations Conference on Environment and Development,
1992: Rio Declaration; Latifah and Imanullah, 2018). For this
reason, we propose the use of LEK to help build preliminary
qualitative models as an alternative to measuring the impacts
of small-scale fisheries in the face of information deficiency.

However, even when quantitative models with a larger amount
of data are available, they often need to be updated, which is
not always possible. Therefore, an alternative is the use of few
available data, such as fishery statistics and satellite derivatives, to
infer possible ecosystem impacts. Nevertheless, we recognize that
better data are needed, and we also urge institutions to update the
available fisheries information to enable better decision-making.
Although an ecosystem approach to fisheries management does
not allow the formulation of specific management decisions
(tactical approach), this approach can provide clear advice during
the process of developing effective strategies to ensure that
the level of implementation is optimal and its likelihood of
success and can therefore contribute to strengthening fishery
management plans (strategic approach).

Despite the importance of monitoring the impacts of fisheries
on the ecosystem, documenting those impacts remains a scientific

Frontiers in Marine Science | www.frontiersin.org 10 January 2022 | Volume 8 | Article 799068

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-799068 January 5, 2022 Time: 16:30 # 11

Zetina-Rejón et al. Ecosystem Effects of Artisanal Fisheries

challenge. Various approaches have been proposed for several
decades, and various ecological indicators that require different
amounts of data have been proposed (Rochet and Trenkel, 2011;
Halouani et al., 2019). To date, there is no methodological
standard for this analysis, but it is widely recognized that the
management of fishery resources should be performed from
an ecosystem perspective. In this sense, the ecosystem-related
components of the MSC standard (outcome, management, and
information) lead small- and large-scale fisheries to consider
this approach, which is a way to begin to address this
challenge and incorporate ecological indicators within the
evaluation methodologies.

In the context of data limitations and the wider challenge
of managing small-scale fisheries, it is necessary to propose
versatile frameworks that generate simulation scenarios that
allow the exploration of possible ecosystem responses that could
be considered for sustainable management. Although there are
several indicators for assessing impacts on the environment, an
advantage of topological indicators is that they can be applied to
both binary networks, such as qualitative networks, and weighted
networks, such as those created through the Ecopath approach.

This study revealed that the topological indicators followed
similar trends to the Ecopath-derived indicators. This result
opens a door because it means that indicators that demand
relatively less data, such as topological indicators, could capture
environmental variability and the effects of fishing. Although
the use of topological indicators in the temporal dynamics of
food webs has already been tested, which indicators are most
sensitive remains unclear, but the results have demonstrated
that these indicators can be sensitive to the temporal dynamics
of ecosystems and their food webs (Jordán and Osváth, 2009;
Olivier et al., 2019). However, not all topological indicators for
both binary and weighted networks can be estimated. For this
reason, we selected four relatively easy-to-understand indicators
that could be applied to both types of networks originating from
qualitative and quantitative models. Indeed, it has been found
that some binary topological indicators may be less sensitive to
structural changes in food webs, but when changes in species
abundance are considered, weighted indicators can detect these
changes (Olivier et al., 2019). In this sense, the application of the
topological indicators proposed in this study was able to capture
the dynamics of the studied ecosystems because the temporal
simulations contemplated changes in species abundances.

However, the attack and error scenarios allowed us to
understand not only the role of the target species but also the
broader vulnerability and resilience of the food webs (Solé and
Montoya, 2001; Dunne et al., 2002) to fishing or environmental
impacts on specific components (Ávila-Thieme et al., 2021).
Although the attack and error scenarios represent extreme
situations such as the total removal of functional groups, which
is unlikely to be caused by fishing or environmental changes in
the short term, these scenarios allow us to place into context
both aspects, i.e., the role of target species and the vulnerability
of the food web. This could be reached because we were able
to understand how important the removal of the target species
may be in comparison with other species and with random
failures of the food web. This study found that some species

may play an important role in food webs because they have a
high participation in trophic pathways, as in the case of barred
sand bass and sea basses in the El Rosario and Guaymas regions,
respectively. However, although both groups play a significant
role in the food web, their removal causes different impacts in
both case studies, which we associated with the vulnerability of
the ecosystem’s food web. For example, in Guaymas, the food web
did not experience abrupt changes based on the four indicators
used (Figure 2). However, in El Rosario and Isla Natividad, the
food web was more vulnerable, but this vulnerability was not
necessarily due to the removal of the target species but rather to
the removal of other species (Figure 2).

The temporal analysis made it possible to evaluate the
dynamics of the ecosystem and the changes in its structure and
functioning. The process of fitting to time series can also be
useful for assessing the contribution of environmental or fisheries
effects (Mackinson et al., 2009; Scott et al., 2016). Because
ecosystem models, such as EwE models, can include various
assumptions and uncertainty, the realm of their applicability can
be determined to the extent that the models may be able to
replicate observed trends (Grüss et al., 2017). In this sense, the
fitting achieved in the case studies allowed us to obtain a glimpse
of the effects of fishing and changes in primary productivity. The
fit to the historical data considering both effects was acceptable,
but the catch trends were better explained by the fishing effort.
However, the structure and functioning of the food web appeared
to be mostly modulated by the changes in primary productivity
that propagate through the entire food web. This type of analysis
can help us to understand and put into context how much
fishing or environmental effects may affect ecosystem function
and fishing production (Mackinson et al., 2009).

The analysis of the vulnerability and resilience of marine
food webs is relevant because it allows us to understand the
context of the changes induced by environmental or fishing
effects. The objective of our study was to demonstrate, using a
relatively simple strategy, how environmental and fisheries effects
can be considered when quantitative models that allow temporal
simulation are available. Additionally, the analysis complemented
with ecological indicators through historical trends allowed us
to infer that the changes in the ecosystem depended both on
primary productivity and on fishing effort. In contrast, although
temporal simulations cannot be used for qualitative models, it
is non-etheless possible to run simulations based on species
removal, which allowed us to identify that the removal of the case
study species does not cause abrupt changes in the ecosystem.
Furthermore, these scenarios place into context the possible
effects of fishing under worst-case scenarios by revealing that the
tolerance of ecosystems to extreme loss of biomass and diversity
depends on the vulnerability and resilience of the food web.

CONCLUSION

The results generated in this study can contribute to management
plans and strategies for target species and the need for
conservation actions for other non-target species. The fact
that topological indicators have been matched with ecological
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indicators creates opportunities to involve fishery resource users
and to develop qualitative models in data-poor circumstances.
In fact, fishing communities have repeatedly been relegated
from making decisions about the fishing resources on which
they depend for their livelihoods, which can cause major
negative impacts. This is why engaging fishers as a means
of documenting LEK promotes better conservation decisions
and management measures for fishery resources (Fulton et al.,
2019a). LEK has a high complementarity, which means that
the related investigations that constitute LEK have a greater
impact on the development of management advice regarding
fishery resources (Silvano and Valbo-Jørgensen, 2008; Bélisle
et al., 2018; Bentley et al., 2019b). Various fishing certifying
institutions (e.g., Marine Stewardship Council) recommend
that for those cases with a lack of authority regarding data
collection or management standards, the local information
generated and the community agreements can be considered
as long as this information and processes are documented and
transparent (MSC, 2014). This can be particularly true for less-
advanced fisheries management systems and data-poor fisheries.
Therefore, the evaluators of the certifiers can be based on general
observations and qualitative and quantitative information and/or
can aim to identify alternative indicators that can indicate the
impacts on the structure of the ecosystem. In this regard, user-
generated information as a continuous process can improve both
science-based and LEK-based models for mapping ecosystem
changes. In particular, we recommend monitoring programs
for target and key non-target species that support ecosystem
function due to their important role in the food web structure.
In this sense, citizen science contributes to the adaptive co-
management of fish resources through the identification of risk
scenarios or sudden changes in the ecosystem. This undoubtedly
sets the standard in the construction of growing governance
and improvements in the management of fisheries, where it can
guide both fishing communities and researchers in discussing
co-management decisions in a more informed manner.
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