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A B S T R A C T   

Small-scale fisheries (SSF) contribute substantially to global food security, sustainable marine ecosystems and 
poverty alleviation. Yet many SSF face problems of overexploitation and poverty calling for novel governance 
approaches that enhance human-wellbeing, equity and ecological sustainability. External policies and in-
terventions to support such governance transformations, however, need to take their often self-governed nature 
into account. Common practices based on informal arrangements between different fishery actors can make 
existing, mal-adapted structures very persistent and hence difficult to overcome. Here we combine multi-method 
empirical research on SSF in Mexico with agent-based modeling to analyze if and under which conditions in-
terventions can shift ongoing self-organizing dynamics into directions that support the new governance form. We 
are particularly interested in the effectiveness of two different types of interventions, financial and social, and 
their performance under variable social and ecological conditions as commonly found in SSF. Our analysis re-
veals that a combination of financial and social support during extended periods of time is necessary to ensure 
persistence of new governance forms in face of competition with established forms, as well as environmental and 
social uncertainty. The findings highlight the importance of understanding the endogenous self-organizing dy-
namics created by the interplay between social (e.g. the dynamics of trust) and ecological (e.g. resource dy-
namics) processes in order to devise policies and measures to initiate a shift towards more sustainable pathways.   

1. Introduction 

Small scale fisheries (SSF) play an important role for global food 
security, sustainable marine ecosystems and poverty alleviation [1]. 
Many of these fisheries, however, face issues of persistent over-
exploitation and poverty resulting from open access regimes or gover-
nance failures [2]. Addressing these challenges and enabling more 
sustainable and resilient fisheries in the face of global change will often 
require significant governance transformations. Such transformations 
are, however, difficult to achieve as complex interactions between 
diverse actors, institutions and biophysical dynamics across scales may 
create significant barriers to change [3]. Vested interests, existing power 
relations and institutional structures for instance may perpetuate path 
dependencies that are difficult to break. There may be cognitive or 
cultural barriers or lack of ecological knowledge, human or financial 
capital [4–7]. Transforming governance towards more sustainable 

approaches may thus require to first overcome situations that are very 
resilient but unsustainable [6]. In view of these challenges it is critical to 
develop a better understanding of the potential of intentionally trans-
forming social-ecological systems (SES) through breaking undesirable 
dynamics and reinforcing those processes that enable more sustainable 
trajectories [5]. 

Transformations of marine and other SES have been studied exten-
sively empirically [4,8,9] and the growing body of knowledge has been 
synthesized in several frameworks [5,6,10–12]. Overall, trans-
formations are complex, multi-level and multi-phase processes that are 
characterized by the interplay of cognitive, agency and structural fea-
tures that enable or prevent change at different levels and phases of the 
process. Here, we focus on one particular sub-process of a governance 
transformation in a fishery, namely the process of uptake of an inno-
vation, i.e. a novel governance arrangement that seems promising and 
was successful in an experimental stage [5]. We are particularly 
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interested in the potential of social and financial interventions to over-
come lock-in of the current regime and reinforce dynamics that lead to 
the uptake of the new institution. These, external, often top-down in-
terventions can potentially play an important role for triggering trans-
formations, however, little is known about the conditions under which 
they are effective and how they interplay with ongoing self-organizing 
processes in a fishery. 

Fisheries are complex adaptive systems (CAS) characterized by in-
teractions between multiple actors with competing interests, values and 
capacities and a dynamic and complex ecosystem which together can 
bring about non-linear behavior, abrupt change or lock-ins [13,14]. The 
outcomes of interventions that aim to steer the evolution of such CAS 
into a particular direction are thus highly uncertain. Studying the 
emerging dynamics of fishery SES and their response to interventions 
empirically is, however, challenging. We tackle this challenge by 
combining synthesis of in-depth empirical research with agent-based 
modelling to investigate if, how and under which conditions top-down 
interventions or combinations thereof enable the establishment of a 
new self-governance arrangement. We do so by extending a stylized, 
empirically-grounded agent-based model of SSF in Mexico [15]. By 
combining stylized insights derived from empirical research with a dy-
namic model we aim to shed light on the causal processes that may move 
the system out of an entrenched setting and allow a new intuitional form 
to establish. This allows us to move beyond a static view of individual 
factors and their effects on outcomes towards an account of the mech-
anisms that explain how an institutional transformation came about 
[16]. The purpose of this approach is to use the model as a virtual SES 
laboratory to experiment with different interventions and environ-
mental settings and analyze underlying mechanisms, not to predict the 
outcome of a particular policy or develop management recommenda-
tions [17]. 

The agent-based model (ABM) represents a synthesis of insights from 
more than 15 years of extensive in-depth multi-methods research of SSF 
in Mexico [18,19]. It captures key interactions between fishers, fish-
buyers and fish stocks that determine the self-organization of the fishery 
into different types of self-governance arrangements, namely 
patron-client (PC) or cooperative governance arrangements (coops). We 
contrast two types of interventions: financial subsidies which are com-
mon interventions in SSF around the world and social interventions 
aimed at increasing trust and collective action. Trust is an important 
factor for successful self-governance in many natural resource man-
agement contexts [20,21]. The interventions are targeted to support the 
establishment of fishing cooperatives, which under certain conditions 
can transform resource exploitation towards more sustainable and 
equitable practices. We focus on the critical moment of establishment 
and adoption of the novel governance form (i.e., a fishing cooperative) 
against the prevalent form of self-governance, in this case patron-client 
relationships. We investigate transformative trajectories created by 
different interventions or combinations thereof under constant envi-
ronmental conditions and then test successful ones under conditions of 
increased social and ecological variability and uncertainty due to global 
change. 

2. Transforming small-scale fisheries governance 

Many SSF in developing countries are self-governed through 
informal arrangements between fishers and fish buyers, through fisher 
cooperatives or co-managed with local authorities [22–26]. 
Patron-client relationships between fish buyers and fishers (PCs) and 
fisher cooperatives (coops) are often the main pathways for low-income 
individuals to secure their livelihoods. They allow them to gain access to 
capital to afford the upfront costs of fishing trips, to fishing means of 
production, to property rights to the fishery, and to sell their catch and 
receive personal loans [27]. Because of the high uncertainty and vari-
ability of resource availability, governance arrangements that provide 
credit and insurance are highly important for reducing risks and 

providing income. The relationships between fishers and fish buyers are 
often informal and build on trust and loyalty [28] but can also be 
characterized by power asymmetries [25,29–31]. At the same time, they 
have been described as problematic as they may prevent collective ac-
tion when there are signs of overexploitation [24,32], may gradually 
undermine the resilience of the SES [25], be exploitative and increase 
inequalities in communities [e.g., 33]. 

Cooperative forms of governance can under some circumstances 
provide for more sustainable resource use [20]. Transforming an exist-
ing (self-)governance system can, however, be very difficult as prevail-
ing governance forms are often strongly entrenched and conditions for 
collective action may be unfavorable [34,35]. Coops are only one 
possible alternative of a novel governance form that may bring social 
and ecological benefits to fishers and the environment. In contrast to 
PCs, coops can provide social security and other collective goods, which 
reduce uncertainty about the future and incentives for a race to fish, and 
can create incentives for area-based conservation by protecting areas of 
high biological productivity from exploitation. Whether coops indeed 
lead to more equitable and sustainable fisheries remains, however, 
disputed and most likely depends on the social-ecological context and 
history in a given location [36]. 

Transforming an SSF that is dominated by PC arrangements towards 
self-governance forms that enable sustainable resource use has proven to 
be difficult and attempts have often failed [37]. Reinforcing feedbacks 
can make existing arrangements very persistent and thus prevent the 
establishment and spread of new forms. In Kino Bay, Mexico, for 
example, the ability of fish buyers to access the market and navigate the 
bureaucratic process enhances their capture of fishing permits, which 
legalizes them as fishers. This not only provides them access to benefits 
of the state provided to fishers, it also can increase overexploitation as 
fish buyers have less incentives to prevent non-local fishers from 
exploiting the resource and incentives for collective action among local 
fishers are reduced [37]. 

While SSF are often self-governed or co-managed, states frequently 
intervene through a number of mechanisms such as subsidies, taxes, 
assistance programs or training [38,39]. The SSFs literature has mostly 
focused on the analysis of subsidies (particularly fuel) in their economic 
and biological effects and in comparison to large scale fisheries [40]. 
Nenadovic et al. [39] highlight that subsides can also take the form of 
credits or loans and be tailored to poverty alleviation or other social 
objectives as well as biological sustainability objectives related to fish-
eries management [41,42]. Such financial or social interventions can 
play an important role in fishers’ adaptive capacity [39]. 

Investments of social, financial, and intellectual capital are also 
critical for the establishment and adoption of a novel governance 
arrangement [5]. These top-down interventions, however, interact with 
the endogenous, self-organized dynamics of the SSF and can either break 
or reinforce them, as was the case with the capture of licences by fish 
buyers that were intended to support fishers and their fishing co-
operatives. The conditions under which external interventions can break 
reinforcing dynamics and enable a transition towards a novel regime is 
the focus of our model-based analysis. We acknowledge that support for 
the establishment and adoption of a new governance form in one com-
munity is but one step required for a successful governance trans-
formation [43], but a better understanding of this critical sub-process 
will hopefully help advance our understanding of opportunities but also 
pitfalls of interventions aimed at triggering or supporting 
transformations. 

3. Methods 

3.1. Empirical foundation 

The model was constructed based on data and expert knowledge 
from more than 15 years of multi-methods empirical research on SSF in 
Baja California, Mexico (see [18,19,31,36] for details of the empirical 
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data that informed model development). This includes, among others, 
analysis of a two year journal of all transactions of a major fish buyer, 
interviews with fishers and fish buyers, and field research in 17 villages 
around the Gulf of California [19,44]. We synthesized these studies and 
conducted additional field research to identify factors, actors, in-
teractions and biophysical dynamics that characterize the fishery and 
may affect the survival of PCs and coops (these interviews are reported 
in Basurto et al. [19]). As a result, we focused on three key factors 
influencing the success of PCs and coops alike: loyalty of fishers towards 
their respective organization (PC or coop), reliability of fishers and the 
history of working together of coop members [36]. The importance of 
loyalty/trust and social norms, are representative of small scale fisheries 
around the world [22–24,28,29]. 

The establishment and persistence of both PCs and coops depends on 
their ability to secure enough fish and hence income through their 
fishers’ fishing activities. A fisher’s catch depends on the state of the fish 
population, his fishing skills and willingness and ability to go out fishing. 
Whether a fisher’s catch will benefit the PC or coop that provided the 
fisher with a loan to go fishing in the first place, however, depends on 
the fishers’ reliability and his loyalty to the buyer or coop. Both orga-
nizational forms face the issue of cheating, e.g. that fishers take a loan to 
go fishing but then sell their catch elsewhere, or use the money other-
wise. Loyalty reduces the likelihood of cheating and thus assures that the 
investment of the coop or PC is not lost. Fishbuyers end relationships 
with fishers if they do not return their catch to them; a situation that 
happens frequently. If fishers, however, return their catch regularly 
strong loyalty between fishers and a fish buyer develops [19,45]. Fish-
buyers will try to work with fishers that have a reputation of high loyalty 
and fishing skills. Coops are less flexible in choosing the fishers to work 
with. Their collaboration is more formalized which makes it harder for a 
coop to get rid of a non-loyal or unreliable fisher [19]. Their success thus 
more strongly depends on the initial composition of their members. 
Coops whose members have experience in working together from other 
occasions tend to be more successful [44]. Finally, coops also need to 
ensure collective action to establish and run their operations which 
creates high transaction costs, particularly in the beginning [44]. 

Fisheries are exposed to high levels of environmental variability and 
uncertainty of resource availability which likely will increase with 
climate change. Climatic conditions in the Gulf of California are inher-
ently variable, on inter- and intra-annual time scales [46]. While it is 
unclear in many cases how climate change will affect fisheries in the 
Gulf, environmental variability is something that fishers face in their 
everyday lives [47,48]. At the same time, they also need to cope with 
sudden disruptions in the social environment, such as loss of trust or 
changes in leadership, resulting from social processes such as conflict. 
They can be aggravated by increased pressures on resources through 
globalization [27]. In coops conflicts can emerge when members 
discover that leaders have created unfair distributions of collective 
benefits, paid too low prices for the catch of a fisher or paid at too low 
frequency. These conflicts can lead to frequent turnover among leader-
ship and decrease or collapse of trust within a coop [44]. 

Policy and development interventions in SSF in Mexico. 
In Mexico, the establishment of agricultural and fishing cooperatives 

was a nation building project after the revolution, where the govern-
ment incentivized the formation of cooperatives through the granting of 
property-rights and a variety of state benefits such as subsidies and low- 
cost loans [45,49,50]. With increasing pressure for liberalisation and 
concerns about lack of transparency, however, PCs became more 
prominent. Today in the Gulf of California and Mexico in general, it is 
estimated that the distribution of coops versus PCs is 49% and 51%, 
respectively [51]. The re-establishment of coops in recent years has been 
incentivized by government subsidies and social interventions like 
facilitated workshops, primarily by NGOs, that are designed to build 
trust and rapport among a group of people [52]. These interventions can 
play an important role in providing the financial, emotional and proc-
essual means towards lowering the up-front transaction costs of 

collective action [53]. Examples of such up-front costs can be expressed 
in terms of the time, financial, or emotional costs of identifying all 
interested participants, agreeing on a time and place to meet, physically 
getting all stakeholders to the same place, agreeing on the format of the 
meeting and who will facilitate. Finding the means to have subsequent 
meetings, and discussing, and agreeing on the rules under which a new 
self-governance arrangement (e.g., a fishing cooperative) would operate 
including formal positions, and responsibilities, etc. Increasingly, local 
non-governmental organizations bridge between external funders and 
fishers in the design and delivery of financial and social interventions in 
SSFs [50,54,55]. 

3.2. The small-scale fisheries model 

The model applied in this study extends the model presented in 
Lindkvist et al. [15] to incorporate financial and social interventions. 
The structure of the model, the agent characteristics and causal pro-
cesses represented are based on the results of the empirical studies and 
the broader literature on SSF in the region (see Empirical Foundation 
section). We model a SSF in Mexico consisting of fishers and fish buyers 
that self-organize in coops or PCs to exploit a fish stock and sell the catch 
to a regional market [15]. Contrary to [15], the purpose of this model is 
to study the effect of financial and social interventions in supporting the 
establishment and persistence of coops in a fishing community that is 
dominated by PCs. The model captures the challenges for 
self-governance related to the informality of interactions and need for 
collective action such as high transaction costs and cheating as high-
lighted above. 

The model consists of 1) the natural environment represented by a 
regenerating fish stock, 2) the agents who can be fishers or fishbuyers 
and 3) networks of agents that form coops (maximum of 5 fishers that 
together form a cooperative) or PCs (maximum of 15 fishers linked to a 
fish buyer) (Fig. 1, see detailed descriptions of all model processes in the 
S3). SSF are commonly multi-species fisheries, however, for simplicity 
and to focus on the social dynamics of self-governance we represent only 
a single fish stock, modelled using the Gordon-Schaeffer Model (S3.9 – 
Update stock). We model a sessile species such as pen shells, which are 
an important target species in many SSF around the Gulf [57]. Fishers 
are characterized by their reliability, i.e. their ability to stick to an 
agreement (”do what he said he would do”), loyalty to their patron or 
coop and fishing skills. Fishers self-organize in coops or work with a fish 
buyer (PC) (S3.1 – Select fishing crew/Find buyer). The sequence of 
activities in one time step (day) is represented by the numbers in Fig. 1: 
fishers (1) get means for fishing (herein monetary loans), (2) go fishing, 
and (3a,b) sell their catch to their own coop/PC or to a different one 
(cheating). Empirical observations and informal interviews with fishers 
indicate that often fishers face strong incentives to cheat on their 
agreements, particularly if there is strong demand for fish and compe-
tition among fishbuyers to increase fish supply [19]. The likelihood of 
cheating is influenced by the reliability of a fisher and loyalty towards 
his patron or coop [27,29,58] (S3.4 Cheating). Loyalty increases 
through successful transactions (a fisher receives a loan and brings back 
catch to the buyer) and decreases through cheating (S3.6 Update loyalty 
and capital). We assume that the loyalty between members of a coop 
increases slower than between a fisher and a buyer reflecting the higher 
transaction costs of coops who need to engage in collective action to 
formally set up and organize their fishing operations [27,58]. Members 
of a new coop can have initial loyalty that represents trust established 
among members through previous cooperation [44]. 

We model financial subsidies as an increase in coop financial capital, 
and social interventions as an increase in loyalty (see S5 Scenario Set-
tings). In practice, financial interventions could be tax breaks on catch 
produced by the coop, grants to attain administrative, production and 
commercialization infrastructure such as offices, computers, fishing 
gear, boats, motors or refrigerated trucks [39]. Social interventions 
could be training about how to manage coop resources or govern the 
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coop, or participatory activities that build a shared understanding of the 
goals of the coop and build trust. 

Environmental variability, i.e., variation in fishing conditions that 
fishers cannot anticipate or influence (variable fishing conditions), is 
modeled as stochastic catchability to reflect difficulties of going out 
fishing and securing catch when weather conditions are bad (see S5 
Scenario settings). Social variability is modeled as a sudden loss of 
loyalty occurring on average once a month (frequent conflict) or once a 
year (infrequent conflict) as a result of conflict within the coop. 

Details of the model including the ODD+D protocol (Table S1), an 
overview of the sequence of daily activities (Fig. S2), the corresponding 
processes (S3) and parameter settings (Table S4) can be found in the 
Supplementary Information. The model has been extensively tested and 
verified in Ref. [15] (see also S6). In addition, we conducted a sensitivity 
analysis of frequent and infrequent conflicts, different levels of initial 
capital for coop members, and different levels of initial loyalty for each 
coop member which is presented in Figs. S7.1 – 7.4. 

Lindkvist et al. [15] have shown that under conditions where coops 
compete with PCs for the fishers and fish catch, coops can only dominate 
the fishery when their initial loyalty is intermediate to high and the 
distribution of fishers’ reliability is rather homogenous at an interme-
diate value (Fig. S6). Here we use parameter values that favor PCs, i.e. 
low initial loyalty and a distribution of reliability with a standard de-
viation of 0.3 (intermediate) (see circle in Fig. S6). Under these condi-
tions and competition of the two institutional forms only 23% of the 
fishers are organized in cooperatives. We start a simulation with a 
community where all fishers are organized in PCs and then introduce 
coops in the second and third year following an implicit government 
intervention that promotes coops [27]; fishers who were previously 
working with fish buyers now form 10 coops. New fish buyers try to 
enter the fishery annually and recruit fishers. Over its lifetime a coop 
cannot accept new members while a fish buyer can cease working with 
non-loyal members or accept new fishers if he needs more labor. This 
setup reflects the high barriers of entry and exit resulting from formal 
coop membership rules [27]. Coops can, however, expel members with 
whom loyalty has decreased to zero. Coops and PCs whose financial 
capital falls below zero exit the fishery as do coops who have lost more 
than two members. 

3.3. Simulation experiments 

In our exploratory study we depart from the assumption that the 

need for a transformation has been recognized by state and non-state 
actors and that coops have been identified as the innovation to ach-
ieve a transformation. We apply the model to analyze the effectiveness 
of the two types of interventions to support the establishment and 
persistence of coops under different conditions (Table 1). We define a 
governance transformation as a persistent change of the fishery from a 
state where the majority of fishers are organized in PC relationships to a 
state where more than 50% of the fishers are organized in cooperatives. 
Interventions can be carried out once to support the establishment of the 
coops, henceforth called startup interventions or repeatedly twice a year 
over the course of several years, henceforth called repeated in-
terventions. We test the interventions independently and in combina-
tion. Finally, we assess the effectiveness of combined and repeated 
interventions under conditions of environmental and social variability. 

4. Results 

4.1. Which type of intervention can support a self-governance 
transformation? 

We first test the effectiveness of the two types of interventions when 

Fig. 1. Conceptual figure of the model entities, their main activities and environment. The agent-based model (SMILI-T [56]) consists of fishers, fishbuyers, coops 
and PCs that each have a specific set of attributes (see legend). The yellow circles represent the activities that take place on a daily basis, where the fishers acquire 
means for fishing, go fishing, and sell their fish to a PC or coop. If fishers cheat, loyalty with their coop or PC decreases, otherwise it increases. The financial and social 
interventions increase coop capital or loyalty, respectively. A detailed description of the model and the model processes can be found in the Supplementary In-
formation S1-S4. Illustration by J. Lokrantz/Azote. 

Table 1 
Description of the simulation experiments. Each experiment is repeated many 
times with the same initial settings to account for stochasticity in the model. The 
exact number of repetitions is noted in each figure legend.  

Experiment/ 
Settings 

Intervention Fishing 
conditions 

Social 
conditions 

Results 

Experiment 1 Single and 
combined 
interventions only 
at startup 

constant No conflict Figs. 2 
and 3 

Experiment 2 Single and 
combined 
interventions at 
startup and then 
repeated over 10 
years 

constant No conflict Figs. 4 
and 5 

Experiment 3 Combined 
interventions at 
startup and then 
repeated over 10 
years 

Constant 
and variable 

Infrequent 
conflicts 
Frequent 
conflicts 

Fig. 6   
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introduced at the startup of a coop under constant fishing conditions 
with no conflicts. Both financial and social interventions enable one or 
two additional coops to survive (Fig. 2A). The interventions are even 
more successful when combined. Neither of them, however, leads to a 
transformation of the fishery where more than 50% of the fishers are 
permanently organized in coops. When there is no intervention or a 
financial intervention, coops fail because of lack of loyalty (Fig. 2B). 
When coops get support for trust building they more often fail because of 
lack of capital but loyalty is still a factor and becomes more critical again 
when both interventions are combined (Fig. 2B). Social interventions 
increase the loyalty in a coop. This can to some extent compensate a lack 
of reliability of coop members. As a consequence, coops that receive 
social interventions survive with lower average reliability of their 
members (Fig. 2C). This result does not change qualitatively when the 
amount of financial or social support is increased (see Figs. S7.3 and 
7.4). 

A time series over 30 years of the fishery with a combined inter-
vention at startup illustrates the dynamics of coop establishment 
(Fig. 3). Coops are formed in the second and third year which leads to a 
decrease of PCs in the community (Fig. 3A). However, over time only 
three to seven coops survive because of high levels of cheating by un-
reliable fishers in the beginning of coop establishment before there was 
enough time to build loyalty (Fig. 3B). For a coop to persist it is essential 
that a reinforcing feedback between loyalty and cheating is created such 
that more loyalty leads to less cheating which leads to more loyalty (see 
also [15]). The fish stock gets overfished when coops are formed but 
regenerates when there is less organizations (some coops have dissolved, 
but only few fishbuyers have been able to establish yet) (Fig. 3C). Over 
time coops develop high levels of loyalty which allow them to persist 

when fish resources decline again. Several new PCs manage to establish 
until the system stabilizes. Contrary to coops, PCs often go out of busi-
ness, but they are replaced by new fishbuyers that enter the fishery 
(Fig. 3A). 

4.2. Can a governance transformation be achieved through repeated 
interventions? 

When interventions are combined and repeatedly provided twice a 
year over the course of several years a governance transformation can be 
achieved in more than 50% of the runs (Fig. 4). Similarly, as in the 
experiment with startup interventions, loyalty remains a bottleneck that 
financial interventions alone cannot overcome (Fig. S8.1B). When social 
support is given the lack of financial capital constrains the survival of 
several coops. Repeated social support allows coops to survive with 
lower average reliability (Fig. S8.1C). 

An investigation of the dynamics of loyalty during the initial phase of 
coop establishment can help explain why repeated interventions can 
overcome the lock-in and enable more coops to survive (Fig. 5). Loyalty 
in coop 1 (yellow) is rapidly increasing, enabled among others by the 
early exclusion of an unreliable member that cheats often. The initial 
conditions of this coop in terms of reliability of its members was good 
enough for it to survive even without social interventions. Coop 2 (blue), 
on the contrary, would have already dissolved early on without a sub-
sidy at startup (blue dashed line < 0), and while its average loyalty is 
increasing, some members where dismissed early on because their loy-
alty was too low. The coop thus dissolved because of lack of members 
(Fig. S8.2). Coop 3 is struggling with increasing its loyalty, and would 
have dissolved without repeated social interventions (loyalty - subsidy 

Fig. 2. Different types of interventions at 
startup under constant fishing conditions and 
no conflict. Box-and-Whisker plots of results of 
experiments with financial, social or combined 
intervention at the moment when coops are 
formed. The black line in a box is the median, 
the box represents 50% of the data, the whis-
kers represent data points outside the middle 
50%, dots are outliers. A) Average number of 
PC and coop organizations that are present in 
the last 15 years of the simulation. The grey line 
is the number of coops beyond which they 
represent > 50% of organizations; B) Reasons 
for the failure of coops; C) Average reliability of 
fishers in surviving coops. Coops mainly 
dissolve because of lack of loyalty. Social and 
combined interventions at startup of a coop 
increase the number of surviving coops, how-
ever, no intervention or combination results in 
a transformation of the fishery to dominance of 
coops. Data is based on 200 simulation runs per 
experiment.   
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< 0). The interventions shift the feedback between loyalty and cheating 
into the direction where an increase in loyalty decreases cheating which 
increases loyalty (versus a decrease in loyalty leading to more cheating 
and a further decrease in loyalty). This feedback allows the coop to 
slowly build up sufficient loyalty. Repeated interventions are thus 
necessary to enable coops with poor starting conditions (i.e. many un-
reliable members) to build up sufficient loyalty to reduce cheating and 
buffer times of high cheating or low resource availability. The timing 
and duration of an intervention is thus critical. At the same time, it is 
also critical that social interventions are combined with financial ones in 
order to overcome the combined and reinforcing effects of limited trust 
and limited financial resources as social and financial capital are not 
substitutable. 

4.3. Can the success of combined interventions be maintained in an 
uncertain social and ecological environment? 

So far we have assumed that the social and ecological environments 
of PCs and coops, such as the fish stocks or the strength of loyalty in PCs 
or coops, change in a constant and predictable manner. In reality, 
however, SSF are situated in highly uncertain environments character-
ized by high variability of fish abundance and socio-economic factors as 
well as the potential for abrupt changes [13]. Climate variability, 
particularly changing weather conditions, for instance, influences the 
ability of fishers to go fishing and catch fish (unpredictable fishing 
conditions). At the same time coops can be affected by conflicts between 
members or corruption of leaders which can lead to a sudden loss of trust 
[59] (infrequent or frequent conflicts). In the following we assess the 
effectiveness of repeated, combined interventions under more realistic 
and uncertain conditions. 

The persistence of coops is radically reduced when they are exposed 

Fig. 3. Time series of 30 year simulations with a combined intervention at startup. A) Number of PC and coop organizations in the fishery over time. 5 coops are 
introduced in the 2nd and 5 in the 3rd year; B) number of cheating fishers across all coops; C) size of the fish stock. Data is based on the combined intervention in 
Fig. 2. The figures depict the median and interquartile range. 

Fig. 4. Different types of interventions repeated twice a year 
for 10 years under constant fishing conditions and no conflict. 
a) Number of PC and coop organizations present in the last 15 
years of the simulation. The grey line is the number of coops 
beyond which they represent > 50% of organizations Each 
experiment us run 500 times. The black line shows the median, 
the box represents 50% of the data, the whiskers represent data 
points outside the middle 50%, dots are outliers. Only when 
interventions are combined and provided repeatedly over the 
course of several years the majority of fishers remain organized 
in coops in > 75% of the simulation runs.   

Fig. 5. Individual trajectories of coops during early establishment phase. The 
mean loyalty (solid line) of fishers in three different coops, and the loyalty with 
the given subsidies deducted (dashed line) in the first years of coop establish-
ment. Solid dots show when an intervention was given. Depending on the 
configuration of members’ reliability in the coop the development of loyalty 
takes different pathways. 
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to stochasticity in their ecological or social environments (Fig. 6B-D) 
compared to a constant environment (Fig. 6A). Both ecological and so-
cial shocks lower the chance of coops to successfully establish, however, 
the social disruptions, particularly if they happen frequently, have a 
much stronger effect. Repeated interventions can compensate to some 
extent for the loss of catch and thus financial capital under unpredictable 
fishing conditions (Fig. 6B). No transformation, however, is possible 
when the coop is repeatedly subject to social conflicts as coops cannot 
cope with the loss of loyalty. As a consequence, most fishers organize in 
PCs which also fail but they are replaced by new fishbuyers who enter 
the fishery. The moment at which a conflict happens is critical as the 
earlier it happens the more devastating it is. Coops only have a chance 
for survival if there is sufficient time to build loyalty as a buffer against 
ecological and social conflicts. The number of coops that can survive 
decreases linearly with an increase in the amount of loyalty lost in a 
conflict (Figs. S7.1 and S7.2). 

5. Discussion 

The complex nature of social-ecological systems where outcomes 
emerge from interactions of diverse actors and ecosystems in given 
socio-political, economic and biophysical contexts poses particular 
challenges for transforming governance institutions [60]. Our results 
show that an injection of financial capital alone, as often practiced when 
supporting the establishment of new self-governance arrangements in 
SSF, is insufficient to break the reinforcing dynamics that stabilize the 
status quo or to help novel forms to overcome multiple, interacting 
financial and social challenges. Moreover, even if different types of in-
terventions are combined, they do not succeed if given only once. This 
confirms results found elsewhere in fisheries [22,23], and in other do-
mains, e.g. agriculture. Poverty alleviation in rural landscapes may 
require a sequence of different types of interventions [61], or different 
combinations of pathways that lead to the emergence and/or persistence 
of collective action for biodiversity conservation governance [34]. In 
addition to other work [12,20,58], our study highlights the need to pay 
attention to the social dimensions of collective action, particularly the 
dynamics of trust while at the same time providing financial means for 
economic well-being. Only when they act together can they push the 
coop over a critical threshold beyond which it can persist in the face of 

shocks. A combination of interventions can thus, if provided regularly 
over a longer period of time, facilitate a transformation to a new 
governance form. 

The picture, however, radically changes when we take account of the 
often unpredictable nature of complex SES with respect to resource 
availability and social processes. Under these conditions even combined, 
repeated interventions fail to facilitate a governance transformation. 
None of the intervention setups tested with the model are resilient to 
these uncertainties. Thereby, the loss of trust appears to be particularly 
critical. As new coops not only have to compete with others over the 
scarce resources, but also need to cope with unreliable members and 
high transaction costs for establishing rules and trust for successful 
collective action, a sudden loss of trust can easily lead to collapse. The 
flexibility of PCs that allows them to change the fishers they work with 
[58], reduce their size of operation, and enter a fishery to benefit from 
an opportunity created by failures of coops, make them a more resilient 
governance arrangement in highly fluctuating environments. 

In our model, the feedback between increasing loyalty and 
decreasing cheating stabilizes a coop by creating a social norm of 
acceptable behavior. The disruption of these dynamics through a sudden 
loss of trust as the result of conflict can shift the coop into the opposite 
dynamic where a decrease in loyalty leads to more cheating which de-
creases loyalty even more, ultimately leading to collapse. Once the dy-
namics have shifted into a downward spiral, a point intervention such as 
a one-shot measure to build trust will no longer be effective. The 
interplay between reinforcing feedbacks and policy interventions are an 
interesting research frontier, particular with respect to how shifts in 
norms can facilitate transformations [62,63]. At the same time the po-
tential to steer such complex systems is limited and more attention needs 
to be given to creating the structures and underlying processes that 
enhance its resilience in the first place [64]. An institutional environ-
ment that enables the development of norms and rules within coops, for 
instance, could provide a mechanism to reduce the impact of shocks 
such as conflict on trust within the group [20]. Recent work on trans-
formative governance has highlighted the need to build capacity to 
shape non-linear change in complex SES and actively shift it to a more 
desirable regime through altering the structures and processes that 
define the system [12]. 

Long-term support by the government or civil society to enable 
transformation towards more sustainable governance is costly. These 
costs, however, have to be seen in light of the potential benefits 
enhanced governance can provide to society and the ecosystems people 
depend on. If one views co-ops not only as business enterprises but as 
social-ecological institutions that provide services to society by main-
taining healthy land- and seascapes, providing continuous support for 
their stewardship becomes beneficial for societies. At the same time this 
support needs to be combined with demands for transparency that make 
coops accountable to society and discourage opportunistic behavior. The 
lack of the latter has been problematic and led to the weakening of coops 
in Mexico in the mid-1990s. The Fishing Cooperatives’ law was modified 
to decrease the minimum size of a cooperative [45], effectively reducing 
incentives to invest in building institutions for collective action beyond a 
small family group, leading to a boom of ‘family-based’ cooperatives 
that exist only in name. Such long-term support could take the form of 
programs that aim to reduce financial uncertainty and up-front costs of 
organizing for collective action through a mix of instruments suitable for 
a given situation combined with those that provide training and ethical 
values for collective action. At the same time these top down measures 
need to align with endogenous ways of enhancing the capacity for in-
dividuals and groups to cope with variability and change through e.g. 
diversification of livelihoods [39], among other strategies identified by 
the fishers themselves. 

We have investigated the transformation of a fishing community 
towards cooperative governance using an agent-based model that is well 
grounded in decades of empirical research in Mexico. Choices and as-
sumptions made when developing the model need to be taken into 

Fig. 6. Survival of coops under three intervention scenarios and different 
environmental and social conditions. Coops survival increases with in-
terventions, however in the conflict scenarios a transformation cannot be 
achieved even with repeated interventions. 
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account when interpreting model results for real world contexts. In our 
model for example coop members cannot divide their labor as has often 
been observed in successful coops such that some fishers take over 
organizational tasks of the coop. We have also neglected cultural aspects 
that may contribute to the persistence of PCs or existing social norms in 
the community that may reduce the level of cheating. We only test two 
types of interventions. Ecological measures such as protected areas and 
the presence of other species will certainly change outcomes. Finally, we 
have not explicitly modeled mechanisms for the formation of new coops, 
which is a critical next step to understand how a successful trans-
formation of a single community can scale up to lead to a transformation 
of fisheries governance and the fishery SES on the regional or national 
scale. Despite these limitations the model provides novel insights about 
how the effects of external interventions shape and are shaped by self- 
organizing dynamics of a complex adaptive SSF. It highlights the 
importance of accounting for reinforcing feedbacks and path de-
pendencies that may strengthen existing structures or enforce process 
that stabilize new ones. 

The model is not an empirical model of a specific case but builds on a 
synthetic understanding of many fisheries in Mexico and factors that 
have proven to be of relevance in fisheries around the world. Our work is 
an example of combining qualitative, in-depth empirical understanding 
of key mechanisms and processes with dynamic modelling through a 
multi-year collaborative and iterative process that allows for exper-
imenting, testing and forecasting developments that are difficult to 
capture in standard fishery models or in real-world experiments [17,65]. 
While our insights are specific to the ways we have modeled exchange 
between the fish buyers, fishers and fishers in coops, these exchange 
relationships are surprisingly common around the world indicating that 
our insights may be applicable to other areas [24,29,66]. 

6. Conclusions 

External interventions in form of financial or social support to 
facilitate the adoption of novel governance arrangements may provide 
opportunities for transforming SSF governance if they simultaneously 
target economic and social conditions. They also need to be provided 
repeatedly to allow sufficient time until a new organization has 
strengthened social and financial processes and capitals to be able to 
cope with changing social or environmental conditions such as variable 
resource stocks or loss of trust. A financial or social intervention at the 
right time can be critical for turning a dynamic that leads to increasing 
loss of loyalty into one that increases trust thus stabilizing the coop. If 
social and environmental conditions become highly variable, however, 
previously successful interventions fail and no transformation can be 
achieved. Under such conditions, as commonly found in SSF, additional 
efforts are needed that build resilience and strengthen capacities to 
cope, adapt and transform the system. Our findings highlight the 
importance of understanding the endogenous self-organizing dynamics 
created by the interplay between social (e.g. the dynamics of trust) and 
ecological (e.g. resource dynamics) processes in order to devise effective 
policies and measures to initiate a shift towards more sustainable 
pathways. Future empirical research is needed to better understand how 
variable resource dynamics affect the development of the SES by 
strengthening current pathways or destabilizing them. Modeling can 
support these field studies by testing hypothesis about changes in 
dominant social-ecological feedbacks and their consequences for SES 
outcomes. 
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