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Abstract
1.	 Species introductions have spiked over the past two centuries due to globaliza-

tion. These introductions impact ecosystems, but may also have long-term impli-
cations for human communities. In one of the world's hubs for global shipping, 
the Panama Canal, a recent canal expansion has coincided with an increase in 
marine fishes entering the freshwater portion of the canal, Lake Gatun. These 
introductions may impact the lake's fishers who depend on that ecosystem for 
their livelihoods.

2.	 Social-ecological network (SEN) modelling presents a powerful tool to under-
stand the combined impacts of these marine fish introductions on ecosystems 
and people. Using information from interviews with key stakeholders and avail-
able ecological data, this study constructs two SENs to analyse how the fish 
community composition and trophic links, as well as potential consequences on 
fishers' livelihoods and income from fishing, have changed after the canal expan-
sion and the subsequent rise in marine fish species incursions.

3.	 We found a less connected network after the expansion with a lower diversity 
of income sources for fishers, indicating decreased fisher, and thus network, re-
silience. Fishers in Lake Gatun widely reported sharp increases in populations of 
marine fishes coinciding with a decline in their catch of historically targeted spe-
cies (e.g. the introduced freshwater Peacock Bass, Cichla cf. monoculus). Network 
indices revealed differences in diversity of species targeted between small-scale 
fishers and recreational fishing guides, and thus variable susceptibility to eco-
nomic impacts from ecosystem changes as a result of marine fish incursions.
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1  |  INTRODUC TION

Travel and trade have become unprecedentedly fast and easy in a 
globalized world, with enormous impacts on ecosystems and econo-
mies (Hulme, 2009). One such impact has been the introduction of 
non-native species, which can result in increased predation pres-
sure, habitat degradation, competition for resources, hybridization, 
disease transmission, depletion of native species populations, and 
biotic homogenization (Blackburn et al., 2019; IPBES, 2023; Jones 
et al., 2021; Pyšek et al., 2020). This myriad of environmental im-
pacts is compounded with other anthropogenic pressures, includ-
ing pollution, climate change, habitat fragmentation, and natural 
resource depletion (Parris, 2016). Aside from the impact that non-
native species have on recipient ecosystems, they can also have 
long-term implications for human societies and economies (Cuthbert 
et al., 2021; Diagne et al., 2021). Said implications can, in some in-
stances, provide financial and recreational services for people, fur-
ther complicating management strategies (Kourantidou et al., 2022). 
Non-native species can disproportionately affect the livelihoods of 
people who depend on those ecosystems for sustenance and in-
come, and can also have tangible impacts on human quality of life 
(Jones,  2017). Marine non-native species introductions present a 
unique set of monitoring and management challenges, often lacking 
the physical boundaries to territorial expansion generally present in 
terrestrial environments. Globally, invasive fish species have caused 
economic losses of over US$37 billion since the 1960s, compared 
with an estimated figure of US$424 billion for invasive mammals and 
US$7.52 billion for invasive bird species. (Haubrock et al., 2022).

International maritime trade is a prominent vector for aquatic 
species introductions (Briski et  al.,  2013; Seebens et  al.,  2013). 
Human-made canals connecting major bodies of water are known 
hotspots for biological invasions (Castellanos-Galindo et al., 2020; 
Galil et al., 2015). The Suez Canal and Panama Canal are thus im-
portant research grounds for understanding the mechanisms and 
impacts of marine species introductions. Following the completion 
of an expansion project in the Panama Canal in 2016, there has been 

a nearly 30% increase in the number of marine species present in 
Lake Gatun (Castellanos-Galindo et  al.,  2020; Castellanos-Galindo 
et al., 2025), the freshwater lake created during the Panama Canal's 
construction in the early 20th century, which connects the Pacific 
and Atlantic sides of the waterway (Rogers & Barrelier, 2018). These 
introductions are hypothesized to have had tangible effects on the 
lake's ecosystem and fish community, and thus have the potential 
to impact fishers in the area who rely on the lake and on its native 
and introduced freshwater fish species for their livelihoods (Balzani 
et al., 2022; Castellanos-Galindo et al., 2020).

From a research perspective, it is a challenge to develop inves-
tigative frameworks that allow us to examine the system-wide im-
pacts of such an introduction event on ecological and human levels 
simultaneously. Social-ecological network (SEN) approach is useful 
for understanding the complexity of human–nature interactions (cf. 
Bodin et al., 2019; Kluger et al., 2020; Sayles et al., 2019). Rooted 
in network science, with nodes and links representing actors and 
their interactions within a social-ecological (SE) system, SENs have 
been constructed to model a wide variety of regimes, including fish-
eries (e.g. Barnes et  al.,  2019; González-Mon et  al.,  2019; Kluger 
et al., 2019; Yletyinen et al., 2018). As yet, however, SENs have not 
often been applied to assess impacts of multispecies aquatic inva-
sions, though they could be an invaluable tool in such a layered and 
multifaceted context. The capacity of the SEN approach to illumi-
nate both direct and indirect impacts of non-native species intro-
ductions, as well as resulting system-wide transformations, make 
this a uniquely appealing framework for examining invasion events 
(Runghen et al., 2023). While current literature in invasion biology 
often employs economic or ecological indices such as cost of eco-
nomic losses; alien species richness; or alien species cover to mea-
sure impacts of non-native introductions (Catford et al., 2011), a SEN 
approach offers a multidimensional, overarching perspective on the 
impacts of invasion on an entire SE system (Rickowski et al., 2026).

Herein, we use SEN theory for understanding the impacts of bio-
logical invasions in the Panama Canal system. We include both intro-
duced freshwater species and marine fishes that have migrated into 

4.	 Our results demonstrate the importance of income and target species diversifica-
tion in small-scale fishers' adaptive capacity to network-wide impacts resulting 
from marine fish species moving into a freshwater lake ecosystem. This study 
framework highlights the value of local ecological knowledge in building a more 
holistic and nuanced understanding of the consequences of biological invasions.

5.	 This study provides a first suggestion on how to adopt a SEN perspective for the 
analysis of species' invasion impact on aquatic ecosystems with the potential for 
application in policy-making at the Panama Canal and in other case studies con-
cerned with the pressing issue of species introductions.

K E Y W O R D S
biological invasions, invasive alien species (IAS), marine fishes, non-native species, Peacock 
Bass, recreational fishing guides, small-scale fisheries
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    |  3HÜBEL et al.

the freshwater part of the canal. Using two SENs of Lake Gatun in the 
Panama Canal, representing the pre- and post-expansion systems, we 
examined the impacts of the introduction of these species on the lake's 
ecology and the fishers who rely upon it. For purposes of this study, we 
placed fishers into two main archetypes. Artisanal fishers we define 
as those who fish for commercial sale; for food for their families and 
communities, without financial compensation; or for both of these pur-
poses. Recreational fishing guides are considered to be those that earn 
money by taking clients to fish on the lake, many fishing to catch and 
release. We hypothesized that changes in the lake's fish community, 
driven by marine fish incursions after the canal's expansion, have al-
tered the SE connectivity of fishers. As a result, both fisher archetypes 
and the dynamics of their livelihoods and income may have shifted.

2  |  METHODS

2.1  |  Study site description

The Panama Canal, a maritime canal nearly 30 m above sea level, was 
opened in 1914 (Panama Canal Authority, 2006). Its construction in-
volved the excavation and flooding of the area around the Chagres 
River (Span. Río Chagres), the natural river which previously flowed 
from the interior of the isthmus of Panama to the Atlantic Ocean. 
The river was dammed between 1910 and 1914, forming Lake 
Gatun, which would become the canal passageway for cargo ships 
moving between the Atlantic and Pacific oceans. This freshwater 

lake comprises the interior portion of the canal and currently cov-
ers an area of about 430 km2 (Panama Canal Authority,  2006; cf. 
Figure  1). Its creation involved the forced displacement of human 
communities which had historically resided in the area surround-
ing the Chagres River, ultimately amounting to a number of peo-
ple equivalent to around 14% of Panama's population of the time 
(Lasso, 2019). Beginning in 1904, the region which was to become 
the Panama Canal was designated the Canal Zone, and rights to 
control the land in the zone were passed via treaty to the United 
States (Lasso, 2019). Over the years following, native inhabitants of 
the newly Americanized zone were segregated from American Canal 
Zone residents (Lasso, 2019). Most of the communities in the region 
pre-canal had historically relied on agriculture as well as business 
from international commerce via the Panama Railroad's isthmian 
railroad line that ran through the region (Carse, 2016; Lasso, 2019). 
When these communities were mandated by U.S. authorities to 
leave their homes, they were then told to move to predetermined 
sites for new towns, often with less fertile land and located far away 
from the railroad or any commerce centres, and left to create new 
livelihoods for themselves (Lasso, 2019). Many of the displaced com-
munities which had once been situated near the Chagres River had 
fished the river for both fish and turtles (Lasso, 2019). In present-day 
communities surrounding Lake Gatun, some residents fish the lake 
to support themselves; some fishers fish for their own food or to sell, 
while some run recreational fishing businesses as guides for paying 
clients. Some fishers support themselves by both small-scale fishing 
and operating recreational fishing guide businesses.

F I G U R E  1  Map of the Panama Canal and Lake Gatun, showing locations of the eight communities in which fishers were interviewed. The 
red dotted line indicates the canal navigation path. Shape file of populated places around Lake Gatun taken from the STRI GIS Data Portal 
(https://​strid​ata-​si.​opend​ata.​arcgis.​com/​). Map created using QGIS software (QGIS.org, 2023).
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Lake Gatun's fish community is composed of species from both 
the Pacific and Caribbean watersheds (Smith et al., 2004). The eco-
logical system of this region has undergone several major shifts in 
the past, starting with the creation of the lake from the damming of 
the Chagres River during canal construction. The lake has remained 
as a freshwater system for over a century despite canal operation 
(Salgado et  al.,  2020). Nevertheless, for decades Lake Gatun has 
experienced the introduction of non-native freshwater fish spe-
cies, mainly for aquaculture and recreational fishing purposes, and 
the incursion of marine fishes through the Panama Canal (Sharpe 
et  al.,  2023). The introduction of the freshwater South American 
Peacock Bass (Cichla cf. monoculus) in the early 1970s drastically al-
tered the native littoral fish community of the lake, reducing it by 
over 95% (Sharpe et al., 2017; Zaret & Paine, 1973). Peacock Bass 
have become a staple species for consumption, income and recre-
ation for the lake's fishers. By 1986, data from fishing communi-
ties around the lake estimated an annual catch of Peacock Bass of 
212 tonnes per year, attributable mostly to community sustenance 
(45%), and in part also to recreational (29%) and small-scale fishing 
(25%) (Maturell & Tapia, 1991). Nile Tilapia (Oreochromis niloticus), a 
freshwater species native to Africa, is another major target of fishers 
in Lake Gatun. Nile Tilapia and other Tilapia species were first intro-
duced to the lake in 1976 for sport fishing (Sharpe et al., 2023). Other 
introduced freshwater species include Jaguar guapote (Parachromis 
managuensis) and Oscar (Astronotus ocellatus) (Sharpe et al., 2017). 
Additionally, marine fish species have been reported in the lake over 
the years, including Atlantic Tarpon (Megalops atlanticus), present 
since at least 1935 (Hildebrand, 1937; Sharpe et al., 2023); Snooks 
(Centropomus spp.), first reported in 2017 (save for one reported 
sighting in 1944); and Jacks (Caranx spp.), also first reported in 2017. 
The newest wave of fish migrations into the Canal following expan-
sion has altered the trophic structure of the lake yet again (Sharpe 
et al., 2023).

2.2  |  SEN conceptualization

Broadly, networks consist of entities (nodes) and the connections be-
tween them (edges), and can be used to model many different types 
of systems depending on the research context (Strogatz,  2001). 
SENs represent relational structures of human or biological actors 
(nodes) and their interactions (links or edges). In SENs, three types of 
links may connect ecological (E) and social (S) actors (sensu Bodin & 
Tengö, 2012): between ecological nodes (ecological-ecological (EE) 
links), between social nodes (social–social (SS) links), or connecting 
social and ecological nodes (SE links).

For the present study, the networks' social dimension represents 
the supply chain from the lake's fishers to consumers, and the bio-
logical dimension depicts fisheries target species. The links between 
social nodes (SS links) then represent seller–buyer relationships. 
They thus indicate two types of “flows”: monetary flow in one direc-
tion and biomass flow in the opposite direction (money for fish), with 
the only exception being social–social links between tourist nodes 

and fisher nodes, which only represent monetary flow in one direc-
tion, from tourists to fisher. The different types of “flows” (monetary 
and biomass) can be viewed as two distinct layers for analysis: one 
at the level of biomass transfer and the other at the level of mone-
tary transfer. Biomass flow, in the context of this study, is defined 
qualitatively, rather than quantitatively, by the presence of a preda-
tion or harvest relationship from one node to another. For network 
analysis, the entire network level was used, complemented with a 
zoom-in on the SE connectivity of fishers via an ego-network ap-
proach (sensu Kluger et al., 2025). For this, the fisher – as the main 
agent at the human–nature interface – is placed in the centre of anal-
ysis (Figure 2), or the central node (the ego) of the ego-network, with 
their connections to actors (the alters) into the human and environ-
mental realms characterizing particular archetypes of SE connectiv-
ity (Kluger et al., 2025).

2.3  |  Network building and analysis

The goal of the analysis was to assess changes in the connectiv-
ity and robustness of the network, and in the fishing-dependent 
financial vulnerability of individual fishers. Edge density was cal-
culated using the “igraph” package in R (Csárdi & Nepusz, 2006). 

F I G U R E  2  Conceptualization of the social-ecological network 
approach applied in the present work. Pink nodes represent supply 
chain actors (i.e. buyers of fish). Individual fishers are represented 
by blue (artisanal), purple (recreational guides), and blue-purple 
(both) nodes. The directed yellow connections between nodes 
represent biomass flow (i.e. from fish to fisher, from fisher to 
supermarket, or from prey fish to predator fish). In this example, 
Fisher 15 has an SE in-degree of two, as this fisher targets two fish 
species. Fisher 15 has an SS out-degree of two, because they sell 
fish to two buyers.
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Node degrees were also calculated with “igraph”; these included 
out-degrees of biomass flow for both fish and fisher nodes, as well 
as in-degrees of monetary flow for fishers. Igraph was also used to 
estimate the diameter of each network. Analyses to compare both 
networks were performed using R statistical software (v4.3.0; R 
Core Team, 2023).

Dominator tree analysis, a method stemming from network 
analysis in ecology (REFs), was first applied to SEN analysis in 
Kluger et  al.  (2019), and was found useful to identify dominat-
ing pathways within a network describing flows; and as such 
useful for SENs depicting fisheries settings and fisheries prod-
ucts. Dominator tree analysis helps identify which nodes of the 
network are sequentially connected based on their dominance 
relations (Allesina & Bodini,  2004), with any node A dominating 
another node B if every path to B contains A. Identifying which 
actors dominate the SEN allows predicting the cascading effects 
and risks of secondary extinctions from the structure itself (Kluger 
et al., 2019).

Node degree ratios are a valuable tool for quantifying the resil-
ience of network components (Ren et al., 2022). Our work follows 
the conceptualization of SE connectivity of fishers as introduced by 
Kluger et al. (2025) and as such considers the ratio of SE in-degrees 
(SE in-degrees) to social–social out-degrees (SS out-degrees) of 

individual fishers a proxy for relative resilience of different nodes 
and between pre- and post-expansion. SE in-degrees depict quali-
tative biomass flows from fish to fisher and serve to quantify each 
fisher's number and diversity of target catch species. Social–so-
cial out-degrees represent qualitative biomass flows from seller to 
buyer. For fishers, they reflect the number and diversity of direct 
income sources to each fisher from fish sales. Therefore, the ratio 
of SE in-degrees to social–social out-degrees (SE-in: SS-out degree 
ratio) for each fisher can be interpreted as the ratio of their diver-
sity of catch to their diversity of income sources. A high diversity 
of both indicates a higher adaptive capacity of individual fishers 
(Anderson et  al.,  2017; Subramaniam et  al.,  2023), which we hy-
pothesize to increase overall network (system) resilience. A ratio 
below one is indicative of a higher diversity of income sources and 
a lower diversity of catch, while a ratio well above one indicates 
a relatively high diversity of catch and a low diversity of income 
sources.

The specific network parameters chosen for analysis were se-
lected because they each represent different perspectives from 
which to examine the connectedness of a network, and of specific 
nodes within that network (Bodin & Tengö, 2012; Kluger et al., 2019; 
Table 1). We are, with our focus on value chain dynamics, interested 
in the flow of things throughout the network, and the analysis of 

Network parameter Definition from the literature Application in this work

Edge density The number of links in existence 
in the network divided by the 
number of possible links in the 
network (Janssen et al., 2006). 
This parameter has a maximum 
value of 1

The relative connectivity of 
the pre- versus post-expansion 
networks (Bhattacharya 
et al., 2023)

In-degree The number of links pointing 
into a node in a directed network 
(Wasserman & Faust, 1994)

The number of fishers 
targeting a particular species 
(fish nodes, as part of the 
SE-connectivity calculation) 
(Fornito et al., 2016; Masawi, 
Roy, & Ghosh, 2023)

Out-degree The number of links coming out 
of a node in a directed network 
(Wasserman & Faust, 1994)

The number of income 
sources from fishing for an 
individual fisher (as part of 
the SE-connectivity) (Fornito 
et al., 2016; Masawi, Roy, & 
Ghosh, 2023)

Diameter The longest geodesic (shortest 
possible path) between two 
nodes in the network (Csárdi & 
Nepusz, 2006)

The latency of exchange within 
the network and the longest 
path through the network 
(Bhattacharya et al., 2023)

Dominator tree One vertex v which is dominated 
by another vertex w if every 
possible path from the starting 
vertex to v must travel through w 
(Knakkegaard Christensen, 2016)

Which nodes are exclusively 
dependent on a single node 
for income (in the case of 
monetary flow dominator 
trees) or fish (in the case 
of biomass flow dominator 
trees) (Kluger, Scotti, Vivar, & 
Wolff, 2019)

TA B L E  1  List of network parameters, 
their technical definitions and how they 
can be interpreted in the context of this 
study.
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patterns on the entire network level. Edge density, diameter, and 
node degrees are parameters that give us insight into flow within the 
network and between specific nodes. Dominator tree analysis pro-
vides insights into which nodes are dominating flow pathways within 
the network, allowing us to evaluate changes in network structures 
following the introduction or disappearance of nodes, as is our focus. 
Since methodological and theoretical approaches in the rather new 
field of SEN research are still fragmented and would benefit from 
comparable measures (Sayles et  al.,  2019, Kluger et  al.,  2020), we 
decided to apply metrics that have been successfully used in pub-
lished work.

2.4  |  Data collection

Interviews and various literature sources were used to conceptual-
ize and parametrize the SENs. Interviews were conducted with so-
cial actors between March and June of 2023. These included key 
experts (n = 6) on the history of Lake Gatun and its ecosystem, as 
well as fishers (n = 38) living in various communities around Lake 
Gatun. Key experts were considered to be individuals with in-depth 
knowledge and experience of the lake's SE system and its history. 
Conversations lasted between 5 and 45 min, depending on the dis-
position of the interviewee, in a location that best suited them. Of 
the six key expert interviews conducted, four were recorded and 
transcribed, while physical notes were taken during interviews with 
the remaining two. These interviews were conducted to inform 
the approach to the network building process, and the information 
gathered from key experts did not directly inform any nodes or links 
within the network. Rather, they were used to provide contextual 
information for framing the network conceptualization, and for in-
terpreting network analysis results. They were conversational, with 
the aim of gaining as much background information on the history of 
the lake's system as possible, from an ecological, political, and socio-
logical point of view.

Interviewees were identified and contacted using a snowball 
sampling method (Johnson,  2005), by which initial contacts pro-
vided further contacts. A total of 38 fisher interviews, with both 
small-scale fishers (n = 29) and recreational fishing guides (n = 9), 
were conducted and recorded using a handheld voice recorder after 
study goals were introduced and informed consent was obtained 
(cf. section Ethic and consent statement, and the interviewee guide 
provided in Material S1). A minimum of three individuals were inter-
viewed per fishing town (Cuipo (n = 4), Escobal (n = 5), Limon (n = 8), 
Lagartera (n = 5), Lagarterita (n = 3), La Arenosa (n = 6), La Represa 
(n = 4), and Gamboa (n = 3)). These towns were chosen for both pre-
existing contacts, as well as for their location around the lake, rang-
ing from the Pacific to the Atlantic side of the canal (Figure 1). In 
communities in which no initial contact was present, we spent time 
around the fishing or gathering centres of the community, such as 
the public docks or town centres, and approached people to inquire 
about which members of the community they knew to be fishers. 

Once initial contacts were established, further contacts were estab-
lished by referral.

The snowball sampling method utilized in this study presents 
a potential source of sample bias in comparison with a completely 
randomized or stratified sample design. For example, individuals 
who had to leave the fishery entirely may have been missed, thus 
leading to an underestimation of livelihood losses. Though this 
may be a potential limitation of the study's sample design, a sys-
tematic survey design would have been logistically challenging and 
outside the scope of time and funding available for the project. 
Snowball sampling can be an effective method in ethnographic 
research of reaching groups or individuals who might otherwise 
be difficult to encounter (Naderifar et  al.,  2017). Furthermore, 
although sample bias introduced by snowball sampling methods 
hinders the capacity for generalization of study results to an entire 
population, it does allow for an in-depth and contextualized explo-
ration of the central phenomenon being investigated (Creswell & 
Guetterman, 2019).

Interviews were semi-structured (Longhurst, 2003) using a pre-
defined list of topics and questions (available in Material S1). They 
were conducted in Spanish in a conversational context. Interviewees 
were asked about which fish species they targeted when fishing; 
how their catch had changed between the two time periods of 
pre- and post-canal expansion; whether they fished artisanally, as 
recreational fishing guides, or both; and who they sold their fish or 
fishing services to. To avoid leading interviewees to draw causal re-
lationships between the canal expansion and changes in their catch 
or in the ecosystem, questions about conditions pre-expansion were 
framed in a context of 10–15 years prior, without mentioning the 
expansion.

Fisher interviews were recorded using a handheld voice recorder. 
Interview recordings were transcribed, aided by the transcription 
function of Microsoft Word, and information was then coded and 
extracted. Information was coded based on a hybrid deductive 
and inductive approach for qualitative data (Vears & Gillam, 2022). 
Inductive coding was applied to identify and extract information de-
scribing links (SS, SE, EE) or nodes (ecological, social). Deductive cod-
ing was applied to sort other relevant information regarding overall 
ecosystem or sociological history and trends that were repeated by 
multiple fishers in separate interviews and was also identified in the 
analysis of interview texts. Coded interview data were then orga-
nized categorically in a spreadsheet to be utilized for quantitative 
network analysis.

Finally, ecological links were added: Trophic (EE) links in the eco-
logical dimension of the network were gathered from a variety of 
literature sources (Table S5). Partially informed by the interviews, 
the pre-expansion period to be represented by the network was that 
of 2000–2010, due to the peak size and involvement of the fishing 
cooperatives in the towns of Cuipo and Escobal (see Figure 1) in the 
network of the lake during this time. The post-expansion period was 
defined as that of 2016 to the present, or following the completion 
of the canal expansion project.
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2.5  |  Ethics and Consent Statement

This study was approved by the ethics committee at the 
Smithsonian Tropical Research Institute, and a permit was ob-
tained for conducting research involving human subjects prior 
to initiating the study (Permit number HS23021). All identifying 
personal data were kept confidential and not included in results. 
Interviews were completely voluntary, and interviewees were in-
formed of their right to opt out or refuse to be interviewed at any 
time. Interviewees were asked for their consent to be recorded 
prior to being interviewed and were verbally informed that their 
anonymity would be maintained and their identities would not be 
made public, as well as of other rights taken from a written state-
ment of informed consent.

3  |  RESULTS

The pre-expansion network consisted of 62 nodes and 234 links, and 
the post-expansion network of 64 nodes and 237 links. The number 
of sellers decreased from 36 pre-expansion to 30 post-expansion 
sellers. The number of ecological nodes increased from pre- to post- 
with the introduction of new marine fish species whose presence 
was not recorded prior to expansion. These were the Needlefish 
(Strongylura marina) and the Weakfish (Cynoscion albus), both spe-
cies whose numbers were said by interviewees to have increased 
in the time following the Panama Canal expansion. Recent studies 
have found Needlefish to be markedly general predators in the lake, 
making them one of the more highly connected nodes in terms of 
predator–prey relationships in the ecological dimension of the post-
expansion network (Strasiewsky, 2023).

About 92% (n = 35) of fishers indicated that their catch was de-
creasing, compared with their catch 10–15 years prior. When asked 
to describe the changes in their catch, 95% (n = 36) of fishers inter-
viewed relayed that their catch of Peacock Bass had declined over 
the stated time period. Some interviewees stated that they used to 
be able to fill one bucket in 1 day, or even hours, with little fishing 
effort. In more recent times, more time and effort were required to 
achieve the same volume of catch. Many fishers stated that they 
now had to fish every day in the week, rather than 2–3 days of the 
week; others cited that they now needed to spearfish as opposed to 
fishing with a line, because it was the only way they could catch the 
same volume needed to sustain them. None of the fishers related 
this change directly, however, to the expansion of the canal. Instead, 
many associated the expansion with the appearance and prolifera-
tion of new marine fish species (Figure 3).

Network edge density decreased between pre- and post-expansion 
from 0.0608 to 0.0553, respectively. A comparison of monetary in-
degrees for all fisher nodes in the networks, or all the direct income 
sources from fishing held by each fisher, revealed a shift between pre- 
and post-expansion in which a number of fishers saw a decrease in their 
monetary in-degree. In other words, these fishers lost one or more 

income sources from the sale of fish caught in Lake Gatun. Fourteen 
(37%) of the 38 individuals interviewed reported a loss in the number of 
sources of income from fish sales, while six fishers (16%) lost all income 
sources from fish sales altogether.

The comparison between pre- and post-expansion out-degrees 
for all fish species, as a proxy for determining how fishing pressure 
on each species has changed, revealed little change between the 
two time periods. Two new species were added into the network 
post-expansion: Weakfish and Needlefish, while the species with 
the highest out-degrees, or the most heavily targeted, were consis-
tently Peacock Bass, Snook, and Jack, consecutively.

Overall, fishers with a ratio of zero for either time period were 
those who either lost all their income sources from fish sales 
post-expansion, in the case of small-scale fishers, or never sold 
fish for income, in the case of most recreational fishing guides. 
Recreational fishing guides tended to have a higher diversity of 
catch in relation to a lower diversity of income sources compared 
with small-scale fishers. Both recreational fishing guides and 
small-scale fishers saw a ratio increase between pre- and post-
expansion. This would suggest an increase in diversity of targets, 
a decrease in income sources, or both simultaneously. As many of 
them had a ratio of zero either pre-expansion, post-expansion, or 
both due to a lack of SS-out degrees from not selling fish, small-
scale fishers overall had a lower average SE-in:SS-out ratio than 
recreational fishing guides.

In the case of small-scale fishers, the ratio increase from pre- 
to post-expansion likely reflects a decline in the number of income 
sources from fish sales, as few of them fished many new species 
post-expansion. This is also true for fishers who had a ratio of zero 
post-expansion, as these fishers lost all of their income sources. For 
recreational fishing guides, this ratio increase could be attributed to 
their targeting recently arrived marine species and maintaining in-
come from tourism.

Peacock Bass was an immediate dominator of three fishers 
(14, 15, and 22) in the flow dominator trees for both time periods 
(Figure 4). It was the only fish species upon which some fishers relied 
exclusively for their catch in both time periods.

Post-expansion, the number of fisher nodes that were directly 
dominated by one income source increased; as resulting from the 
monetary flow dominator trees for both time periods. Examples of 
these are the higher number of fishers directly dominated by individual 
buyers, both from within and outside of their respective fishing com-
munities (Figure 5), particularly in the communities of Lagarterita and 
Lagartera. Additionally, there was an overall decrease in the number 
of fisher nodes present in the post-expansion tree compared with that 
of pre-expansion, though this is not visible from the figures due to the 
exclusion of all nodes without an immediate dominator. The disappear-
ance of some fisher nodes from the tree from pre- to post-expansion 
is indicative of a loss of all income sources from fish sales for those 
nodes. Overall, there was a higher number of dominance relationships 
in the post-expansion monetary flow tree, pointing to a decrease in the 
diversity of income sources from fishing for individual fishers.
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8  |    HÜBEL et al.

F I G U R E  3  Full pre-expansion (a) and post-expansion (b) networks. Node sizes are not indicative of the relative size of each group. Pink 
nodes represent all buyers of fish and fish-related services. Fisher nodes are in blue (small-scale), purple (recreational guides), and blue-
purple (both). Fisher nodes are grouped based on the fishing community (cf. the map in Figure 1). Green nodes represent fish species. 
Species in light green are those that were newly present in the post-expansion network only. The species represented in the network result 
from being listed by interviewed fishers as direct targets of their fishing. Black links represent monetary flows. Yellow links represent 
biomass flows. Links in colour in panel B represent edges associated with newly introduced marine species, also in colour.

F I G U R E  4  Pre-expansion (a) and post-expansion (b) dominator trees of biomass flows. Recreational fishing guides are in purple, while 
artisanal fishers are in blue. Edges and nodes in colour in panel B are new in the post-expansion tree, while edges in red were lost between 
pre- and post-expansion. The figure displays only branches of the trees that held dominator relationships. Nodes which are only dominated 
by the root node are not displayed.
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4  |  DISCUSSION

We hypothesized that accelerated marine fish incursions into 
Lake Gatun following canal expansion would alter the way in 
which fishers operated and the fishes they caught, affecting 
the connectivity of the SEN and fishers' livelihoods from fish-
ing. Overall, our results indicate that the post-expansion SEN 
of Lake Gatun is less connected than the pre-expansion net-
work. This is evidenced by the decrease in edge density and an 
increase in dominance structures: a greater number of fishers 
who are now reliant upon only one or zero income sources from 
fishing. A higher diversity of target species and income sources 
among recreational fishing guides afforded them greater adap-
tive capacity, in network terms, than their purely small-scale 
counterparts. The causes of these overall network changes be-
tween the pre- and post-expansion networks appear to be both 
multifaceted and highly contextual.

4.1  |  Ecological shifts and reduced catch per 
unit effort

Among interviewees, there was a widely reported decrease in catch 
per unit effort (CPUE). This shift appears to have coincided with a 
decrease in the overall connectivity of the network. Not only were 
fishers unable to catch as many fish, but some were no longer able 
to sell fish because they were able to catch only enough to feed 
their families and communities. It is important to note, though, 
that reports by fishers can be influenced by recall bias, which can 
sometimes influence fishers to overestimate catch in the short term 

(Gundeland et al., 2023) while underestimating or recalling declining 
trends in the long term (Aylesworth & Kuo, 2018).

The reported decrease in CPUE can be hypothetically attributed 
to several factors, in addition to the trophic changes taking place as 
a result of increased number of marine predators inside the canal 
(Castellanos-Galindo et al., 2025). One such factor is overexploita-
tion due to the potential influx of fishers into the lake during the 
COVID-19 pandemic due to the resulting spike in unemployment 
(CEPAL,  2022) and the following increase in Panamanian employ-
ment in the agricultural sector (Statista, 2023). Another is that fish-
ing activity in communities around the lake is relatively unregulated 
by any of the governmental bodies managing the canal and the sur-
rounding environment.

4.2  |  Adaptive capacity of Lake Gatun fishers

The adaptive capacity of fishers in the lake appears to have been 
adversely impacted between pre- and post-expansion, based on the 
decrease in network edge density, increase in monetary dominance 
relationships, and changes in SE-in:SS-out degree ratios for fishers. 
All of these network changes point to the decreased diversity of in-
come for the lake's small-scale fishers in particular, likely caused by 
changes in fish abundances as well as loss of self-organization (fish-
ing cooperatives) among the fishers themselves. Recreational fishing 
guides appeared to be better suited to withstand network disrup-
tions, as evidenced by their generally higher SE-in to SS-out degree 
ratios when compared with those of small-scale fishers.

In the 1980s, three groups of fishing cooperatives were estab-
lished among fishers in communities around the lake, with the help 

F I G U R E  5  Pre-expansion (a) and post-expansion (b) dominator trees of monetary flows. Recreational fishing guides are in purple, while 
artisanal fishers are in blue. Edges and nodes in colour in panel b are new in the post-expansion tree. The figure displays only branches of the 
tree that depict dominator relationships. Nodes that are only dominated by the root node are not displayed.
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10  |    HÜBEL et al.

of the Panamanian Aquaculture Authority (Maturell,  1984). These 
cooperatives were formed by groups of fishers to produce enough 
fishing yield to make agreements with supermarkets in the nearest 
major cities, Colón and Panama City, to sell them fish. In network 
terms, the presence of fishing cooperatives afforded fishers a gen-
erally higher monetary in-degree than when the cooperatives were 
no longer present in the post-expansion time period. The deteriora-
tion of these fishing cooperatives, which were important for small-
scale fishing businesses and network connectivity, was the result 
of a number of coinciding factors. According to an ARAP official, 
the cooperatives disappeared in part due to their limited capacity 
to transport their catch to nearby major cities, for lack of cars and 
well-paved roads, as well as due to an inability to consistently meet 
supermarket volume demands for widely marketable species such 
as Peacock Bass and Nile Tilapia. By the late 2000s, following the 
disappearance of most of the lake's fishing cooperatives, fishers no 
longer had the capacity to maintain their prior sales relationships 
with the supermarkets, leading to the loss of a number of buyer-
seller links in the social dimension of the network from pre- to post-
canal expansion. The decrease in edge density and loss of income 
sources for small-scale fishers can therefore be attributed in part to 
the loss of these organizations. The self-organization of the fishing 
community served to strengthen the adaptive capacity of fishers 
in the pre-expansion network in that it allowed them to establish 
a communication channel with supermarket buyers, diversify their 
sale portfolios by enabling those relationships with supermarket 
buyers, and generally advocate for themselves and their livelihoods 
from fishing, all factors which contribute to the adaptive capacity of 
small-scale fisheries supply chains (Basurto et al., 2013).

Reliance on few or a single species can be another factor that 
increases the sensitivity of nodes within a network to disturbance 
(Bassett & Pasqualetti, 2020; Kluger et al., 2019). In this case, the 
high degree of reliance of the network as a whole on Peacock Bass 
could be a source of vulnerability. However, the second- and third-
most targeted species among fishers, Snook and Jack, are both 
marine species. This would indicate that fishers, particularly rec-
reational fishing guides, have already begun to adapt their fishing 
practices to newly introduced species and may continue to do so.

4.3  |  Implications for the future of Lake Gatun's 
fish and fishers

The results of this study are a snapshot of the many complex and 
coinciding changes taking place within this system following the 
canal expansion. These findings allow us to make some predictions 
for how this system might change in the future: We might expect to 
see the presence of marine species continue to grow, while CPUE 
of more traditionally targeted species such as Cichla. cf. monoculus 
and O. niloticus could continue to decline. Fishers' livelihoods will 
likely be increasingly impacted by these ongoing ecological changes. 
Recreational fishing guides may become a more popular vocation for 
some fishers around the lake, and they may find that it can provide 

a more consistent income. However, this may also be limited by a 
lack of infrastructure to support tourism in some regions around 
Lake Gatun. Both recreational guides and small-scale fishers may 
increasingly target more recently available marine species. For rec-
reational fishing guides, this is already the case, as many of these 
marine fish are also popular game fish for recreational fishing. All of 
these implications could be relevant to environmental planning and 
policy-making around Lake Gatun and the Panama Canal, as well as 
for social policies in the fishing towns surrounding the lake.

4.4  |  SENs as a tool for capturing the wider 
implications of biological invasions

To the best of our knowledge, this is one of only a few attempts to 
examine the impacts of species invasions through a SEN lens. Its nov-
elty calls for some reflection upon successes and opportunities for 
improvement for future applications of this method in other SE sys-
tems. This framework for examining impacts of biological invasions 
yields a much more complex chain of impacts than when such events 
are examined from an ecological perspective alone. This makes it dif-
ficult to conclusively determine direct causality between species in-
vasion events and consequent network-wide changes. However, this 
study serves to show that the value of such a framework lies, in fact, 
in this same capacity to reveal overarching impacts on an ecosystem 
in the context of the other inevitably numerous and interconnected 
social and ecological shifts taking place concurrently within the sys-
tem. This trade-off is also recognized by Downing et al.  (2014), in 
which a SEN approach was used to attempt to disentangle the driv-
ers of change in fisheries in East Africa's Lake Victoria. A birds-eye 
view of overarching impacts on ecosystems and people is desirable 
and sought-after in policy-making; SENs could play an important role 
in aiding and informing policymakers.

Bodin and Tengö (2012) discussed the potential for SENs to be used 
to gain information about overall trends within a SE system, to make in-
formed hypotheses to be investigated more closely and specifically. In the 
case of this study, this was a major advantage of this framework for analy-
sis, due to how many factors were really at play, both social (e.g. COVID-19 
pandemic) and ecological (e.g. previous freshwater fish introductions), 
that would determine the effects of marine species incursions on this sys-
tem. The network attribute of node degrees allows for the identification 
of weak points for further investigation within the network. In the case of 
the networks created for this study, the nodes of particular interest were 
fisher nodes with low monetary in-degrees or low biological in-degrees 
and fish nodes with high out-degrees, because these metrics revealed 
which fisher nodes were highly specialized in their income source or catch 
and which fish nodes were most heavily fished. Highly specialized fisher 
nodes have been documented in the SE literature to be those most likely 
to be affected negatively by network disturbances (Kluger et al., 2019), 
and therefore are of great interest to researchers investigating potential 
impact mitigation, in the case of species invasions as well as other anthro-
pogenic ecological disturbances. In other words, the SEN approach can 
provide an overview of the network and its “weak” points, or points of 
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    |  11HÜBEL et al.

particular interest for disturbance mitigation, and make informed hypoth-
eses for further investigation from this overview.

Finally, the integration of data collected from local ecological 
knowledge into SENs allows for the inclusion of human perspec-
tives on the impacts of non-native species introductions. The local 
ecological knowledge possessed by fishers and other individuals is 
indispensable for ecosystem management, and by extension for the 
management of impacts of relevant species invasions. Not only is 
local ecological knowledge important for ecosystem-based manage-
ment approaches, it also includes fishers and other stakeholders in 
the development of management strategies (Haggan et  al.,  2007), 
which is ultimately crucial.
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