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Abstract

Freshwater ecosystems contribute substantially to the global fish catch. However, fresh-
water fisheries face growing human pressures and are underrepresented in global analyses
and conservation strategies. Attempts to reconcile conservation and human welfare goals
in fisheries have led to comanagement by the government and local communities, along
with other stakeholders, but assessments of its effectiveness in freshwater fisheries are lack-
ing. We investigated the effectiveness of comanagement in freshwater fisheries by assessing
ecological (fish catch) and economic (fishing revenue) outcomes in a major tributary of the
Amazon Basin. Fisheries comanagement in the Amazon is typically implemented through
an approach developed by riverine communities called lake management in which flood-
plain lakes are categorized as open access, subsistence, or protected. Each category has
different levels and types of fishing pressure. We analyzed data (e.g., fishing data and
management rules) from 1607 fishing trips of 198 fishers over 5 years in 30 riverine com-
munities in 74 floodplain lakes (20 open access, 33 subsistence, and 21 protected). Lake
comanagement increased fish catch in protected lakes over time by 12% (2.4 kg) compared
with subsistence lakes and by 13% (2.6 kg) compared with open-access lakes (p = 0.03).
Increased fish catch in protected lakes was mainly due to limits on fishing effort. Fishing
revenue was 63% greater in protected lakes than in open-access lakes (p < 0.001), mainly
due to increased harvests of species that had small to medium home ranges and were
amenable to management at the small geographical areas of these community initiatives.
These results show how one locally developed approach to comanagement can reconcile
ecological and socioeconomic benefits and provide policy-relevant evidence that can serve
as models to foster freshwater conservation elsewhere.

KEYWORDS
biodiversity conservation, community-based management, conservation priority, fishing agreements, governance,
inland fisheries

ter fisheries face several human pressures, arguably more so
than marine fisheries, but receive limited management and are

A substantial portion of the global fish catch stems from fresh-
water ecosystems, where it plays a crucial role in providing food
and income security for many of the poorest people in tropical
developing countries (Mclntyre et al., 2016; Welcomme et al.,
2010). In 2022, freshwater (or inland) fisheries produced at least
11 million t of fish globally (FAO, 2024). However, freshwa-

underrepresented in global analyses and conservation strategies
(Cooke et al., 20106; Finlayson et al., 2018).

Attempts to reconcile conservation and human welfare goals
in fisheries have led to the development of comanagement,
which can benefit freshwater fisheries. These power-sharing
arrangements between fishers and governmental agencies are
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designed to improve management by addressing local condi-
tions, enhancing legitimacy among fishers, and creating better
incentives for rule compliance (Brooks et al., 2012; Carlsson
& Berkes, 2005; Gutiérrez et al., 2011). Global analyses indi-
cate that, under certain conditions, comanagement can deliver
both social and ecological benefits for people and the ecosys-
tems on which they depend (Cinner et al., 2012; d’Armengol
etal., 2018; Evans et al., 2011). In 42 Indo-Pacific sites, coman-
agement improved reef fish biomass and livelihoods (Cinner
et al., 2012). In 91 fisheries in developing countries, comanage-
ment increased fish catch, fish abundance, and species habitat
(d’Armengol et al., 2018). Long-term studies show that coman-
agement can boost fish catches, household incomes, market
prices, and revenues (Defeo et al.,, 2016; Evans et al., 2011).
Although there is growing evidence that comanagement can
improve the effectiveness of fisheries management, there are
many exceptions, such as in Lake Victoria, whete efforts have
struggled to enforce compliance, curb illegal practices, and
restore fish stocks (Nunan, 2020; Obiero et al., 2015). Despite
growing implementation of comanagement, assessments of its
effectiveness in freshwater fisheries are lacking (Finlayson et al,,
2018) (but see Almeida et al., 2009; Koning et al., 2020; Loury
& Ainsley, 2020).

The prospects of successful fisheries comanagement may be
unique in freshwater ecosystems. First and most importantly,
freshwater ecosystems are more susceptible to anthropogenic
changes than terrestrial and marine environments (Leal et al.,
2020). Anthropogenic pressures, including overexploitation,
have caused an estimated 83% decline in freshwater vertebrate
populations, compared with a ~40% decline in terrestrial and
marine vertebrates (Antunes et al., 2016; Reid et al., 2019). In
what has been termed a “triple jeopardy,” migratory freshwa-
ter fishes are particulatly susceptible to human-induced loss or
degradation of their breeding and feeding habitats and migra-
tory corridors that connect these habitats (McIntyre et al., 2015).
Second, the biophysical structure of freshwater ecosystems
makes fish populations more susceptible to human impacts.
Compared with marine environments, freshwater environments
tend to be shallower (i.e., tivers, streams) and more isolated
(i.e., lakes). Low depth and low hydrological connectivity are
inversely related to the ability of fish species to withstand fishing
pressure (Campos et al., 2015; Leidy & Moyle, 1998).

The implementation of fisheries comanagement traditionally
occurs together with protected areas. The presence of protected
areas often creates important enabling conditions for coman-
agement to succeed mainly by fostering local engagement and
participation in resource management and by restricting access
of outside users (Berkes, 2009; Cinner et al., 2012; Loury et al.,
2018), although the effectiveness of the conditions also depends
on the governance of the protected area. Freshwater ecosystems
have fewer formally designated protected areas, both in total
area and as a proportion of their geographic extent (Abell et al.,
2017; Leal et al., 2020; Pittock et al., 2018; Suski & Cooke, 2007).
Still, the few existing protected areas in freshwater ecosystems
often show variable degrees of effectiveness, for instance, due to
poor design (e.g,, size and characteristics of the area) and anthro-

pogenic factors (e.g., habitat degradation) (Acreman et al., 2020;
Koning et al., 2020).

We sought to contribute to the understanding of the effec-
tiveness of fisheries comanagement in freshwater ecosystems by
assessing ecological and economic benefits in a major tributary
of the Amazon Basin. Fisheries comanagement in the Amazon
is typically implemented through an approach called “lake man-
agement” (McGrath et al., 2008) that was developed by riverine
communities out of grassroots efforts to control fisheries in
floodplain ecosystems (Castro & McGrath, 2003). Although
lake comanagement varies in detail depending on the location,
river, and communities involved, it invariably involves the cate-
gorization of floodplain lakes into 3 distinct use types—open
access, subsistence, and protected—each regulating different
levels and types of fishing pressure (Campos-Silva & Peres,
2016; Crampton et al., 2004). Because the lakes are in flood-
plains, they have well-defined boundaries during the dry season
but are fully hydrologically connected with adjacent water bod-
ies during the wet season (Soares-Filho et al., 2010), at which
time they are more vulnerable to poaching, Lake comanagement
operates in- and outside protected areas, which cover 36% of
the Brazilian Amazon (Soares-Filho et al., 2010), and it func-
tions independently of them. Lake comanagement has been
described previously as having an institutional structure that
prevents top-down imposition by enabling balanced empower-
ment of local people and limited state power (see Almeida et al.,
2009; Campos-Silva et al., 2020; Carvalho et al., 2024; Jones &
Long, 2021). The use of lake comanagement inside protected
areas in the Amazon is expected to be beneficial because pro-
tected areas foster participatory governance and often deliver
social benefits (Campos-Silva et al., 2021; Freitas et al., 2020).

Our assessment of the effectiveness of lake comanagement
focused on 2 key dimensions of fisheries outcomes: fish catch
and fishing revenue. We used an unparalleled database covering
a large stretch of a primary tributary of the Amazon River, the
Jurua River. First, we investigated whether fish catch in terms
of biomass differed among the 3 categories of comanaged lakes
(protected, subsistence, and open access). Then, we evaluated
whether fishing revenues varied across these lake categories.
We sought to spotlight the impact of community-led efforts to
protect Amazonian floodplain biodiversity and to examine the
importance of including local actions in broader conservation
strategies.

METHODS
Study area

Our study area covered 600 km of the Jurua River and spanned
14,000 km? of the basin’s 188,000 km? (Figure 1). Floodplain
fishing in the Jurud and Amazonian rivers in general is influ-
enced by natural hydrological cycles known as flood pulses
that regulate fishing throughout the year (Junk et al., 1989).
Floodplain fish species have evolved many adaptations and
strategies to survive (Welcomme, 2008) seasonal flooding during
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FIGURE 1

(a) Study area in the western Brazilian Amazon, (b) lakes comanaged (7 = 74) by local communities, nongovernmental organizations, and

government entities (circles) inside and outside sustainable use protected areas (ResEx Médio Jurui—Médio Jurud Extractive Reserve and RDS Uacari—Uacari

Sustainable Development Reserve; delimited by the black line) along the Jurud River, (c) an oxbow floodplain lake (bottom of image) connected to a highly

meandering section of the Jurua River (top of image), and (d) a fluvial beach along the main channel of the Jurud River. Photos by Hugo Costa and Mark Latzel.

the wet season (January—June) and falling water levels during the
dry season (August—November), including migrations linked to
reproduction and feeding (Arantes et al., 2019). These species
often exhibit seasonal movements among floodplain lakes, river
channels, and flooded forests, reflecting their ecological adapta-
tions to the flood pulse (Goulding et al., 2019). A diversity of
species and habitats provides a range of harvest-oriented fish-
eries (Isaac et al., 20106), which underpin a key source of income
and animal protein for local inhabitants (Almeida et al., 2009).
Fish catch rates tend to peak during low water levels, when
fish are concentrated in floodplains lakes and river channels,
and to decrease during the wet season, when fish disperse into
flooded environments (Halls & Welcomme, 2004). The bulk of
fish catch in floodplain areas consists of migratory and nonmi-
gratory species of medium to large sizes belonging to the orders
Characiformes and Siluriformes.

Our study area encompassed lake comanagement initiatives
located inside and outside 2 formal protected areas: Médio Jurua
Extractive Reserve (ResEx Médio Jurud) and Uacari Sustainable
Development Reserve (RDS Uacari) (Figure 1). Both protected
areas are classified as “sustainable use protected areas” under
Brazilian law, which allow local people to sustainably harvest
resources (Brazilian Protected Law, 2000). ResEx protected
areas prioritize subsistence activities, such as fishing, over con-
servation goals, whereas RDS protected areas seek to achieve
conservation via sustainable harvesting, Both types of protected

areas seek to balance ecological conservation and community
livelihoods.

We adhered to legislative and ethical standards for conduct-
ing research in- or outside Brazilian protected areas, including
our approach to local interviews and fisheries surveys. Our
methods strictly aligned with officially approved legal guidelines
and licensing requirements outlined by the Brazilian Ministry
of Science and the Environment (SISBIO license number
45054). We affirm that any data acquisition involving individ-
uals, or third parties, was undertaken with their explicit and
informed consent. Native Portuguese speakers facilitated this
process, ensuring that participants fully understood the research
objectives before giving consent.

Socioecological context of Jurua River and
fisheries comanagement

The governance structure of the Jurud River region is grounded
in grassroots leadership and collaborative partnerships between
communities and stakeholders, such as government entities and
nongovernmental organizations, which collectively form the
backbone of fisheries comanagement (Campos-Silva & Peres,
2016; Castello et al., 2009). A key enabling tool in lake coman-
agement is fishing agreements, which are formal agreements
sanctioned by local authorities and signed by all stakeholders
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involved, that determine rules for spatial zoning of fishing activ-
ities (Almeida et al., 2009). These agreements can be adapted
over time through regular management meetings involving all
stakeholders (Oviedo et al., 2015). Most lake comanagement
initiatives, including those in this study, possess several of
Ostrom’s (1990) design principles for sustainable governance of
common-pool resources, such as defined boundaries, monitor-
ing, collective action arrangement, graduated sanctioning, and
conflict resolution mechanism (Arantes et al., 2022; Campos-
Silva & Peres, 2016; Campos-Silva et al., 2021; Castello et al,,
2009). Lake comanagement relies on adaptive rulemaking to
meet community needs, with fishers proposing changes and
institutions facilitating them. That is, communities manage lakes
transparently with support from the government for enforce-
ment, and they rely on important management tasks, such as
monitoring, rule compliance, sanctions, and conflict resolution,
with clear rules on species and catch limits (Campos-Silva et al.,
2020).

In our study area, fishing agreements allocate specific lakes
to specific communities and classify the lakes into 3 main
categories of use—open-access, subsistence, and protected
lakes—each with 3 main distinct levels of access and restric-
tions. Open-access lakes represent the least restrictive category
because they allow commercial fishing throughout the year.
Although some regulatory measures, such as limitations on
fishing gear or catch biomass, may be in place, most open-
access lakes lack effective enforcement due to limited local
surveillance. This often leads to high fishing pressure.

Subsistence lakes grant access for fishing for subsistence pur-
poses (i.e., consumption) to fishing communities who have the
right to fish in them, as specified by the fishing agreement. Sub-
sistence lakes aim to ensure that residents meet their dietary
needs while alleviating pressute on fish populations.

Protected lakes are the most restrictive lake category.
Although called protected lakes, they allow limited fishing dur-
ing specific times of the year, but commercial and subsistence
fishing is prohibited in these lakes for most of the year, regard-
less of whether the protected lakes are located inside or outside
formal protected ateas. Protected lakes function as no-take
areas to support fish reproduction and ensure long-term fish
population health.

Data set and variables

We analyzed data from 1607 fishing trips in 2008, 2009, 2010,
2014, and 2015. The fishing trips were in 30 riverine com-
munities in a total of 74 floodplain lakes, of which 20 were
open access, 33 were subsistence, and 21 were protected. The
data came from a questionnaite (Appendix S1) local fishers
responded to on their return from fishing, Questions were about
their catch (kilograms), species caught, gear type, fishing effort,
and information about management rules (e.g., type of lake and
protected area). For each fishing trip, we calculated total fish
catch, fishing effort, catch per unit of effort (CPUE), and the
revenue per unit of effort (RPUE). We used the catch of all
caught species on that fishing trip to calculate the total fish

catch. The fishing effort was estimated by the number of fish-
ers and the fishing hours. For CPUE, a standard index of fish
biomass, we used total fish catch divided by the fishing effort,
and for the RPUE, we used the fishing revenue divided by
the fishing effort. Fishing revenue for each fishing trip was
calculated by summing the revenue of all fish species by multi-
plying their (market) selling price (to consumers) by the biomass
caught. This measure does not represent fishing profits because
fishing costs were not included in our calculations. Total fish
catch and CPUE were used as measures of fisheries productivity
or stock abundance. To calculate CPUE and RPUE by species,
we used catch biomass and revenue of each species and total
effort in each fishing trip (Petrere Jr. et al., 2010). We also calcu-
lated the economic value of the catch, a proxy for the economic
importance of the fishing trip, based on catch biomass and aver-
age price of all species. More detailed explanations of methods
used to calculate our variables are provided in Appendix S2.

To account for the influence of seasonality in river water
levels on fishing efficiency, we used river stage data from hydro-
logical stations (Gavido and Carauari) along the Jurud River (Da
Silva Abel et al., 2021). For the Médio Jurua region, we defined
4 hydrological seasons as follows: high flood water (Febru-
ary, March, and April), receding water (May, June, and July),
low water (August, September, and October), and rising water
(November, December, and January). The average water stage in
the middle section of the Jurua River in each season was 225 m
(low water), 878 m (rising water), 1430 m (high flood water), and
1071 m (receding water).

Statistical analyses

To address our question of whether lake management influences
fish catch and whether effects differed among the 3 categories
of comanaged lakes (protected, subsistence, and open access),
we used a linear mixed model (LMM). Our model included lake
categories, protected areas, and the economic value of the catch
as predictor variables. Our goal was to test and quantify the
overall effects of lake management (across the 3 categories) and
protected areas without a priori assumption of possible inter-
actions between these variables. Fishing effort, gear type, and
hydrological season were included in the model as control vari-
ables. The LMM allowed nested random effects to account for
variations in the response variable (Bates et al., 2015). Specif-
ically, the year of data collection, the identity of the fishers,
and the location of lakes were included as random effects to
account for differences among time, fishers, and communities.
To deal with variance heteroscedasticity, we used the weights
function (varFixed) to adjust for larger residual variance (Zuur
et al., 2009). We adopted the bias-corrected Akaike’s informa-
tion criterion (AICc) to compare the models and averaged those
comprising at least 95% of cumulative AICc weights (Zuur et al.,
2009). This approach incorporates the uncertainty in model
selection through parameter and error estimates derived from
weighted averages across multiple models, rather than relying
on a single model (Zuur et al., 2009). Through model aver-
aging, we identified the most relevant and significant variables
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explaining fish catch. For this approach, we fitted only 3 mod-
els instead of testing all possible combinations of explanatory
variables (Appendix S3).

To answer our question of whether revenues derived from
fishing differed across the lakes categories, we used the
Kruskal-Wallis tests to check for differences in RPUE among
the 3 types of lakes (protected, subsistence, and open access).
The RPUE was calculated based on the revenue and fishing
effort from each fishing trip.

We complemented this analysis with an assessment of the
extent to which observed differences in the species composition
of catch contributed to variations in RPUE across lake cate-
gories. We chose RPUE over fish biomass measures, such as
CPUE, because it provides a more commercially relevant mea-
sure of the fish biomass caught by fishers. To do this, we used
a data-driven approach based on cluster analysis, the Kruskal—
Wallis test, and a multivariate analysis of variance (MANOVA).
Using species data from gillnet fishing trips, which accounted
for 55% of the total catch, we conducted a 4-means clus-
ter analysis. We determined the ideal number of clusters with
3 methods: within sum of squares, silhouette, and gap statis-
tics. These methodological steps evaluated the balance between
minimizing within-cluster variation and maximizing between-
cluster separation. Once clusters were identified, we examined
their relationship to lake categories to evaluate the role of lake
management in shaping cluster patterns.

Upon finding evidence of this effect, we estimated the
approximate RPUE values when distinct species composition
occurred. For that, lake categories were transformed to numeric
variables: 0 (open access, no fishing restrictions), 0.5 (subsis-
tence, moderate fishing restrictions), and 1 (protected, high
fishing restrictions). Then, we calculated the average RPUE of
each species within clusters to characterize the RPUE com-
position for each lake category. In this process, we used the
Kruskal—-Wallis test to evaluate the significant effect of lake cate-
gory on the clustering of species RPUE. Finally, we performed a
MANOVA with the main target species, followed by a post hoc
analysis, to compare the species RPUE composition between
clustets.

We conducted all analyses with R software (R Development
Core Team, 2021) and the packages nlme (Pinheiro et al., 2017)
to perform the mixed model, MuMIn (Bartén, 2023) to per-
form the model averaging, sjPlot (Liidecke, 2024) to plot predict
effects of the LMM, and cluster to implement £-means cluster
analysis (Maechler et al., 2013). All model assumptions were met
(Zuur et al., 2010).

RESULTS

Our data set included 198 fishers who made 626 fishing trips
in open-access lakes (97 fishers, average 4.9 per lake), 617 trips
in subsistence lakes (92 fishers, average 2.8 per lake), and 364
trips in protected lakes (91 fishers, average 4.3 per lake). The
standard deviation (SD) in the number of fishers across lake cat-
egories was 1.07 fishers. The total biomass fished was 36,392 kg:
11,029 kg open-access lakes (average 234.7 kg/trip), 13,063 kg

in subsistence lakes (average 277.9 kg/trip), and 12,300 kg in
protected lakes (average 261.7 kg/trip). The catch comprised
47 fish species; 20 species accounted for 95% of the total
(Appendix S4).

Fish catch

Lake comanagement increased fish catch in protected lakes by
12% (2.4 kg) compared with subsistence lakes and by 13%
(2.6 kg) compared with open-access lakes, for the same fish-
ing effort (p = 0.03) (Figure 2a,b; Appendix S3). There were
no discernible differences in fish catch between subsistence and
open-access lakes. The economic value of the catch had a pos-
itive effect on catch (p < 0.001) (Figure 2a,b), indicating that
fishers target economically valuable species. However, there was
no difference in fish catch between lakes in any given access
category inside and outside protected areas (PAs) (p = 0.75)
(Figure 2b). As expected, fish catch was positively affected by
fishing effort (p = 0.004). Fish catch also varied across seasons,
with higher catches during the low water season when most of
the fish was caught (low water: p = 0.01) (Figure 2a). Addi-
tionally, fish catch differed based on fishing gear type (cast net:
p = 0.01; hook and line, gillnet, and unknown gear: p < 0.001)
(Figure 2a).

The reason lake comanagement increased fish catch in pro-
tected lakes relative to open-access and subsistence lakes was
mainly the stricter fishing restrictions that regulate access and
fishing effort on protected lakes. Total multigear fishing effort
in protected and subsistence lakes was only 55% of that in
open-access lakes. Despite the reduced fishing effort, total
fish catch in protected and subsistence lakes was 18% greater
than in open-access lakes (Figure 3a). This pattern of much
lower fishing effort in protected and subsistence lakes than in
open-access lakes was also observed in gillnet fishing (Kruskal—
Wallis = 101.16, df = 2, p < 0.001), the gear that caught the
bulk (55%) of the catch in all lakes (Figure 3b). The CPUE
for gillnets was similar in protected and subsistence lakes (post
hoc, p = 0.07), but CPUE in both lake types sutpassed that in
open-access lakes (post hoc, both with p < 0.001).

Fishing revenue

Lake comanagement considerably increased fishing revenue in
protected lakes, and most of that increase occurred during the
dry season (low water and receding water seasons) when water
levels are low and most of the fish are caught. Across all types
of fishing gear and during the dry season, the total RPUE in
all protected lakes was US$1307, which is 63% higher than
the US$801 total RPUE in open-access lakes. The RPUE was
greater for gillnets in protected and subsistence lakes com-
pated with open-access lakes during both the low water season
(Kruskal-Wallis = 40.625, df = 2, p < 0.001) and receding water
season (Kruskal-Wallis = 21.978, df = 2, p < 0.001) (Figure 4).
During the low water season, the average RPUE per fishing trip
for gillnets in protected lakes was US$6.37, a 218% increase
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FIGURE 2 (a) Effect size coefficients (95% CI) of different predictor and control variables on fish catch in comanaged floodplain lakes in Jurua river basin

(protected, lake managed mainly for recovery of fish populations; subsistence, lake managed for direct consumption; open access, lake managed for commercial sale;
PA, protected area; blue, positive effect; red, negative effect; gray, no effect; reference levels of categorical variables are open access, outside PA, high flood water,
and trawl net; ***p = 0; **» = 0.001; *» = 0.01) and (b) model predictions of catch size relative to the predictor variables (lake category, catch economic value, and

protected area).

over the US$2 average in open-access lakes. During the receding
water season, the average RPUE in protected lakes was US$5.49,
representing a 121% increase over the US$2.48 observed in
open-access lakes.

The effect of lake category on fishing revenue was mediated
by the species composition of the catch. Our analysis of the
top species composition revealed 2 distinct clusters (Kruskal—
Wallis = 12.209, df = 1158, p < 0.001) (Figure 5a). Despite
large variability, the 2 clusters reflected differences in the lake
categories: cluster 1 was associated with open-access and sub-
sistence lakes, whereas cluster 2 was associated with subsistence
and protected lakes (Figure 5b).

Because fish catch in protected and subsistence lakes was
greater than in open-access lakes, fishing revenue in protected
and subsistence lakes was also greater (Figure 6). The RPUE
of 15 out of 20 top fish species differed across the 2 clus-
ters (MANOVA, I = 83.629, Pillai’s trace = 0.594, df = 1158,
< 0.001), with higher values in protected and subsistence lakes

compared with open-access lakes. The 15 species with higher
RPUE in protected and subsistence lakes included Colossoma
macropomum (tambaqui), Mylossoma spp. (pacw), Cichla monocn-
lus (tucunaré), Brycon spp. (matrinchd), Piaractus brachypomus
(pirapitinga), Anostomoides laticeps (piad), Osteoglossum bicirrhosum
(aruand), Hypselecara temporalis (acard), Pseudoplatystoma fasciatum
(surubim), Potamorbina altamagonica (mocinha), Psendoplatystoma
tigrinum (caparati), Prochilodus nigricans (curimatd), Pygocentrus nat-
tereri (piranha), Astronotus ocellatus (acard-acu), and Psectrogaster
amazonica (cascuda) (Figure 6). As expected, the outcomes of
lake (local-level) comanagement was most evident for nonmi-
gratory fish species, which are less likely to move beyond man-
aged boundaries. Among the 15 species with increased revenues
in protected and subsistence lakes, 80% had small to medium
home ranges because the life cycles of these species encom-
pass distances of a few to tens of squate kilometers, respectively
(Appendix S4). An exception was C. macropomum, which has
extensive home ranges encompassing hundreds of kilometers.
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of data; top line, third quartile; middle line, median; bottom line, first quartile).
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FIGURE 4  Revenue per unit of effort (RPUE) with gillnet fishing during the 4 hydrological seasons among lake categories (open access, subsistence, and

protected) in comanaged lakes in the Jurud river basin (lake categories defined in legend of Figure 2; RPUE, revenue by fisher per hour spent fishing; KW

Kruskal-Wiallis; df, degrees of freedom; middle lines, median; top of boxes, upper quartile; bottom of boxes, lower quartile; whiskers, maximum [top] and minimum

value [bottom]; **¥p = 0; **p = 0.001; *» = 0.01; NS, p > 5%).

DISCUSSION

A major challenge for human societies is to reconcile biodiver-
sity conservation, resource management, and human welfare. As
fisheries management evolves, understanding the effectiveness
of different approaches is crucial for achieving that challenge.
Yet, the sustainability of freshwater fisheries has been forgotten

in scientific and policy arenas despite their immense contribu-
tions to food security, livelihoods, and human well-being of
many of the world’s poorest (Cooke et al., 2016). Few prior
studies on the effectiveness of freshwater fisheries management
focused on ecological outcomes (e.g;, Fiorella et al., 2019; Kon-
ing et al., 2020). Our study contributes to a small but growing
body of knowledge on freshwater fisheries by showing that
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(a) Two clusters from the £-means algorithm that represent species composition relative to fishing revenue per unit effort in comanaged lakes in the

Jurua river basin (cluster 1, species associated with open-access and subsistence lakes; cluster 2, species associated with subsistence and protected lakes; dots,

observations of fishing landings; dimensions, principal components explaining the largest variation in data; dim1, 93.3% of the variance; dim2, 4.7% of the variance)

and (b) distribution of lake categories across the 2 clusters of species composition (lake categories defined in legend of Figure 2; cluster 1, 0.4 average value; cluster 2,

0.7 average value; violins and horizontal lines as defined in legend of Figure 3).

comanagement can reconcile ecological and economic bene-
fits. The approach of lake comanagement developed by riverine
communities of the Jurua River increases fish catch. Because
fishers select high-value species, those increases in fish catch
translate into increased revenues in the harvest of 15 species
whose life cycles are spatially compatible with the small geo-
graphic scale of riverine communities (Arantes et al., 2019;
Duponchelle et al., 2021).

The effect of lake comanagement on fish catch can be
explained by classic fisheries ecology theory. Fish catch was
greater in protected lakes than in subsistence and open-access
lakes, likely because restrictions on fishing effort reduced fish
mortality rates, thereby safeguarding a portion of the fish assem-
blage. Fish catch in subsistence and open-access lakes was lower
than in protected lakes likely because of more relaxed restric-
tions on user access and fishing effort, which may have reduced
overall biomass available for harvesting. These findings are con-
sistent with other studies in floodplain ecosystems showing
that restrictions on fishing effort contribute to increases in fish
biomass and catch (Almeida et al., 2009; Morales & Deus, 2021;
Thompson et al., 2003).

As expected, the effects of lake comanagement appeared to
occur through increased biomass of fish species whose home
ranges either matched or slightly exceeded the relatively geo-
graphic scale of the management interventions. Most target
species with large home ranges (regional migratory species that
cover hundreds of square kilometers [Appendix S4]) did not
respond to lake comanagement, likely due to the small geo-
graphical scale of management interventions. The populations
of these species are probably distributed over such large areas
where fishing restrictions at the small community level are insuf-
ficient to affect them. The only exception to this pattern was the
regional migrant C. macrgpomum, probably because C. macropo-
mum spends the first 3 years of its life in floodplain lakes, during
which time its demography appears to be affected by local inter-

ventions, as observed elsewhere (Campos et al., 2015; Castello
etal., 2011; Morales & Deus, 2021; Silvano et al., 2009).

Species selection in our study is unlikely arbitrary; instead,
it is likely influenced by their abundance, biological traits
(e.g., body size), economic value, and cultural values of the
fishers (Noble et al., 2016; Salas et al., 2004). For instance,
hunters and fishers consistently select large-bodied game and
fish species (Bugir et al., 2021), and the effect of decreased
fishing effort in protected lakes was key to increasing fish
biomass, which allowed fishers to become morte selective toward
species with higher market value and palatability, such as Ara-
paima spp. and C. macropomum. Although our results showed
only subtle variation in revenue among species across lake cat-
egories, the difference seemed sufficient to motivate fishers to
adopt the lake comanagement approach. Lake management is
widely used across the Amazon where fishers view fish in pro-
tected lakes as valuable assets, no different than money in the
bank. Fishers harvest in these lakes sporadically for specific
economic purposes (Campos-Silva & Peres, 20106), thus ben-
efiting economically and reconciling ecological and economic
goals.

Our findings also suggested that the role of protected areas in
enabling comanagement is not as important as widely thought.
Globally, protected areas are touted as the paradigm in conser-
vation (Watson et al., 2014), and they have effectively helped
spur several comanagement arrangements largely by limiting
access to outsiders to target resources (Cinner et al., 2012;
Koning et al., 2020). Our results, however, showed weak evi-
dence in support of the effect of protected areas (see Brodie
et al,, 2023) in relation to the stronger effect of lake category.
This is likely because, much like in many regions elsewhere
in the tropics, many protected areas exist only on paper and
lack the financial and human resources to be effectively man-
aged (Pereira da Silva, 2019; Peres & Terborgh, 1995). So,
although protected areas formally enable a key condition for
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Changes in the revenue per unit of fishing effort (RPUE) of the 20 target species between the 2 species’ clusters associated with different lake

categories (cluster 1, species associated with open-access and subsistence lakes; cluster 2, species associated with subsistence and protected lakes; violins, density of
data; ***p = 0; **p = 0.001; *p = 0.01). Fish species with fewer than 2 observations in cluster 2 not included.

comanagement, that of restricting access to resources by par-
ticular users, they appear to do little in terms of providing
direct protection to fish. Our results indicate that lake coman-
agement enhances fish catch and generates additional revenue,
thereby strengthening the effectiveness of protected areas in the
Amazon.

Lake comanagement as a sustainable tool for
freshwater fisheries

Lake comanagement appears to constitute an alternative to the
prevailing use of no-take areas (i.c., areas banning all harvesting)

in freshwater ecosystems because it showed that rules developed
and implemented by riverine communities and sanctioned by
government agencies can help sustain fisheries. The lack of local
community involvement in conservation management has long
been identified as a major obstacle to addressing the freshwater
biodiversity crisis (Hoppenreijs et al., 2024). The involvement
of fishers in the lake comanagement exemplifies a people-
centered approach that supports fish biodiversity and fishers’
livelihoods, thus promoting resilience against growing threats
(Lopes et al., 2011). These comanagement initiatives align
with FAO’s guidelines for responsible inland fisheries (FAO &
MSU, 2016) and securing sustainability in small-scale fisheries
(FAQ, 2015). Involving fishers in decision-making addresses 2
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well-established impediments to sustainable fisheries by safe-
guarding their rights (Cooke et al., 2021) and preventing
marginalization of their communities (Fernando et al., 2024).
Our results showing that lake comanagement can effectively
reconcile ecological and social goals provide policy-relevant evi-
dence for the conservation of freshwater fisheries. This example
from the Jurud river can serve as a model to inspire and motivate
stakeholders to conserve freshwater fish and fisheries while pro-
moting social welfare elsewhere in the Amazon and the globe.
Time is ticking to protect these valuable biological resources
that are key sources of food, income, and livelihood for millions

of people.
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