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Inland fisheries feed greater than 150 million people globally, yet their status
is rarely assessed due to their socio-ecological complexity and pervasive
lack of data. Here, we leverage an unprecedented landings time series
from the Amazon, Earth’s largest river basin, together with theoretical
food web models to examine (i) taxonomic and trait-based signatures of
exploitation in inland fish landings and (ii) implications of changing biodi-
versity for fisheries resilience. In both landings time series and theory, we
find that multi-species exploitation of diverse inland fisheries results in a
hump-shaped landings evenness curve. Along this trajectory, abundant
and large species are sequentially replaced with faster growing and smaller
species. Further theoretical analysis indicates that harvests can be main-
tained for a period of time but that continued biodiversity depletion
reduces the pool of compensating species and consequently diminishes fish-
eries resilience. Critically, higher fisheries biodiversity can delay fishery
collapse. Although existing landings data provide an incomplete snapshot
of long-term dynamics, our results suggest that multi-species exploitation
is affecting freshwater biodiversity and eroding fisheries resilience in the
Amazon. More broadly, we conclude that trends in landings evenness
could characterize multi-species fisheries development and aid in assessing
their sustainability.
1. Introduction
Inland capture fisheries play critical roles in food security and livelihoods
across the world, particularly in the largest tropical river basins, such as the
Amazon [1]. Thus, a boom in tropical hydropower development, together
with climate change, has received considerable attention for their potential
impact on fisheries [2,3]. Overexploitation, however, remains pervasive albeit
rarely quantified, particularly because the lack of high-quality data offers few
opportunities for traditional approaches (e.g. stock assessments [4]). Tropical
riverine fisheries consist of many spatially diffuse operators using a variety of
gears to exploit a wide diversity of species (i.e. multi-species) in regions difficult

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2022.0726&domain=pdf&date_stamp=2022-06-08
mailto:s.heilpern@columbia.edu
https://doi.org/10.6084/m9.figshare.c.6033812
https://doi.org/10.6084/m9.figshare.c.6033812
http://orcid.org/
http://orcid.org/0000-0001-8673-3149
http://orcid.org/0000-0002-1183-1067
http://orcid.org/0000-0002-6569-2648


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20220726

2

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

06
 J

ul
y 

20
23

 

to access and manage, which underlie the limited data flows
[5]. Thus, aggregated landings data (i.e. retained catches)
from regional ports are often among the few information
sources available to examine patterns of community response
to exploitation and, more generally, to diagnose their status.

The Amazon is one of the most productive and diverse
freshwater ecosystems on the planet [1], and has among the
highest rates of fish consumption in the world [6]. While vast
portions of the region remain sparsely occupied, growing
urban demand for fish has resulted in the overexploitation of
key species [7,8]. Yet, deducing whether exploitation is affect-
ing ecological communities more broadly, and linking these
patterns to processes that maintain fishery resilience, is
hampered by the paucity of fishery independent information
and appropriate analytical tools. Developing and harnessing
fisheries diagnostics based on landings data holds promise
to understand whether communities are responding to
exploitation and how these changes affect fisheries resilience.

Landings reflect a combination of fisher dynamics and the
response of ecological communities to exploitation [9,10].
While often leveraged to examine patterns of exploitation, dis-
entangling the relationship between landings and underlying
community dynamics can be challenging [10,11]. Tropical
inland fisheries such as the Amazon exploit complex food
webs where large- and small-bodied species occupy a diversity
of trophic positions (e.g. detritivory and predation). By exploit-
ing multiple species, these fisheries may maintain consistent
harvest biomass, although result in changes in taxonomic
and functional composition [9,12]. Landings taxonomic
trends, such as declines in species richness, may suggest a nar-
rowing of the pool of exploitable species. Trait-based trends,
such as declines in mean body size or trophic level, can
correspond to the sequential replacement of long-lived species
with low population growth rates (e.g. K-selected) with faster
growing species (e.g. r-selected [9,13,14]). On the other hand,
changes in economic-based indices, such as mean revenue or
price of landings may provide evidence of trends in fishery
behaviour [15]. But, because tropical inland fisheries target
many taxa simultaneously with varying species-level selectiv-
ity, how economic indicators lead or lag compositional change
is unclear [16].

Beyond characterizing patterns in the response of ecologi-
cal communities, understanding how biodiversity changes
affect processes that maintain harvests despite ongoing exploi-
tation (i.e. fishery resilience) is critical for assessing fisheries
status. Generally, resilience declines with biodiversity loss
because communities with fewer species have lower potential
for biomass compensation [17]. Exploitation, thus, by pro-
gressively depleting the pool of compensating species, could
also decrease fisheries resilience [12]. Turnover in landings
taxonomic or functional composition may be indicative of
declining resilience, but few studies have linked these patterns
to processes such as compensation. In fisheries that exploit
simple food chains or specifically target predators, changes
in resilience might correspond with declines in mean trophic
levels since depleting predators can induce prey compensation
[18,19]. Fisheries exploiting complex food webs, however,
could cause compensatory responses in prey and competitors
alike [19,20]. While previous work on tropical inland fisheries
has linked exploitation to compositional turnover in landings
[9,11,21], how these relate to fisheries resilience is unclear,
but essential for diagnosing fishery status in regions such as
the Amazon.
Further limiting diagnosis based on landings data is that
patchy spatial and temporal coverage might only provide
an incomplete snapshot of true community composition
dynamics. Thus, complementary insights into the sustain-
ability of data-depauperate multi-species fisheries can be
obtained by analysing theoretical models that mimic landings
dynamics [22,23]. These models can uncover mechanisms
underlying observed patterns in landings and relate these to
drivers of fishery resilience. For example, theory indicates
that balanced-exploitation—when fishing is distributed
across species in proportion to their natural productivity—
can increase fishery resilience relative to selectively targeting
large species [24,25]. Models incorporating food web inter-
actions further suggest that harvests can be maintained
through predator and competitor release, patterns which
manifest through compositional turnover from K- to r-selected
species [26]. More broadly, linking models to observed bio-
diversity trends in landings could provide a powerful
approach to diagnose the status of multi-species fisheries in
the Amazon and other similar geographies.

Here, by combining an extensive inland fisheries landings
time series from the Amazon, Earth’s largest river basin, with
insights from a theoretical food web model, we evaluate how
multi-species exploitation is affecting biodiversity, and in
turn, how these changes in biodiversity affect fishery resilience.
Specifically, our objectives are to (1) explore how landings bio-
mass, taxonomic and trait-based diversity (i.e. mean trophic
level, body size, price and revenue) are changing across time
in the Amazon and (2) use theoretical food web modelling to
infer changes in fishery resilience and advance diagnostic
tools for multi-species fisheries. Given the predominance of
fish as food across Earth’s tropical river basins, but challenges
associated with weak governance and monitoring, this study
provides insights into the potential for landings data to
inform the sustainability of data-limited fisheries.
2. Methods
Our approach first examined biodiversity trends in landings and
then complemented this analysis with insights from a theoretical
food web model. For empirical landings analysis, we used six
fisheries time series from the Amazon, including the Peruvian
departments of Loreto, Ucayali and Madre de Dios, and the
Brazilian cities of Porto Velho, Manaus and Santarém
(figure 1a). For the theoretical food web model, we used a
system of Generalized Lotka–Volterra equations where species
negatively interact and incur fishing-induced mortality.

(a) Data
In the Peruvian Amazon, we obtained data from the Ministry of
Production, which records daily landings from the region’s largest
urban areas, including total volume and taxonomic information. In
Brazil, academic institutions lead collection of daily landings infor-
mation from key urban ports. For each region, we aggregated daily
data by year (for time-series length, see electronic supplementary
material, figure S1). For species that are commonly grouped
into similar taxonomic units we used the lowest taxonomic unit
possible (Extended Data in electronic supplementary material,
table S1).

Trait information was obtained from several sources. Species
body size and trophic position was downloaded from FishBase
[27]. Species price information is collected at port and available
from Loreto, Porto Velho and Manaus. To obtain a price and rev-
enue index for each species, prices for landings within ports were



(a)

(b) (c) (d)

Figure 1. Map of the Amazon basin (a) detailing the location of the landings six time series from three Peruvian (Loreto, Ucayali and Madre de Dios) and three
Brazilian regions (Puerto Velho, Manaus and Santarém). The black contour represents the extent of the Amazon basin. A variety of species are typically included in
one landings (b), which aggregate across diffuse users employing a variety of techniques such as castnets (c), gillnets (d ), seines and hooks (not shown). (Online
version in colour.)
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first adjusted for inflation using a baseline Consumer Price Index
for 2010 (obtained from the World Bank) and standardized to US
dollars using the average 2010 exchange rate for each country.
Then, price index was calculated as the average yearly price for
each species for each dataset. Since price data were unavailable
for Santarém, we used the price from Manaus, the closest port
within Brazil with information available. Additionally, since
price data for Ucayali and Madre de Dios were also not available,
we used information from Loreto. While species’ prices could
differ across markets, we expect the relative price differences
between species should remain similar among regions within
countries. The revenue index was calculated by multiplying
each species average annual landed biomass within a region by
its price index. For taxa that included multiple species, traits
were averaged across the representative species.
(b) Trait-based metrics
For each trait, we estimated landings biomass-weighted mean
annual trait values for each region as

TraitLandings(t) ¼
XS(t)
i¼1

pi,tTraiti, ð2:1Þ

where TraitLandings(t) is the mean trait value of the landings for
year t, S is the number of species in the landings for year t, pi,t
is the landings biomass of species i in year t divided by the
total biomass landed in year t and Traiti is the trait value for
species i.
(c) Taxonomic diversity trends
We estimated evenness for each year as

PS(t)
i¼1 pi,tlnðpi,tÞ=lnSMax,

where variables are as above. Additionally, we estimated tem-
poral β diversity using the Jaccard dissimilarity index between
the first year in each time series and each subsequent year,
which ranges from 0 to 1, from similar to dissimilar. We further
decomposed Jaccard dissimilarity into turnover and nestedness
for the totality of each time series. Evenness and Jaccard dissim-
ilarity were calculated using the vegan package in R [28], whereas
decomposition was performed with the betapart package [29].
(d) Species-level attributes and fisheries development
A time series of fishery development patterns was constructed
using the landings data from each region. As an indicator of
whether a taxon is a regular component of the harvest portfolio
(i.e. an established fishery), a species was considered developed
in the year where the annual market landings first reached
25% of its maximum observed level [15]. We tested different
fishery development thresholds ranging from 10% to 50% of
maximum observed annual landings and found no difference
in development patterns.
(e) Harvest model
To model multi-species fisheries, we simulated exploitation
dynamics in communities using a system of Generalized
Lotka–Volterra equations:

dNi(t)
dt

¼ Ni(t) ri þ
XS
j

AijNj(t)

0
@

1
A� E(t)Ni(t), ð2:2Þ
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where Ni(t) is the abundance of population i at time t, ri is the
intrinsic growth rate of species i, S is the number of species, Aii is
the species self-regulation effects, Aij is the per-capita effect of
species j on the growth rate of species i and E is the exploitation
rate [26]. Species self-regulating effects, Aii, can be rewritten as
ri/Ki, where Ki is the carrying capacity of species i [30]. For nota-
tional convenience, the interaction coefficients Aij were collected
into the interaction matrix A, while the coefficients ri and Ni

were collected into the vectors r and N, respectively. Rather than
randomly assembling communities, our simulated communities
were built under the assumption that species lay along an r- to
K-selected gradient, with initial biomass distribution skewed
towards the latter species [31]. r-selected species have high intrinsic
growth rates and low initial biomass, whereas K-selected species
have low intrinsic growth rates and high initial biomass. These
are akin to short-lived and small-bodied species, and long-lived
large-bodied species, respectively. Finally, we allowed E to vary
with time so that a target community harvest, H was maintained:

E(t) ¼ HPS
i N(t)i

: ð2:3Þ

Under these assumptions, we took two approaches to model-
ling species richness. First, to understand the impact of multi-
species exploitation irrespective of biodiversity, we simulated
100 communities at three levels of species richness (low: 10;
middle: 20; and high 40). Second, to explore the role of species
richness, we simulated an additional 250 communities by draw-
ing initial species richness from a vector of integers ranging from
1 to 40. For both approaches, total initial community biomass
was held constant at 1000 for all simulations. Thus, the carrying
capacities of each species, Ki, were drawn from a lognormal dis-
tribution (mean = 0, s.d. = 0.5) and their sum scaled to 1000 by
dividing each species carrying capacity by the sum of all carrying
capacities and subsequently multiplying those by 1000. Species
intrinsic growth rates were also drawn from a lognormal distri-
bution (mean = 0, s.d. = 0.5) plus 1, so that all species grew at
each time step without interactions or harvest. Using a lognormal
distribution to draw K and r parameters better represents natural
communities, which tend to have biomass and traits such as
body size lognormally distributed (electronic supplementary
material, figure S2). Before assigning coefficients to species,
the r and K vectors were sorted so that they were negatively
correlated (mean correlation =−0.71 ± 0.002). Additionally, we
assumed that most species were weakly interacting so that all
elements were −0.01, with the exception of the diagonal, which
contained the Aii coefficients, and the subdiagonal elements
which contained Aij coefficients drawn from a uniform distri-
bution (0, −0.50) and sorted to positively correlate with r. We
then determined species biomass at equilibrium in the absence
of harvest by allowing community dynamics to run for 100
time steps using the lsoda function in the desolve R package
[32]. Simulated communities that did not have positive biomass
after 100 time steps were considered to not resolve and discarded
prior to further analysis.

After establishing that communities resolved in the absence
of harvest mortality, we fixed harvest amount across time at
half of the total community biomass. This was done by first find-
ing the species equilibrium biomass for each community without
exploitation and then multiplying that biomass by 0.3, 0.5 and
0.6. These values were arbitrarily selected to represent low,
medium and high harvests. Using these values for fixed harvest
(i.e. H in equation (2.3)), community dynamics were again
allowed to run for 100 time steps using the lsoda function in
the desolve R package [32]. In the main text, we present results
on H = 0.5, whereas other harvest targets are presented in the
electronic supplementary material. Finally, for each time step,
we back-calculated exploitation rate, community total biomass,
total harvest, species harvests and evenness. We also calculated
cumulative species collapses as the count of species with biomass
below 20% of their max biomass [12], and time to collapse as the
last time point when yields fell to 25% of their maximum. The
values used in all simulations are detailed in the electronic
supplementary material, table S2.

( f ) Statistical analysis
Because each time series reflects regional dynamics, landings
time series were analysed individually. Linear regressions were
conducted on trait and taxonomic time trends, with year as the
predictor and the trait-based or taxonomic index as the response
variable. Similarly, to test for correlations between traits and fish-
ery development patterns, we conducted linear regressions on
individual time series with trophic level, body size, price index,
revenue index and mean annual landed biomass, used as a
proxy for productivity, as response variables and year as the pre-
dictor variable. Body size, price index, revenue index and mean
annual landed biomass were log-transformed prior to inclusion
in models. For Madre de Dios, we excluded years 2000 and
2001 from the analysis since taxonomic grouping was inconsist-
ent with the rest of the years. All analyses and simulations
were conducted in R [33].
3. Results and discussion
Our results support the notion thatmulti-species exploitation is
affecting freshwater biodiversity and eroding long-term fish-
eries sustainability in the Amazon. We draw this inference
from two key findings emerging from our observational and
theoretical analysis. First, although changes in harvested bio-
mass are variable across the Amazon, we observed turnover
in species composition and declines in mean body size consist-
ent with increasing exploitation of fish communities. Second,
insights from theory suggest that these observational biodiver-
sity patterns could be driven by the progressive reduction in
the bank of potentially compensating species and therefore
of fishery resilience. Together, both observational and theoreti-
cal results exhibited an inverted U-shaped evenness curve,
which tracked a decline in fishery resilience. More broadly,
this inverted U-shaped curve could be characteristic of multi-
species fisheries exploitation and aid in evaluating their
sustainability when other signatures of exploitation fail.
Below, we expand on these key findings by first discussing
trends in biomass, taxonomic diversity and trait-based indices
observed from landings time series. Then, we interpret these
results in light of the theoretical model. Finally, we conclude
by drawing implications for management for the Amazon
and other tropical inland fisheries.

(a) Amazon landings trends
Across the six time series analysed, trends in landed biomass
showed high interannual variation but no consistent trends:
in Loreto and Ucayali trends slightly increased, whereas
in Porto Velho, Madre de Dios, Manaus and Santarém
trends were insignificant (electronic supplementary material,
figure S1). Although these data correspond to the longest
landings time series available in the Amazon, ranging from
12 to 34 years, they lack information on effort and on subsis-
tence fisheries and thus should be considered as providing an
incomplete snapshot of harvest dynamics (figure 1). Never-
theless, over the last 40 years, urban populations have
grown exponentially, increasing both demand for fish and
pressure on aquatic communities (electronic supplementary
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material, figure S3). Indeed, this expansion has led to an
‘urban shadow of defaunation’ in some locations, with popu-
lations of key species showing clear signs of overexploitation,
both in terms of reduced harvests and size spectra [7,8]. Other
threats to fish biodiversity, including pollutants and dams,
could also be contributing to declines in some taxa [34],
although their impacts may be more locally constrained
or concentrated on a few species compared to fishing
exploitation, which we expand on below.

(b) Taxonomic trends
We observed changes in taxonomic diversity that could reflect
fish community responses under multi-species exploitation
[12]. Over 120 fish taxa are represented in these landings
data, ranging from approximately 40 to 70 species depending
on the specific region (Extended Data in electronic supplemen-
tarymaterial, table S1). Althoughmigratory species dominated
landings across regions, landings became less similar in species
composition over time (electronic supplementary material,
figure S4). Further partitioning Jaccard dissimilarity indicates
that across years changes in taxonomic composition are
driven by both nestedness and turnover, reflecting patterns of
species additions as well as replacements, respectively [29].
However, some regions show stronger tendencies towards
the nestedness (e.g. Madre de Dios and Porto Velho), whereas
others show a combination of nestedness and turnover
(e.g. Santarém).

Additionally, most regions exhibited significant trends in
landings evenness, a metric that reflects the relative concen-
tration of harvested species in landings, but patterns were
region-specific (figure 2). In Loreto and Porto Velho evenness
increased, in Ucayali evenness exhibited strong interannual
variation but no long-term trend, and in Manaus, Santarém
andMadre deDios evenness declined.While the lackof consist-
ent trends may be at first surprising, they suggest that where
landings evenness is increasing, regions could be expanding
harvest into new species as dominants decline. For example,
Prochilodus nigricans, a medium-size migratory detritivore,
decreased from 45% to 25% between 1984 and 2016 in Loreto,
and from 21% to 8% between 1994 to 2009 in Porto Velho.
Although the time series are shorter, where evenness is decreas-
ing, P. nigricans also declined and harvests became dominated
by a narrower variety of small species.

(c) Trait-based trends
Trait-based trends varied across indices, but were consistent
with turnover in species composition expected under increas-
ing exploitation. In contrast with findings from other tropical
inland fisheries [35], we found mixed evidence for a fishing
down the food web pattern, with mean trophic level increas-
ing or decreasing depending on the region (figure 3a).
Additionally, trends in economic-based indices were also
inconsistent, with mean price indices decreasing, but mean
revenue indices both increasing and decreasing (figure 3b,d ).
While price information was not available for all regions (i.e.
Ucayali, Madre de Dios and Santerém), our use of species
prices for the closest ports within-country should broadly
reflect relative price differences between species and are unli-
kely to alter these results.

In contrast with these mixed results, we observed persistent
declines in landings mean body size commensurate with expec-
tations of fishery-induced biodiversity change (figure 3c).
Specifically, across all regions, large-bodied species became less
common in landings whereas smaller species increased. While
there is evidence of declining large predatory species abun-
dances (e.g. Arapaima sp., Pimelodid catfish), large-dominant
detritivores have also experienced dramatic decreases [36,37].
These patterns suggest that Amazon fisheries exploit multiple
species across all trophic levels, but life-history constraints are
such that large-bodied species tend to have lower intrinsic popu-
lation growth rates and are more sensitive to exploitation. In
contrast with susceptible K-selected species, smaller r-selected
species are becoming more common as exploitation increases.
These trait-based trends concord with observations of overex-
ploitation in complex tropical freshwater communities
elsewhere [9,21,35] and suggest that Amazonian communities
could be responding to increasing fishing pressure.

Considering that changes in mean trait values are only
partially indicative of how fisheries exhibits trait-based
targeting behaviour and can mask the signature of low-
biomass species, we further analysed the sequential pattern
in which species appear in landings records, or became devel-
oped [15]. This complementary trait-based index estimates the
yearwhen a species become a regular component of the harvest
fish portfolio using the year in which species-specific harvests
reached 25% of their maximum total harvest across all years.
While the sequence of development varied across trophic
levels, body sizes and price indices, species with high mean
annual harvest biomass were consistently developed early
on in four of the six time series (electronic supplementary
material, figure S5). Development along a revenue gradient fol-
lowed a similar trajectory as biomass-based development.
While this analysis may fail to capture development patterns
for shorter time series (e.g. Manaus and Santarém), the tem-
poral window coincides with a significant expansion in
population, consistent with increasing fishing pressure (elec-
tronic supplementary material, figure S3). Further altering
fishery development thresholds (i.e. 10%, 50%) resulted in no
qualitative differences.

Overall, patterns of early development of high biomass
species suggest that multi-species fisheries in the Amazon, at
an aggregate scale, exhibit relatively low selectivities and can
alternate among species in response to shifting community
composition. Similar patterns have been also been observed
in other multi-species fisheries exploiting diverse food webs,
such as coral reef systems [10,21]. Fishers in the Amazon
employ a variety of gears, including gill nets, hooks, seines
and cast nets with varying selectivities (figure 1b–d). Addition-
ally, fishery subsectors in the Amazon exist, but these tend to
target low-abundance and high-value species such asArapaima
spp. andmigratory catfish [37,38]. However, effort among gear
types and actors is distributedwidely and often overlapping in
space and time. Consequently, species composition in urban
landings aggregate across diffuse users employing these differ-
ent techniques [39]. Across time, fishers might adapt their
selectivities and increase fishing effort to maintain harvests
by first exploiting large-bodied and abundant species, and,
as their populations decline, replacing them with smaller,
r-selected species [9,40].While gear typicallymeets aminimum
mesh-size, selecting for species above a size threshold, in some
locations gill net size is declining and people are fishing for
longer time periods [41]. In the process, smaller characins,
once relatively uncommon in landings (e.g. Mylossoma spp.
and curimatids), are now increasing as other larger characins
(e.g. Prochilodus nigricans) decline. Beyond this compensatory
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behaviour from fishers, the sequential replacement of species
could also be affected by ecological compensation, where com-
petitive and predator release drive directional changes in
landings species composition [18].

(d) General biodiversity-based theory of multi-species
exploitation

A key limitation of the time series analysed is the lack of both
long-term fishery independent ecological data and of effort
data, which provides information to characterize how fishery
behaviour induces changes in ecological communities [7].
Thus, to provide insights into the potential mechanisms
underlying the observed biodiversity patterns and how
these changes may affect fisheries resilience, we analysed
a generalized Lotka–Volterra harvest model. Combining
approaches further allowed us identify community level
metrics that could explain fishery development patterns in
the Amazon and other multi-species fisheries.

We found that maintaining harvests requires an increase
in exploitation rates over time, but compensation and high
species richness can reduce the probability of community
collapse (figure 4). Increasing exploitation rates causes a
sequential turnover in species composition similar to patterns
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observed in landings, with a low number of dominant but
slow-growing species (e.g. K-selected species) being replaced
by a variety of faster growing species (r-selected species;
electronic supplementary material, figure S6). Further,
compensation, driven by release from negative interactions,
together with increasing exploitation rates, expands harvests
into new species. Simulated communities with higher species
richness were more resilient to exploitation, with their
harvests collapsing later than communities with low
species richness (figure 5). These changes in biodiversity
are consistent with other modelling studies that describe
how multi-species exploitation fish down size-spectra gradi-
ents, decrease resiliency and could lead to dominance of
few r-selected species [11,12,23,24,26]. Theoretical studies
have also uncovered the important role of negative inter-
actions in driving compensation [17], and our model
suggests that similar mechanisms may underlie the resiliency
of multi-species fisheries.

At the community level, patterns in species turnover
and declining compensatory potential manifest along
a hump-shaped harvest evenness curve, corresponding to a
three-staged model of multi-species fisheries development
(figure 4). In early stages, light to moderate exploitation rates
cause harvest evenness to increase as dominant, K-selected
species decrease in abundance and are complemented with a
diversity of other species. Only a small percentage of species
are collapsed in these early stages. In middle stages, when
exploitation is moderate, harvest evenness plateaus, reflecting
their spread across taxa. The number of collapsed species
increases rapidly, as exploitation depletes the pool of poten-
tially compensating species. Finally, in later stages, harvest
evenness declines as faster growing species dominate the
harvest portfolio. This stage could be characterized as a ‘pro-
ductive monoculture’ (sensu [26]), with few species available
for compensation. This trajectory implies that as exploitation
rates increase, harvest biomass is maintained at the expense
of declining resilience. Communities with lower species rich-
ness harbour decreased compensating potential and thus
progressed more rapidly towards collapse (electronic sup-
plementary material, figure S7). At lower harvest targets,
species turnover and exploitation rates increased less rapidly,
harvests had a lower probability of collapse, and the decreasing
portion of the evenness curve did not emerge (electronic
supplementary material, figure S8A). By contrast, at higher
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harvest targets, communities moved through the cycle of
replacement, depletion and collapse more rapidly (electronic
supplementary material, figure S8B). While previous work
has linked multi-species exploitation patterns of turnover
along K- to r-selected species gradients [9,11,24,42], our
modelling exercise further reveals how changes in evenness
are linked to fishery resilience and community collapse.

These theoretical results provide insights into the diversity
patterns observed in Amazonian landings time series. Even-
ness trends for Loreto and Porto Velho, which have lower,
albeit growing, humanpopulations and lie in the speciose low-
lands, suggest that these regions are in earlier stages of
development but transitioning (figure 2a–c; [36,37]). As men-
tioned above, we observed long-term declines in dominant
species in both regions. For Porto Velho, the time period cov-
ered does not include the completion of dams in the area (in
2009), which has led to significant changes in landings [36].
In Ucayali, the lack of consistent evenness patterns could indi-
cate that the region is inmiddle stages of development. Ucayali
has relatively lower species diversity and experienced rapid
population growth after a road to Lima, Peru’s capital, was
built in the mid-twentieth century. For Manaus and Santarém,
decreasing evenness could potentially reflect later stages of
fisheries development (figure 2e,f ). Manaus and Santarém
havehigh species richness but also a longhistoryof humandis-
turbance throughdeforestation and fishing. Strong evidence of
overharvesting exists from these regions [7,8]. Finally, inMadre
de Dios, declines in evenness follow theoretical expectations
associated with high fishing pressure, but are challenging to
disentangle. The region harbours lower species richness, and
exogenous threats associated with deforestation, goldmining
and dam development, are affecting aquatic ecosystems and
potentially exacerbating fishing-related pressure [36]. How-
ever, poor data management in Madre de Dios warrants
caution in interpreting these results. Nevertheless, taken
together, our observational and theoretical results suggest
that landings patterns reflect differences in development
stages among these regions. Ascertaining whether biological
communities are experiencing similar trends with complemen-
tary fishery independent information (e.g. fish surveys and
local ecological knowledge) will be critical for assessing the
overall status of Amazonian fisheries [7,41].

Broader interpretation of our modelling and empirical
results rests on several key assumptions. First, given incon-
sistent trends in biomass landed, in our model, we fixed
harvest targets across time steps. Yet, in the Amazon, har-
vested biomass likely changes overtime: increasing targets
could lead to more rapid community collapse, whereas
decreases could lead to slower or no collapse (electronic
supplementary material, figure S8). Second, in our model,
harvest targets and exploitation rates were set at the commu-
nity level, rather than being species-specific. However, some
degree of selectivity in the Amazon likely exists, such as for
K-selected species (e.g. large migratory catfish) [38]. In line
with theory from balanced-fisheries [24,42], integrating selec-
tivity towards K-selected species could lead to more rapid
species turnover and progression through the inverted
U-shaped evenness curve. Third, our model only included
negative interactions, under the assumption that Amazonian
fish communities are partially structured by competition and
predation [43]. Indeed, the release from negative interactions,
driven by increasing exploitation rates, underlays compen-
sation and the inverted U-shaped evenness curve. Although
compensation is ubiquitous in ecological communities, its
strength can vary depending on myriad factors including
environmental context and temporal fluctuations in species
abundances associated with migration [17]. While our results
suggest that compensation partially drives observed landings
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trends, improving the diagnosis of Amazonian and other
data-depauperate fisheries requires pluralistic approaches
that more fully capture their socio-ecological complexity.

Despite these caveats, taken together, observed biodiversity
patterns in landings concord with increasing fishing pressure
and declining resilience, and carry important implications
for management across the region. While changing market
forces could also shape these biodiversity patterns, consumer
demand rarely evolves towards smaller species, even
though these may be the most nutritious and Amazonian con-
sumers show complex fish preferences [44]. Rather, declines
and sequential replacement of large-bodied species is a well-
documented effect of overexploitation [14,41]. Less well
documented is how trends in species turnover track compen-
sation and changes in fishery resilience. Because fishers can
alternate among a larger pool of species, our results suggest
that single-species approaches, with a few key exceptions
(e.g. Arapaima spp.), will be challenging to implement.
Beyond body size, the most heavily exploited species are also
migratory, and whilewe analysed these time series as indepen-
dent, long-distant migrants might form part of the same
effective population across multiple regions. Thus, our study
further underscores the need to manage fisheries at a relevant
spatial scale, which in the Amazon is a basin-wide approach
formany key species [3]. Finally, despite the clear need for inte-
grated river basinmanagement in theAmazon, our findings on
different fishery development stages among regions also call
for complementary local approaches. Doing so is particularly
critical considering the potentially heterogeneous changes in
hydrology and human behaviour associated with climate
change and dam development across the region [34].

4. Conclusion
The ecological sustainability of fisheries relies on maintaining
overall harvest biomass while also minimizing changes in
community and ecosystem structure [12]. Our empirical and
theoretical analyses indicate that, for multi-species fisheries,
this may be challenging because even at low exploitation
rates, maintaining harvests results in biodiversity changes.
Further increasing exploitation to maintain harvests can ulti-
mately lead to a depletion the pool of compensating species
and eventual collapse. While similar patterns have been
observed in other fisheries and theoretical exercises
[9,11,24,26], we extend these findings and uncover how fish-
eries resilience depends on two factors: (i) the initial number
of exploitable species and (ii) the potential for compensation
driven by competition and predation release. Detecting these
factors is imperative for ascertaining fishery status and ensur-
ing their long-term sustainability.

Tropical inland fisheries, such as the Amazon, are charac-
terized by many diffuse fishers and limited data flows; thus,
landings information collected at regional ports are often the
only data available to assess fishery status. While these only
account for a portion of catches in the Amazon, using land-
ings data we found a consistent decline in large-bodied
species occupying a range of trophic levels. Complementing
empirical data with theory, we link observed patterns to a
hump-shaped landings evenness curve, indicating the
sequential replacement of dominant slow-growing species
with smaller and faster growing species in the harvest portfo-
lio, and reduction of the bank of compensating species. In the
absence of other data, declining evenness, in combination
with declines in mean body size, may signal that fisheries
are losing resilience and progressing towards possible col-
lapse. Importantly, communities with low species richness
could move through this cycle of depletion, replacement
and collapse more rapidly. Ultimately, without implementing
large-scale innovations to improve monitoring (e.g. citizen
science), analysing evenness trends may provide a practical
approach to leverage landings data and assess patterns
of exploitation, declining resilience and, ultimately, the
sustainability of data-limited multi-species fisheries.
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