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HIGHLIGHTS

o Non-native fish contribute 4 % of global
inland harvest but 38.2 % economic
value.

e Non-native species reduce nutritional
value (—21.9 %) despite economic
benefits.

e Non-native fish increase climate
vulnerability (+70.9 %) in recreational
fisheries.

e Regional complexities reveal socio-
ecological trade-offs in fisheries
management.
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GRAPHICAL ABSTRACT

ABSTRACT

Inland recreational fisheries are globally significant leisure pursuits, with well-documented benefits to human
health and well-being, but also one of the principal drivers of non-native fish introductions to enhance fishing
opportunities, whether for sport or sustenance. In this study, we assess the relative reliance of global inland
recreational fisheries on non-native versus native species for harvest. We further examine how this reliance varies
by economic and nutritional value as well as the climate vulnerability of the species involved. We demonstrate
that, of the 1,325,851 t of inland recreational fishes recreationally harvested for consumption worldwide in
2021, non-native fish were a small proportion (4 %; 53,651 t). On a global scale, non-native fish contributed a net
positive 38.2 % economic value to inland recreational harvest. However, they also contributed a net negative
—21.9 % nutritional value to inland recreational harvest. Non-native fishes were also more climate vulnerable (i.
e., higher average climate vulnerability index values) and thus proportionally increased overall estimates of
climate vulnerability with a net positive of 70.9 %. Our results quantitatively demonstrate that non-native
species play a more important role in inland consumptive recreational fisheries than their mere harvest
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volume would suggest. However, many nuances were seen on the continent and country scale, which reflect the
complexity of fisher behavior, fish distribution and socio-economic factors. Our findings help unravel the
complex effects of non-native species on human activities and underscore the need to evaluate their global

impacts holistically.

1. Introduction

Inland recreational fisheries in rivers, streams, lakes, and other
landlocked waters, are globally significant fishing activities, with well-
documented benefits to human health and well-being (Cooke et al.,
2024). These fisheries hold social and cultural significance, attracting
participants of all ages and fostering social cohesion (Villamagna et al.,
2014), as well as providing economic value for many communities. For
instance, the inland recreational fisheries of the Great Lakes sustain a
charter industry valued at $611 million USD (Whitehead et al., 2025).
However, while the personal and community benefits of inland recrea-
tional fishing are well-recognized, the ecological consequences of rec-
reational fisheries management, particularly the introduction of non-
native fish species, remain a critical concern.

Non-native species are species introduced outside of their native
range by humans, and recreational fishing is one of the principal drivers
of non-native fish introductions into inland waters to enhance fishing
opportunities, whether for sport or sustenance (Davis and Darling,
2017). According to Carpio et al. (2019), angling activities have facili-
tated the establishment of numerous non-native fish species. Iconic
species like largemouth bass (Micropterus salmoides), common carp
(Cyprinus carpio), and rainbow trout (Oncorhynchus mykiss) have been
widely introduced for recreational purposes. As Thomas et al. (2023)
highlighted, non-native fish species may substitute native species in
angler catches, triggering cascading effects on local ecosystems and
complicating management efforts.

The deliberate or accidental introduction of non-native fish species
into inland waters can displace native species and alter aquatic ecosys-
tems, with profound implications for biodiversity and ecosystem func-
tioning (e.g., Milardi et al., 2020; Britton, 2023). Furthermore, some
non-natives can become invasive, leading to severe ecological and
economic disruptions. Effects can range from declines in native biodi-
versity and ecosystem services to rising management costs associated
with population control (Haubrock et al., 2022). These burdens are not
only borne by governments and conservation agencies but also by
communities reliant on healthy ecosystems for their livelihoods. Despite
these risks, some non-native species can also contribute to recreational
fisheries in ways that merit careful consideration (Ewel et al., 1999),
highlighting the need for balanced evaluations.

While the negative impacts of non-native fish introductions have
been extensively studied (e.g., Cambray, 2003; Cucherousset and Olden,
2011; Milardi et al., 2022), less attention has focused on their potential
benefits (e.g., Gozlan, 2008; Kleitou et al., 2022), particularly at a global
scale. Non-native fishes can support economically valuable recreational
fisheries, driving economic activity through tourism, job creation, and
food production. For example, activity associated with inland recrea-
tional fisheries for non-native trout in New Zealand were estimated to
reap around $750 million NZD annually in 1998 (Department of Con-
servation, 1998). Evaluating where non-native fish populations provide
net benefits can help to inform trade-offs and management
interventions.

Recent recognition of the need for a more holistic approach to
managing the complex issue of non-native species has spurred some
studies emphasizing the importance of balanced assessments that
consider both their positive and negative contributions (e.g., Schlaepfer
et al., 2011; Sax et al., 2022). Although ongoing debates raise concerns
over the dangers of this line of thought, increasing studies documenting
the use-value of some non-native species make it compelling to at least
investigate it (Hickley et al., 2015; Vimercati et al., 2022). The dataset

compiled by Embke et al. (2022) offers a valuable resource for assessing
the trade-offs between economic and nutritional value and climate risk
in global inland recreational fisheries that harvest non-native and native
species for consumption. Given the complex and often conflicting effects
of non-native fish introductions, these data present a critical opportunity
to further investigate their global effects.

In this study, we assess the relative reliance of global inland recre-
ational fisheries on non-native versus native species for food harvest. We
further examine how this reliance varies by economic and nutritional
value as well as the climate vulnerability of the species involved. Our
findings help unravel the complex effects of non-native species on
human activities and underscore the need to evaluate their global effects
holistically.

2. Materials and methods
2.1. Recreational fisheries data overview

We analyzed a global dataset of recreationally harvested inland fish
for consumption (Embke et al., 2022), which included data on harvest
volume, economic value, nutritional value (e.g., vitamin B12), and
climate vulnerability data from 64 countries and 178 unique harvested
taxa. While harvest data covered all 64 countries, economic, nutritional,
and climate vulnerability data were available for 58, 59, and 46 coun-
tries, respectively (Supplementary Table S.1). Although the dataset
broadly represented global inland recreational fisheries, Africa was
underrepresented due to gaps in reliable data and potentially low
participation rates.

In the Embke et al. (2022) dataset, harvest volumes were estimated
using a hierarchical approach. They used direct summation of species-
specific harvest (applied when species-specific harvest weight esti-
mates were available), biomass conversion from abundance data
(applied when species-specific harvest abundance numbers were known,
but not biomass), spatial extrapolation of local harvest rates (applied
when harvest data existed only for limited regions within a country),
“nearest neighbor” harvest rate borrowing (applied when no national
harvest data existed, but species contributions were known), and finally
Expert Knowledge Elicitation for all those other countries were no
empirical data existed.

We used proxies for non-native fish species relative economic and
nutritional values to explore their relevance in recreational fisheries
(sensu, Lynch et al. (2024). For a proxy of economic value, we used the
total consumptive use value of recreational catch per fisher (Thorpe
et al. in Smith, 2018), and standardized it as a share of Gross Domestic
Product (GDP) per capita adjusted for purchasing power parity, to allow
for global comparisons (Lynch et al., 2024). For a proxy of nutritional
value, we focused our main analyses on vitamin B12, as it is an essential
micronutrient that is abundant in aquatic species and important for
human health. We calculated the vitamin B12 content in the estimated
edible portion of fish annually consumed by a recreational fisher, and
standardized using the national annual vitamin B12 intake from all
sources, to allow for global comparisons (Lynch et al., 2024).

We also used a proxy for the relative contribution of non-native
species to the overall country-level climate vulnerability of fishes rec-
reationally harvested for consumption. The climate vulnerability index
developed by Nyboer et al. (2021) provides a numerical climate change
vulnerability value based on three contributing components: sensitivity
and adaptive capacity (based on species ecological and biological traits)
and exposure (based on climate projections across a species' range)
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(Nyboer et al., 2021; Lynch et al., 2024). We selected the most conser-
vative emission scenario (RCP 4.5) and the longest-term projection
(average 2075) to provide a balanced perspective on the range of values
available. Various sensitivities of this proxy are discussed in further
detail within Nyboer et al. (2021).

2.2. Classification into native and non-native species

We compiled inland fish species occurrence and native/non-native
status data from FishBase (Froese and Pauly, 2025) for all countries in
the Embke et al. (2022) dataset. After standardizing taxonomic
nomenclature to ensure consistency, species were classified as native
(naturally occurring within a country's biogeographic range) or non-
native (introduced beyond their native range, intentionally or uninten-
tionally). Spatial units followed UN-recognized political country
boundaries, aligning with the resolution of the recreational harvest for
consumption dataset. We acknowledge that some species are native to
parts of a country but non-native in others; thus, our classifications are
conservative, potentially underestimating non-native contributions,
particularly for larger countries (e.g., in our analysis, trouts are one
taxonomic unit for the United States and are considered native even
though trout species have been frequently introduced across the country
outside their native ranges).

From 18,331 FishBase records, we calculated native-to-non-native
species ratios per country as a proxy for non-native availability to rec-
reational fisheries (with the caveat that not all non-native species are
relevant for recreational fisheries harvest for consumption). We then
explored correlations between non-native fish availability and their
recreational harvest for consumption.

2.3. Taxonomic Uncertainty

For 57 records in the Embke et al. (2022) dataset lacking species-
level resolution (e.g., genus/family-level data), native/non-native sta-
tus was assigned to 44 records using expert knowledge and the following
criteria:

e Native: All species in the taxon occurred natively in at least 1 region
of the country.

e Non-native: All species in the taxon were introduced (e.g., trout in
Australia).

For the remaining 13 records, the native/non-native status could not
be resolved and they were labeled “uncertain” (Supplementary
Table S.2) and retained to maintain dataset completeness. These
included taxa like the family Cyprinidae (nei), which were too broad to
be resolved into either category.

2.4. Data analysis

We calculated the proportion of harvest weight (t), economic value
and nutritional value, and climate vulnerability contributed by non-
native species in each country (Embke et al., 2022; Lynch et al., 2024).

We quantified non-native contributions by comparing their recrea-
tional harvest for consumption proportion to their economic and
nutritional value contribution proportion at the national scale:

e Added value: Value contribution > harvest proportion (e.g., non-
natives provide disproportionately more economic value than ex-
pected based on their harvest proportion).

e Diminished value: Value contribution < harvest proportion (e.g.,
non-natives proportionally yield less nutritional value than expected
based on their harvest proportion).

We similarly quantified non-native contributions to national scale
estimates of climate vulnerability of recreational fish.
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@ Added value: Climate vulnerability contribution proportion > har-
vest proportion (e.g., non-natives have higher vulnerability index
values than natives and thus contribute disproportionately to total
climate vulnerability estimates than expected based on their harvest
proportion).

@ Diminished value: Climate vulnerability contribution proportion <
harvest proportion (e.g., non-natives have lower vulnerability index
values than natives and thus contribute less than expected based on
harvest proportion).

Results were aggregated at the continental scale by summing all the
national effects, and at the global scale by summing all the continental
effects.

All data handling and presentation were conducted using R software
(R Core Team 2025).

3. Results

Global native/non-native fish diversity and non-native fish avail-
ability to recreational fisheries.

Total inland fish species diversity was relatively higher in countries
extending over large areas and closer to the equator, both in Asia and
South America (Supplementary Fig. S.1a). Conversely, the proportion of
non-native species was higher in countries in Europe and North Africa,
with notable exceptions like New Zealand and Chile (Supplementary
Fig. S.1b). No correlations between non-native fish availability and their
recreational harvest for consumption were found (Supplementary
Fig. S.2).

3.1. Global non-native fish recreational harvest for consumption

With 53,651 t harvested in 2021, non-native fish were a small pro-
portion (4 %) of all estimated inland recreational harvest for con-
sumption worldwide (1,325,851 t) (Fig. 1). Recreational harvest for
consumption volumes were highest in Asia (867,602 t), followed by
North America (244,650 t), Europe (161,467 t), South America (40,334
t), Oceania (9254 t) and Africa (2543 t).

On a continental scale, non-native fish constituted a significant
proportion of estimated inland recreational harvest for consumption in
Oceania (67.3 %) and Africa (55.3 %) but were a smaller proportion in
Europe (20.5 %). Other continents had even smaller proportions of non-
native species recreational harvest for consumption: South America (9.8
%), North America (2.9 %) and Asia (0.2 %) (Fig. 1).

At the country level, the proportion of non-native fish recreational
harvest for consumption was significant (>50 %) in 25 % of the coun-
tries for which data was available (14 countries, Supplementary
Fig. S.3). Conversely, 17 countries stood out as harvesting exclusively
native species in their inland recreational fisheries for consumption
(Supplementary Fig. S.3).

3.2. Global value of non-native fish in recreational consumption harvest

Non-native species accounted for 20.6 % of the global extracted
consumptive value per annum per inland recreational fisher (Fig. 2).
They also accounted for 12.8 % of the global vitamin B12 intake per
fisher per annum from inland recreational harvest for consumption, as a
share of annual intake from all sources (Fig. 2). Finally, non-native
species contributed 26.6 % of global inland recreational harvest for
consumption fisheries climate vulnerability (Fig. 2).

On a continental scale, non-native fish constituted a significant
proportion of estimated economic value from inland recreational har-
vest for consumption in Oceania (76.4 %), Africa (59.7 %) and Asia
(25.7 %) but were a smaller proportion in Europe (19.4 %) (Table 1).
Other continents had even smaller proportions of economic value from
non-native species recreational harvest for consumption: South America
(10.3 %) and North America (2.8 %) (Table 1). At the country level, non-
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Fig. 1. —Proportion of native and non-native species in inland recreational harvest for consumption by continent and globally. Values in gray represent the harvest of
taxa that could not be defined as either native or non-native. Dashed line provides a reference to 50 % proportion. Species were classified as native (naturally
occurring within a country's biogeographic range) or non-native (introduced beyond their native range, intentionally or unintentionally).

native species provided a substantial (>50 %) proportion of economic
value in several countries (see Supplementary Fig. S.4).

On a continental scale, non-native fish constituted a significant
proportion of estimated nutritional value from inland recreational har-
vest for consumption in Africa, but were a smaller proportion in Oceania
and South America (Table 1). Other continents had even smaller pro-
portions of nutritional value from non-native species recreational har-
vest for consumption: Asia, Europe and North America (Table 1). At the
country level, non-native species provided a substantial (>50 %) pro-
portion of nutritional value in some countries (see Supplementary
Fig. S.4).

On a continental scale, non-native fish constituted a significant
proportion of estimated inland recreational harvest for consumption
climate vulnerability in Oceania, Africa, and South America, but were a
smaller proportion in Europe and North America (Table 1). Asia had
even smaller proportions of non-native species recreational harvest for
consumption nutritional value (Table 1). At the country level, non-
native species provided a substantial (>50 %) proportion of the
climate vulnerability scores of several countries (see Supplementary
Fig. S.4).

3.3. Global contribution of non-native fish in recreational harvest for
consumption

On a global scale, non-native fish contributed a net positive 38.2 %
economic value to inland recreational harvest for consumption (Fig. 3),
when compared to their share of the harvest volume. However, they also
contributed a net negative —21.9 % nutritional value to inland recrea-
tional harvest for consumption and increased the climate vulnerability
with a net positive of 70.9 % (Fig. 3).

On a continental scale, non-native fish contributed a net positive
inland recreational harvest for consumption economic value in Asia,
Africa and Oceania (Table 2), indicating that in these continents non-
native species might increase the total economic value of inland recre-
ational fishing harvest for consumption. However, non-native fish
contributed a negligible net positive in South America and net negatives
in Europe and North America (Table 2). At the country level, non-native

species provided significant net benefits in terms of economic value,
compared to their harvest proportion, in most countries (Supplementary
Fig. S.5).

On a continental scale, non-native fish contributed a net positive
inland recreational harvest for consumption nutritional value in Asia
and South America (Table 2), indicating that in these continents non-
native species might increase the total nutritional value of inland rec-
reational fishing harvest. However, non-native fish contributed a
negligible net positive in North America and Africa, and net negatives in
Europe and Oceania (Table 2), indicating that in these continents non-
native species might decrease the total nutritional value of inland rec-
reational fishing harvest. At the country level, non-native species pro-
vided negligible net benefits in terms of nutritional value, compared to
their harvest proportion (Supplementary Fig. S.5).

On a continental scale, non-native fish contributed a net positive
inland recreational harvest for consumption climate vulnerability in
South America, North America, Oceania, Asia and Europe (Table 2),
indicating that in these continents non-native species might be propor-
tionally more climate vulnerable than native species, thus increasing the
total climate vulnerability of inland recreational fishing harvest. A net
decrease in climate vulnerability was found only in Africa (Table 2). At
the country level, non-native species provided net increases in terms of
climate vulnerability, compared to their harvest proportion (Supple-
mentary Fig. S.5).

4. Discussion

While the role of inland recreational fisheries in global food systems
is generally underappreciated, the role of non-native fishes in inland
recreational harvest for consumption is complex, and even less consid-
ered (Arlinghaus et al., 2019). Our results indicate that non-native fish
are a small proportion of all estimated inland recreational harvest for
consumption worldwide.

This research takes a more nuanced consideration of the potential
economic and nutritional contributions of non-native inland recrea-
tional fisheries at different spatial scales while acknowledging the
climate vulnerability of these important fisheries. Our results
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Fig. 2. — Proportion of native and non-native species contribution to economic and nutritional value, and climate vulnerability scores, in inland recreational
consumption harvest by continent and globally. Values in gray represent the harvest of taxa that could not be defined as either native or non-native. Dashed lines
provide a reference to 50 % proportion. Species were classified as native (naturally occurring within a country's biogeographic range) or non-native (introduced
beyond their native range, intentionally or unintentionally).
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Table 1

Proportion of non-native species contribution to economic and nutritional value,
and climate vulnerability, in inland recreational fisheries harvest for
consumption.

Continent Non-native Non-native Non-native Non-native
species species species species climate
harvest economic nutritional vulnerability (%)

(%) value (%) value (%)

Global 4 20.6 12.8 26.6

Africa 55.3 59.7 55.7 43.2

Asia 0.2 25.7 15.4 15.9

Europe 20.5 19.4 10.9 22.0

North 2.9 2.8 3.8 21.8

America
Oceania 67.3 76.4 26.1 84.1
South 9.8 10.3 22.2 40.0
America

quantitatively demonstrate that non-native species play a more impor-
tant role in inland consumptive recreational fisheries than their mere
harvest volume would suggest. Despite their low contribution to inland
recreational harvest for consumption, non-native species provided
added net economic value on the global scale but provided net negative
nutritional value and have relatively higher climate vulnerability
compared with native species recreational harvest for consumption.
However, the proportion of recreational harvest for consumption that
comprises non-native fish was spatially heterogeneous, with some
countries harvesting only native species. Our results may be explained
by a complex interaction between region-specific species preferences for
consumption, and geographical trends in the introduction and estab-
lishment of non-native fish species.

Fishers target fish species for consumption based on species prefer-
ences that are region-specific, and other cultural and economic consid-
erations, among other reasons (Lynch et al., 2024). This study was only
limited to consumptive inland recreational fisheries and, therefore,
cannot be extrapolated to assess non-native fish contributions to all
inland fisheries (e.g. commercial or catch-and-release fisheries). This
could also contribute to explain the lack of correlation between
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recreational harvest for consumption of non-native fishes and their
availability, which can be affected by fisher target selection criteria as
well as the local abundance (not the mere presence) of non-native
species.

Non-native fish species, whilst often introduced intentionally to
support recreational fisheries (Carpio et al., 2019), may not be primarily
introduced to support recreational harvest for consumption. Other mo-
tivations for purposeful introductions may include e.g. the establish-
ment of catch-and-release fisheries (da Silva Ladislau et al., 2025). The
nature of recreational fisheries may also change over time: for example,
non-native fish species that were originally introduced to enhance
fisheries harvest, may later become a focus of catch-and-release fish-
eries. In Italy, rainbow trout (Oncorhynchus mykiss) were introduced in
1891 to enhance recreational fisheries (Stankovic et al., 2015), which at
that time were primarily harvest fisheries. However, today rainbow
trout is also a popular species in catch-and-release fisheries (Milardi
unpublished data). Similarly, in New Zealand, brown trout (Salmo trutta,

Table 2

Non-native species contribution to economic and nutritional value, and climate
vulnerability, in inland recreational fisheries harvest for consumption,
compared to their harvest volume. Added value: Value contribution > harvest
proportion (e.g., non-natives provide disproportionately more economic value
than expected based on their harvest proportion). Diminished value: Value
contribution < harvest proportion (e.g., non-natives proportionally yield less
nutritional value than expected based on their harvest proportion).

Continent Economic value Nutritional value Climate vulnerability
contribution (%) contribution (%) contribution (%)

Global 38.2 -21.9 70.9

Africa 4.4 0.4 -12.1

Asia 25.5 15.2 15.7

Europe -1.1 -9.6 1.5

North -0.1 0.9 18.9
America

Oceania 9.1 —41.2 16.8

South 0.4 12.3 30.2
America

Global - —
Africa FI
s - =
Europe - d.

North America

—

Oceania -

South America
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I Nutritional value
I Climate vulnerability scores

T T

40 60 80

Net contribution of non-native species compared to their harvest proportion (%)

Fig. 3. — Non-native species net contribution to economic and nutritional value, and climate vulnerability scores, in inland recreational consumption harvest by
continent and globally. Species were classified as native (naturally occurring within a country's biogeographic range) or non-native (introduced beyond their native

range, intentionally or unintentionally).
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Salmonidae) and rainbow trout were originally introduced to support
harvest fisheries and now are predominantly catch-and-release fisheries
(Milardi unpublished data).

4.1. Economic value

While the environmental costs and negative economic externalities
of invasive non-native fish species—such as habitat degradation, disease
transmission, and native biodiversity loss—have been extensively
quantified (e.g., Pimentel et al., 2005; Cuthbert et al., 2021), their po-
tential economic contributions to recreational inland fisheries for con-
sumption remain understudied at a global scale. This analysis represents
the first holistic evaluation of non-native fish species' economic value
within recreational harvest for consumption systems, revealing a global
net economic benefit derived from their utilization. Specifically, non-
native species generated a higher net revenue per unit harvest weight
(kg) compared to native species (Fig. 2), a disparity driven by their
larger average body sizes, higher catchability, and premium market
pricing in regions where they are culturally prized (e.g., rainbow trout
Oncorhynchus mykiss in Chilean Patagonia; Vigliano et al., 2007, Soto
et al., 2006).

North America represented a notable exception, with a marginal net
loss of economic value attributed exclusively to non-native sunfish
(Lepomis spp.) and bass (Micropterus spp.) harvest in Mexico (Fig. 2). In
North America, particularly in the United States, many of the harvested
non-native fish species are actually native to certain regions of the
continent and were thus assessed to be native according to the criteria
and resolution of our assessment. This creates the impression that North
American countries harvest fewer non-native fish in their inland recre-
ational fisheries compared to an assessment with higher taxonomic and
geographical resolution. Although much harvest for consumption in
Canada and the USA is likely to be from non-native fish, causing sig-
nificant management issues, our analysis missed national non-natives if
those fish are native to other parts of the country and/or reported at the
Family level. Our data also showed that Europe had a marginal net loss
in economic value, driven by countries like Romania, Spain and
Belgium, where harvest focuses on less economically valuable non-
native cyprinid species (Fig. 2, Supplementary Fig. S.5). This is a good
example of national outcomes showing more nuances than can be
detected at a continent level analysis, underscoring the interplay of
ecological, cultural, and regulatory factors.

Here, the proxy used for economic value was chosen to represent
recreational fish contributions to global fish harvest for consumption
(Lynch et al., 2024). It is important to note that since recreational
consumption is not market based, this valuation is based on ‘shadow’
prices of the closest comparable (based on expert choice or taxonomic
similarity) offering in local market prices (Lynch et al., 2024). These
findings assume stable market conditions and static regulatory frame-
works, yet emerging factors—such as climate-driven range shifts
altering species availability or evolving cultural perceptions of non-
native fish—could reshape economic outcomes (Barnes et al., 2022).
Additionally, long-term costs of biodiversity loss (e.g., reduced
ecosystem resilience), as well as management costs, were excluded from
this valuation, potentially overstating net benefits (Diagne et al., 2020).
Finally, choosing different metrics for the evaluation of economic value,
such as e.g. the total spending on recreational sport fisheries, would
emphasize the economic value of sport fisheries in developed countries,
while underemphasizing the importance of sustenance fisheries in less
developed countries.

4.2. Nutritional value

Globally, inland recreational fisheries harvest reliant on non-native
species exhibited a net negative nutritional value relative to systems
dominated by native taxa, suggesting that non-native fish often provide
less nutrient provisioning capacity than native fish. This result aligns
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with comparative analyses showing that non-native fish frequently
exhibit lower concentrations of essential micronutrients (e.g., omega-3
fatty acids, iron) critical to human health (Byrd et al., 2021). The
combination of different selection criteria by which intentional fish in-
troductions are carried out (e.g., for catch-and-release sport fisheries
rather than for nutritional purposes) and the nature of unintentional
introductions would also align with our results.

Continental-scale patterns revealed marked deviations from global
trends. Asia and South America demonstrated net positive nutritional
gains, driven by targeted harvests of nutrient-dense non-native species.
For example, South American fisheries might have benefited from
introduced rainbow trout (Oncorhynchus mykiss), which offset declines
in native fish (Soto et al., 2006). Conversely, Oceania experienced a net
negative gain, attributable to the dominance in harvest of low-nutrient
species like European perch (Perca fluviatilis) displacing native
nutrient-rich staples like golden perch (Macquaria ambigua).

These disparities reflect species-specific nutrient profiles, harvest
practices, and potentially ecological displacement of native species.
While these projections highlight systemic risks, they assume static
nutrient compositions and harvest behaviors, and rely on the signifi-
cance of vitamin B12 as an essential micronutrient important for human
health (Golden et al., 2021). Climate-driven shifts in species physiology
(e.g., altered lipid synthesis under warming, Yuan et al., 2022) and
evolving dietary preferences (e.g., demand for plant-based proteins), as
well as the choice of different proxies for nutritional value may modu-
late the outcomes of future studies. Furthermore, nutrient bio-
availability—affected e.g. by cooking practices and gut microbiome
interactions—remains poorly quantified in consumption models (Hunt,
2005).

4.3. Climate vulnerability

The introduction of non-native fish species into inland recreational
fisheries amplified the overall climate vulnerability of these fisheries.
This increased climate vulnerability was consistent across global, con-
tinental, and national scales, albeit with notable exceptions (Fig. 3,
Supplementary Fig. S.5). For instance, while non-native salmonids (e.g.,
rainbow trout, Oncorhynchus mykiss, brown trout, Salmo trutta)
enhanced harvest yields in temperate regions, their thermal sensitivity
and habitat specificity rendered fisheries disproportionately susceptible
to projected warming scenarios (Kovach et al., 2019; Gallagher et al.,
2022). Conversely, African fisheries exhibited a moderate net reduction
in climate vulnerability, driven by the widespread harvest of thermal
and drought-tolerant cyprinids (e.g., common carp, Cyprinus carpio) in
nations such as Zimbabwe, Kenya, and South Africa. These species
demonstrate broader physiological tolerances to fluctuating hydrologi-
cal regimes which is likely to reduce their sensitivity and increase their
adaptive capacity in the face of predicted climate impacts (Matthews,
1998).

In Oceania and South America, the prevalence of non-native sal-
monids in recreational harvest for consumption exacerbated climate
vulnerability due to mismatches between their thermal optima and
projected temperature increases (Carlson et al., 2017). For example,
salmonid-dominated fisheries in Chile, Australia, and New Zealand
exhibited higher vulnerability scores, consistent with the narrow ther-
mal safety margins of the salmonids harvested (Morrongiello et al.,
2011). In contrast, African cyprinid fisheries benefited from these spe-
cies' adaptability to variable flow regimes—a critical trait under climate
models predicting intensified droughts and flash floods across the
continent (Ahmadalipour et al., 2019).

This suggests that vulnerability is not merely a function of harvest
volume but is modulated by species-specific climatic tolerances. For
instance, although non-native species constituted 4 % of global recrea-
tional harvest for consumption (by biomass), they accounted for 26 % of
aggregate vulnerability—a disparity likely largely driven by salmonids'
outsized sensitivity to temperature extremes (Jonsson, 2023).
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The observed patterns reflect the interplay between current harvest
preferences and region-specific climate projections. In regions antici-
pating greater warming magnitudes (e.g., high-latitude zones) or hy-
drological instability (e.g., Mediterranean climates) non-native fish are
sometimes projected to increase (Bernardo et al., 2003). However, these
projections assume static species distributions and harvest practices,
whereas anthropogenic adaptation (e.g., shifts in stocking policies,
species availability and selection, habitat engineering) and climate-
driven range shifts may alter future vulnerability trajectories. Our re-
sults suggest that the reliance of recreational harvest for consumption on
non-native species would lead to an increased climate vulnerability for
these fisheries, potentially decreasing future food security.

4.4. Future research

Although the current dataset reflects a single point in time and does
not yet support analysis of temporal trends in non-native fish harvest for
consumption, it represents an important foundation for future work. As
the dataset continues to evolve through an iterative development pro-
cess it may enable robust temporal assessments (Embke et al., 2022).
Future studies could explore how non-native species contribution
changes over time to better understand trends in recreational fishing
harvest for consumption. Further, spatial variation in the non-native
species contribution to economic and nutritional value, and climate
vulnerability highlights a need for in-depth continental and country
level assessment, in order to better understand the ecological and socio-
economic factors that shape observed trends. Selecting other variables
as proxies could also provide a deeper and more nuanced understanding
of the contribution of non-native fish species to global food systems.

A notable proportion of countries in Europe (i.e., 11 out of 38) stood
out as including a harvest of taxa that could not be unequivocally
assigned to either the non-native or native category, a pattern that was
not seen in other continents. This was likely due to the low taxonomic
resolution of the Embke et al. (2022) data but might be also due to the
complexity of European fish taxonomy and its long history of fish in-
troductions which increase the complexity of the task. Future studies
could consider improving the taxonomical and spatial resolution of data
in order to better understand uncertainties associated with estimates of
species status. For example, a higher taxonomical and spatial resolution
of data could result in harvest proportions changing due to a more
refined accounting of species status (e.g., better accounting for species
that are non-native to parts of a country). Related to this, further
analyzing and resolving the differences between non-native fish species
availability and the subset targeted by recreational fisheries could shed
further light on the main selection drivers, allowing for more refined
considerations.

4.5. Management implications

Historically, non-native fishes have been introduced into ecosystems
with minimal consideration for native biodiversity, resulting in wide-
spread ecological harm (Cambray, 2003). As a leading driver of fresh-
water biodiversity loss, non-native species threaten aquatic ecosystems
globally (Gallardo et al., 2016). Our study argues for evaluating non-
native fish impacts not only ecologically but also socioeconomically,
including their role in angler nutrition and the economic cost of
substituting these catches with alternative food sources. Furthermore,
assessing climate change resilience of introduced species is critical to
quantifying their long-term costs and sustainability in recreational
fisheries.

A holistic framework integrating ecological risks, nutritional con-
tributions (and their replacement costs), and climate vulnerability could
improve management decisions. These considerations are particularly
urgent in regions where angling-caught fish constitute a large propor-
tion of local diets or total consumption (e.g., in Africa). While non-native
species in this study demonstrated higher economic value than natives,
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they exhibited lower nutritional value and greater susceptibility to
climate change (Fig. 3). Such trade-offs necessitate a cultural shift in
management paradigms, moving beyond narrow economic metrics to
balance ecological, nutritional, and climatic risks.

Recreational harvest fisheries intersect with other fishing sectors,
complicating management. Unlike commercial fishers who prioritize
income, or recreational fishers who prioritize sport, some recreational
fishers are subsistence fishers, and rely on catches for both food and
income (Nyboer et al., 2022). This contingent of recreational fishers is,
consequently, particularly vulnerable to non-native species impacts and
are often excluded from recreational fishery governance. While pre-
cautionary management favoring native species (e.g., Zambia's Tiger
Fish, Hydrocynus vittatus) is ideal, pragmatic compromises may be un-
avoidable. For example, South Africa's controversial largemouth bass
introductions highlight tensions between ecological caution and socio-
economic demands (Ellender et al., 2014).

5. Conclusions

Understanding the net contribution of non-native species to global
systems is challenging (Sax et al., 2022). Our objective in this paper is
simply to demonstrate the often ignored contribution of non-native fish
species to inland consumptive recreational fisheries, which are an
under-recognized and undervalued food source (Lynch et al., 2024). Our
results demonstrate a far more nuanced context for non-native fish
species than is given through the classical perspective of them being
detrimental to human society and the natural environment (e.g.,
Pimentel et al., 2005; Jeschke et al., 2014).

Consumptive harvest of non-native fish plays an important, yet often
undervalued role in the diets of recreational fishers and their dependents
(Figs. 1, 2 and 3). Inland recreational fisheries consumption harvest
varies across continents and countries, with some, like Morocco and
Chile, primarily harvesting non-native species, while others, such as
Nigeria and China, focus exclusively on native species. Non-native
species may offer proportionally higher economic value to recrea-
tional harvest in some countries, like Ireland or Zimbabwe, but typically
provide fewer nutritional benefits and have higher climate vulnerability
than native recreational fisheries harvest for consumption. Considering
a multi-dimensional approach that includes ecosystem threats, eco-
nomic and nutritional value, and climate vulnerability can help recre-
ational fisheries managers to make better-informed choices in a
changing world.
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