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Abstract

Inland recreational fishing is often conceived as primarily a leisure-driven activity in freshwaters, yet it
can contribute substantially to food systems. We estimate harvest from inland recreational fishing
equates to 11.3% of all reported inland fisheries catch, globally. However, lack of consumption data
means this aspect of inland recreational fisheries is typically not considered in policy-making and
management - an oversight that could have consequences as climate change threatens the stability of
food systems. We identify nutrition, economic value, and climate vulnerability of inland recreational
consumption by country. Austria, Canada, Germany, and Slovakia are above the third quantile for all
three metrics. These results may have profound implications for sensitive groups dependent on inland
recreational fishing for food, particularly when not managed as food fisheries. Our findings can inform
climate adaptation planning for inland recreational fisheries and highlight the underappreciated role
they play for human nutrition in some countries.

Introduction

More than 90% of the Food and Agricultural Organization of the United Nations (FAO)’s reported 11.5
million tonnes of inland catch is consumed by humans®?. Inland fisheries are, by a wide margin, food
fisheries. Several recent analyses have highlighted that aquatic food-based strategies (also known as
‘blue foods’) can contribute to global food security and play an important and, in some countries,
expanding role for human nutrition in the future**. However, climate change and other anthropogenic
impacts (e.g., pollution, damming) are altering global fisheries, leading to reduced access to healthy
aquatic foods®>®. Furthermore, these challenges are compounded for inland fisheries because harvest
and consumption from inland waters are vastly underestimated®®,

An important knowledge gap in consumption of inland fish sourced from recreational fisheries, that is
primarily leisure-driven fisheries but often with “fuzzy boundaries” compared to subsistence
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fisheries'®!!, This is particularly an issue for low and middle income countries. We focus explicitly on
inland recreational fisheries (i.e., in lakes, rivers, and other landlocked waters) because consumption
data for them are globally sparse? and they hardly register in global aquatic foods accounting®. Because
food is not considered an important motivation for inland recreational fisheries in many countries,
management agencies tend to overlook consumption of fish when conducting surveys and collecting
data to inform management decisions for them!1, However, recent studies show that the consumption
of recreationally caught inland fish contributes substantially to nutrition and food security for some
demographics and countries'®!!, In countries where recreational fishing emerged from the working
class, eating fish continues to be a relevant motivation for fishing and, in some countries, catching fish
for food is the only socially accepted reason to engage in fishing (e.g., Germany3). Embke et al.’s global
dataset! on consumption of harvested inland recreational fish provides a critical data-driven baseline
and an opportunity to quantify the nutritional and economic value and climate vulnerability of
consumptive inland recreational fisheries.

Here, we estimate the dietary and related market economic importance of consumption from inland
recreational fisheries to refute the common assumption that food from recreational fishing is of
negligible consequence (see Online Methods for detailed approach). Using Embke et al.’s global
dataset! of national inland recreational consumption estimates by species (Figure 1), we quantify the
country-specific nutritional and economic (measured as total consumptive use value [TCUV])
contributions to inland recreational fishers and identify the vulnerability of this consumption to climate
change (Figure 2). By integrating the nutritional and economic dimensions of food consumption, we
discuss the implications of inland recreational fishing as a source of food in future climate scenarios
(Figure 3). Our analysis demonstrates that inland recreational fisheries are important for food security
and sensitive to climate change in some countries. It also highlights the need to integrate recreational
fisheries into local, regional, and global food governance, and into resource management planning for
inland fisheries. Rethinking how we value and manage inland recreational fisheries with strong food
motives can help ensure food systems are sustainable across multiple sectors, and climate-resilient for
those engaged in the inland recreational fisheries now and into the future.

Results

Total consumption

We estimate 280 million people are actively engaged in recreationally harvesting over 1.3 million tonnes
of inland fish to consume annually (Table 1). Our 1.3 million tonnes estimate of inland recreational
harvest for consumption each year, equates to 11.3% of FAQ’s current estimate for inland fisheries catch
(11.5 million tonnes?). We estimated an inland recreational fisher consumption rate (kg/fisher) for each
country (Supplementary Figure 1A). This approach can be enhanced with additional data for future
comparison but, for this baseline assessment, the uncertainty tiers indicate our level of confidence in
these data (see Online Methods for calculations including uncertainty classifications). Ten countries with
middle and high income (Canada, Poland, Argentina, Finland, Sweden, Germany, China, Japan, Mexico,
United States) accounted for >90% of overall consumable harvest, with Canada and Poland having the
highest fisher consumption rates (Table 1, Figure 1). Species contributions to consumed harvest varied
across countries, with Salmonidae spp., Percidae spp., and Cyprinidae spp. having the largest harvest
and consumption (Figure 1).

Canada, Poland, and Argentina fisher consumption rates were much higher than FAO’s national
estimates of freshwater fish consumption (kg/capita/yr), which do not consider recreationally harvested
fishes (Figure 1). Yet, fishing is likely unreported in many cases so the consumption data, although the
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best available, is probably underestimated. Our consumption estimates were also based on individual
fishers so this may overestimate the individual contribution of catch that feeds other household
dependents, family members, and friends, and therefore may underestimate the number of individuals
consuming inland recreationally caught fish. Additionally, we acknowledge that these country-level
summaries cannot showcase important in-country regional variation as demonstrated by the example of
state-level variability in the United States (Figure 1 inset). We also recognize that the nutritional and
economic value of recreational fisheries may be critically important locally and obscured by national-
scale averaging.

Nutrition

We estimated the calcium, omega-3 long-chain polyunsaturated fatty acids docosahexaenoic acid and
eicosapentaenoic acid (hereafter referred as DHA+EPA), iron, protein, vitamin Bi,, and zinc supply from
inland recreational fisheries summed across all consumed species within each country relative to the
national-level supply of each nutrient from aquatic foods (Figure 2). Note that these nutritional
estimates were highly dependent on the species composition for consumption in each country (i.e.,
nutritional content is driven by species consumed). We found that inland recreational fisheries
represent 0-403% of the per-fisher nutrient supply compared to national-level nutrient consumption
estimates, with a median of 0.9% and a mean of 4.7% across all assessed nutrients (see full data table).

We focused our integrative analysis on vitamin Bi,, an essential micronutrient that is abundant in
aquatic species and important for human health including bone density, red blood cell formation, and
nerve function. However, we do note that there are other important nutritional benefits from eating fish
(see Supplementary Figure 2 for individual analysis of calcium, DHA+EPA, iron, protein, vitamin B1,, and
zinc). For vitamin By, the highest contribution of recreationally caught fish to the nutrient supply of
recreational fishers was in Austria (247%), followed by Belarus (97%), Argentina (94%), Belgium (35%),
and Poland (22%). This means that, for example, recreational-sourced inland fish consumption per fisher
in Austria provides 2.4 times or 247% of the estimated national-level average per capita consumption of
vitamin B, from aquatic foods. National-level nutrient consumption estimates were derived from the
Global Nutrient Database, which estimated national availability of nutrients based on FAO'’s food
balance sheets®®. Nutritional value of species caught by inland recreational fishers was derived from
mapping the Aquatic Foods Composition Database® to Embke et al.’s species-specific consumption
estimates!®. Nutrients from inland recreational fisheries are particularly important in communities that
are not achieving recommended vitamin Bj, intake, such Bangladesh and Canada (see Supplementary
Figure 3). However, even for countries with small inadequate intake levels at a national scale,
recreationally caught fish can be an important source of nutrients for subpopulations that rely on inland
fisheries for food.

Economic value

As recreational consumption is not market-based, we estimated total consumptive use value (TCUV) of
inland recreational fish using ‘shadow prices’ of the closest comparable offering in local market prices.
Using this approach, we estimated TCUV of inland recreational fish destined for human consumption to
be USS$9.95 billion annually (see full data table). The highest TCUV derived from recreational inland
fisheries was Canada (US$2.74 billion), China (USS$S2.57 billion), and the United States (US$2.38 billion).
Seven additional countries (Germany, Finland, Japan, Argentina, Poland, Mexico, South Korea) recorded
values exceeding US5100 million (see Supplementary Table 1, Supplementary Figures 1 and 4). The
countries where the economic contribution of consumption from inland recreational fish was high also
had high nutritional benefits (except for Argentina; Figure 3A). While ideally markup in the value chain
could be considered in these calculations, the variation between species and countries was too high to
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derive a consistent estimation of markup to adjust prices and TCUV may be somewhat inflated as a
result.

TCUV was not proportional to the number of fishers (Figure 1). China had the largest community of
fishers (126 million fishers) but the United States (50.2 million fishers) and Canada (2.8 million) had
higher annual TCUVs per fisher with fewer fishers (US $20.39 in China compared with US$47.4 in the
United States and US$969.1 in Canada respectively). The highest TCUV per fisher, after Canada, was in
Austria (USS201.7), Finland (US$132.9), Germany (USS$132.2) and Argentina (US$110.3). To compare
economic contribution across countries, we standardized TCUV per recreational fisher as a share of 2021
gross domestic product (GDP) per capita corrected for purchasing power parity (PPP; Figure 2). Canada
remained out in front (1.861%), followed by Argentina (0.466%), Morocco (0.446%), Bosnia (0.408%),
and Serbia (0.402%; Table 1). Note that these percentages reflect this income source which has
supplemental value to local livelihoods. As the importance of our estimates may be masked at a national
level, the significance of this food source may be more pronounced at local or regional scales or within
certain socio-economic or ethnic groups. Additionally, as TCUV is an estimate of the economic value of
the fish consumed at the household level by inland recreational fishers and not the total economic
benefits associated with inland recreational fisheries, the total economic value of recreational inland
fisheries is much larger than estimated here based on the market value of consumed fish alone®28,

Climate vulnerability

We estimated country-level climate vulnerability of consumed fish using species-specific vulnerability
index scores developed by Nyboer et al.?® using species traits (e.g., thermal tolerance ranges,
dependence on seasonal cues) to estimate sensitivity and adaptive capacity as well as climate change
projections across a species’s range (e.g., projected changes in temperature and precipitation) to
estimate exposure to the impacts of climate change. We summed index scores for each of the species
consumed within a country weighted by the proportion that each species contributed to the country’s
total recreational consumption (Figure 2). Following Nyboer et al. *°, we compared four climate change
exposure scenarios, but highlighted an end-of-century (average year 1975) mid-range representative
concentration pathway (RCP4.5) as a plausible future scenario based on current emissions patterns (see
Supplementary Figure 5 for analysis of the other scenarios).

Vulnerability index scores for individual fish species ranged from <0.001 (low) to 0.50 (high) with a mean
of 0.05 + 0.07 SD (see full data table). Most species had very low vulnerability and few species had very
high vulnerability. Country-level vulnerability scores based on summed species vulnerability weighted by
proportion contribution were normally distributed and ranged from 0.26 (low) to 0.52 (high) with a
mean of 0.43 + 0.06 SD (see full data table). Countries with the highest scores for climate vulnerability
of consumed recreational fish included Iceland, New Zealand, Denmark, Kenya, Norway, Ireland,
Greenland, Uganda, Canada, and Switzerland (in that order). Note that country vulnerability reflects the
species composition in each country (i.e., country vulnerability is driven by species consumed); even
though warming may be expected to be greatest in higher latitudes, fish at low latitudes may have
higher vulnerability (e.g., narrower thermal tolerance ranges, or reliance on predictable rainy and dry
seasons).

Interactions

We examined interactions among nutritional contribution (Vitamin B1;), economic contribution (TCUV),
and climate vulnerability at the country level through bivariate maps overlaying all combinations of
variables (Figure 3) and by examining relationships among variables visually using correlation (Figure 4).
Both economic and nutritional values were standardized considering the income and fish-source
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nutrients available to recreational fishers in each country; these normalizations had the greatest effects
in countries with outlier aquatic food profiles (e.g., Spain falls in the lower left for nutritional and
economic contribution because they consume high proportions of marine-sourced foods making their
total contribution from freshwater recreationally harvested fish lower; see Figure 4). Countries were
climate-vulnerable if nutritionally or economically important species consumed were also climate
vulnerable (e.g., salmonids in Canada; Figure 3B, 3C).

The nutritional (Vitamin B12) benefits of recreational fisheries were highest in Eastern Europe, Canada,
Argentina, and Bangladesh (Table 1). These locations also had high TCUV (apart from Bangladesh; Figure
3A), and some countries were deemed particularly climate-vulnerable (e.g., Slovakia, Germany, Sweden,
Belgium, Austria, and Canada; Figure 3B). Although many of these countries may be perceived to be
nutritionally secure, in-country variability in species consumed is common for diverse populations (see
Figure 1 inset) and there are communities within each country who are nutritionally vulnerable who
may be particularly reliant on recreational fish for food. For example, recreational inland fisheries may
be critically important to low-income populations or people without land tenure (see Nyboer et al.** and
case studies therein).

Discussion

Current global food systems are challenged to provide both healthy diets and support environmental
sustainability?®. The under-recognized and under-valued food source from inland recreational fisheries
provides an affordable and sustainable contribution to human nutrition?! and can have an increasingly
prominent role in future foodscapes. However, limited data availability, data gaps, and uncertainty in
extrapolating local and regional estimates to broader scales has hindered inclusion of inland recreational
fisheries in global analyses (e.g., Golden et al.?). Because recreational fisheries vary among regions,
cultural heritage, socio-economic status, fishing method, and target species??, how they contribute to
food systems is heterogeneous (e.g., Hutt and Neal?, Embke et al.?*, Nyboer et al.1?). Here, we
highlighted Vitamin Bi, to represent a nutrition portfolio from fish but other fish-derived nutrients can
also fill important gaps in certain food systems* (Supplementary Figure 2). Highlighting the potential
implications for food security and human nutrition in inland recreational fisheries management and
policy discussions is an important step towards integrating them into food systems planning®.

This study is the first to quantitatively value the nutritional and consumptive economic contributions of
inland recreational fisheries on a global scale, which have long been recognized to be important to local
and regional food systems'®1724-26 |t is also the first to link the potential global impact of climate change
on the social and economic value of recreational fishing consumption. With approximately 280 million
consumptive inland recreational fishers, harvesting over 1.3 million tonnes annually (Table 1), this study
illustrates that recreational inland fish make a substantial contribution to inland yields globally
(equivalent to 11.3% of the reported 11.5 million tonnes of inland catch?). Our analysis illustrates that
inland recreational fisheries have an important, yet undervalued, role to play in current and future diets
of recreational fishers and their dependents and therefore may warrant inclusion in inland fishery
resource management policies. However, further exploration and expanded data are needed to better
understand uncertainties in these estimates and examine more specific implications. For example, what
role these fisheries play for vulnerable subpopulations (e.g., pregnant women and infants) has yet to be
determined. Likewise, there may be some important health trade-offs to recognize in terms of toxins
consumed in the diet through certain fish from certain locations and bioaccumulation of contaminants
by fish.
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Climate, land use, water use, basin fragmentation, and other large-scale forces are already shifting
global food landscapes, including inland recreational fisheries. For example, climate change is affecting
fish populations and fish assemblages, fishers’ behaviors, and policies, and there are connections and
feedbacks among all three pathways?’. This synergy also exceeds local frameworks when it comes to
transboundary basins. The global pattern we observed was the result of the complex interplay between
region-specific species preferences, their interaction with projected climate change scenarios, and the
country-specific reliance on recreational fisheries. The pattern we derived cannot be easily identified or
interpreted in terms of geography alone, as reliance on recreational fisheries is highly variable even
within a limited geographical range (e.g., Europe, Figure 3B, 3C). While countries from North and South
America, as well as Asia, were among the most reliant on recreational fisheries, this often was not
coupled with a target species' high vulnerability to climate change. Conversely, Asian and African
countries were most vulnerable despite their relatively limited recreational harvest, due to their region-
specific species catch compositions. In other words, countries that recreationally harvest climate-
vulnerable species are likely to be most at risk, regardless of their overall harvest of those species??.

The projected impact of climate change on recreational fisheries hinges on the specific vulnerabilities of
exploited fish species in different geographical areas. Fishers target fish species based on region-specific
species preference patterns, cultural, economic, nutritional, and logistical considerations, among others.
As climate change continues to impact food security?, reliance on consumption of recreationally
harvested fish for food could grow as commercial food systems (e.g., agricultural production) are
disrupted. At the same time, climate change will also place additional pressure on water resources,
which, in turn, can impact recreational fisheries®. This also poses the challenge of understanding the
intricate relationship between recreational, subsistence, and small-scale commercial fishing in the face
of climate change's effect on different species and freshwater bodies. Consequently, understanding
which countries have highly important inland recreational fisheries and the people dependent on them,
and which are most vulnerable to climate impacts can help inform adaptive planning. We found
Germany, Austria, Slovakia, and Canada are among the countries that have the highest nutritional and
economic contributions with the highest climate vulnerability (i.e., above the third quantile across all
three dimensions; Table 1; Figure 4). Groups from these countries that are dependent on recreationally
harvested inland fish to supplement their nutrient intake may be vulnerable to nutritional and economic
challenges if recreational fisheries value as food is not incorporated into future planning. How species
substitutions for shifting species ranges and recreational fishing preferences will impact vulnerability
and adaptation has yet to be explored.

Our study highlights the often-ignored value of inland recreational fish as food and therefore could be
useful to reformulate the perspective on the purpose and drive behind recreational fishing. As most
recreational fisheries are not predominantly managed as food fisheries, our results highlight potential
management misalignments. For example, rather than managing systems to just conserve fish or
produce high catch rates, there may also be opportunities to manage fisheries in ways that maximize
potential nutritional benefits (e.g., by combating pollution and allowing high harvests that increase
yields?). We do not suggest that recreational fisheries should be necessarily managed like subsistence
fisheries, but rather that recreational management may benefit from broader perspectives. Unlike the
classical view that evaluates the impact of recreational fishing based on the catch of the main target
species, the perspective of the nutritional value could also evaluate the incidence on species not
frequently included in catch statistics which may have high value to consumptive users. Also, arguments
for climate response may be more powerful in policy negotiations if diminishing fish populations are
presented as a threat to food systems as well as conservation. We suggest that recreational fishing
oriented to consumption values may promote a more balanced harvesting of resources by including a
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wider range of species and sizes and, at the same time, motivate measures to address climate concerns.
As global food systems change, accounting for the contributions of inland recreational fisheries may
help avoid unanticipated repercussions to food availability with the most vulnerable human
communities at highest risk for destabilization. Elevating the importance of inland recreational fisheries
for consumption from local management up to global food policy can help ensure future food systems
are sustainable and climate resilient.
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Online methods

Inland recreational consumption

The data used in this study arose from a comprehensive literature search and expert knowledge review
where we quantified multiple aspects of recreational fisheries for 81 countries, including ~192 species®*.
Though the boundaries between recreational and subsistence fisheries can be “fuzzy”?!, and the
misclassification of small-scale fishers as recreational fishers or vice versa may have resulting in over- or
underestimation of consumption, this data collection exercise specifically targeted inland recreational
fisheries harvest for consumption and we used national experts to reduce this potential bias.

For each country, we collated information on recreational fisher participation rate (%) and estimated
species-specific inland recreational harvest (kg), species composition of harvest (%), species-specific per
capita consumption rate (kg/person), and species-specific per fisher consumption rate (kg/fisher).
Following a hierarchical methodological approach, we began by selecting countries for inclusion in the
dataset by consulting three recent studies to confirm participation in inland recreational fisheries3*32 as
well as the Organization for Economic Cooperation and Development high income countries list to
identify countries with relevant recreational fishing not included in the studies. Finally, we consulted a
panel of global recreational experts to review our final country list to confirm that we included all
nations where inland recreational harvest could be estimated. From our overall dataset (countries n =
81), we limited our analysis for this work to those countries where harvest occurred, and we were able
to collate relevant economic information (n = 58).



427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

To collect data on fisher participation rate, species-specific harvest, and species-specific consumption
rate from inland recreational fisheries, we used literature searches (primary and grey literature), online
governmental and Food and Agriculture Organization of the United Nations (FAO) databases, and by
consulting individuals with expert knowledge in their respective country. Depending on harvest data
availability, we used a hierarchical approach to estimate total inland recreational harvest (kg) for each
country. For most countries (n = 45), some form of inland recreational harvest information was
available. If species-specific harvest estimates (kg) were available (n = 16), we summed these data to
estimate total inland recreational harvest. In some cases (n = 7), species-specific harvest (abundance)
was known. We used corresponding literature-based mean total length (cm) and length-weight
relationships to convert the number of fish harvested to biomass of fish harvested. In some cases (n =
22), fisher harvest estimates were available for limited portions of a given country, which we used to
‘scale-up’ to the entire country. When no recreational harvest information was available for a country,
but species harvest contributions were available (n = 15), we used a ‘nearest neighbor’ approach,
wherein we applied the harvest rate (kg/fisher or kg/ha) from the country geographically nearest to the
country of interest. If no information was available, we relied on expert knowledge to estimate a fisher
harvest rate (n = 6).

We identified the predominant species harvested from literature sources and/or expert knowledge as
guantified as the percent contribution of each species to the overall harvest estimate. When species-
specific contributions were unknown, we assumed an equal contribution of each species to overall
harvest (n = 4). Using total recreational harvest (kg) and species composition (%), we calculated species-
specific harvested biomass for each country. We used species-specific estimates of literature-based filet
yield (i.e., edible portion (%) of a given fish) to calculate the consumable portion of harvest (kg). We
divided the consumable harvest (kg) by the number of fishers of the country to estimate per fisher
consumption. For extensive dataset information including species-specific source citations, please see
Embke et al.24.

It is important to note that participation rate, species-specific harvest, and species-specific consumption
rate forms the foundation of all of the subsequent calculations in this analysis. For example, while there
are many similarities between the United States (US) and Canada, a fundamental difference lies in the
recreational fishing populations, where Canada’s participation rate is 7.5% (2.8 million anglers) and the
US’s is 15.1% (50 million anglers), therefore all corresponding harvest and consumption estimates have
been scaled to these numbers.

For a given country, we recognize total recreational harvest (kg) and consumption (kg/fisher) does not
account for within-country variability, where some areas in a country may experience much higher
harvest and/or consumption than other areas. However, finer-scale analyses of inland recreational
harvest and consumption beyond aggregated country estimates are challenging given limited data
availability despite the nuance this variability may contribute to understanding inland recreational
harvest and consumption patterns. Therefore, we sought to understand how within-country differences
in inland recreational harvest and consumption varied relative to aggregated estimates using available
data for one country, the US. For the US, comprehensive species-specific angler harvest, effort, and
participation data are available for many states including Florida, Utah, and Wisconsin?*. For each state,
we took slightly different approaches to estimate species-specific harvest (kg) and consumption
(kg/fisher). For Florida and Wisconsin, we used the most recent ten years of data for the top harvested
species (>90% all harvest) and calculated mean areal harvest (n/ha). We then scaled-up mean areal
harvest (n/ha) by total inland water surface area to estimate species-specific harvest (n). For Utah,
species-specific total harvest (n) was available, therefore additional extrapolations were not necessary.
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For all states, mean length (cm) of harvested species was available; therefore, once we estimated
species-specific harvest (kg), we used literature-based species-specific length-weight relationships®* to
estimate species-specific total harvest (kg).

Additionally in the US, individual states require the purchase of a fishing license to participate in fishing,
therefore the approximate number of fishing licenses (i.e., number of fishers) is known for each state
each year. Thus, we calculated state-specific fisher participation as the number of fishing licenses sold
divided by the total population in a year. We calculated species-specific consumption (kg/fisher) for
each state using species-specific harvest (kg) divided by the total number of fishers.

Nutrition

To estimate the contribution of recreational fisheries for nutrient supply, we first multiplied the
production of each species and sector by the estimated edible portion, according to the Aquatic Food
Composition Database (AFCD*). This step is important since several parts of aquatic food can be
discarded and not consumed (e.g., bones, head, tail). Next, we assigned the nutritional content of each
species using AFCD. We focused our analysis on raw muscle tissue only due to data limitations. Focusing
on raw muscle tissue is recommended for global analysis to be consistent across countries. However,
when looking at the importance of recreational fisheries on a local scale, it would be important to
consider food preparation. We focused our analysis on calcium, omega-3 long-chain polyunsaturated
fatty acids docosahexaenoic acid and eicosapentaenoic acid (hereafter referred to as DHA+EPA), iron,
protein, vitamin Bi,, and zinc. We focused our main analyses on Vitamin B1, (see Figure 2), an essential
micronutrient that is abundant in aquatic species and important for human health®. To assign a
nutritional value for all nutrients and species, we used a hierarchical rule-based approach, giving
sequential priority to: 1) average of scientific name, 2) average of species’ genus, 3) average of species’
family, 4) average of species’ order, 5) average of species’ class, 6) average of FAO fish commodities
categories. Through this approach, we were able to assign nutritional values for all species in the
database (see full data table). We then summed the nutrient supply across all species and divided by
the total estimated number of fishers in each country to calculate the nutrient supply per fisher:

. E§=1 By * E; * C:,_;‘
N'Skr.f = N,

Where: NSk is the per fisher nutrient supply of nutrient j in country k, Bis the harvested biomass of
species i in country k, E is the edible proportion of species i, C is the nutrient composition of species i
and nutrient j, and N is the total number of fishers in country k.

Next, we calculated relative contribution of recreational fisheries to nutrient supply by dividing the total
estimated per fisher nutrient supply by the national-level population-averaged per capita nutrient
supply from all aquatic food sources from the Global Nutrient Database (GND*). The GND estimates the
national availability of macronutrients and micronutrients for nearly every country on earth. It matches
over 400 food and agricultural commodities from the FAQ’s Supply and Utilization Accounts to food
items in the United States Department of Agriculture (USDA) Food Composition Database and obtained
data on nutrient composition of the Supply and Utilization Accounts food items®. We then multiplied by
100 to obtain the percent contribution of recreational fisheries to aquatic foods nutrient supply:
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Where: Ry is the relative per fisher nutrient supply of nutrient j in country k, AFy; is per capita nutrient
supply from all aquatic foods for nutrient j in country k (from GND?*’). Because we used a global database
(GND) that has already been developed and published, we cannot test how this affects our global
outcomes. This database estimates the nutrient supply of all foods (not just aquatic foods) and it used
the USDA Food Composition Database to have consistent values across all foods.

Total Consumptive Use Value (TCUV)

We computed TCUV in line with the methodology applied by Thorpe, Zepeda, and Funge-Smith'? across
the countries and species in Embke et al.'*. As self- (or home) consumption is not marketed, we assignhed
‘shadow prices’ to this catch by making recourse to the local market prices for that species, a technique
commonly used by agricultural economists when valuing peasant self-consumption of basic grains3*3*,
This required price data relating to 559 species distributed across 64 countries. While we were able to
locate price data for 511 species spanning 58 countries, we were unable to gather information for six
countries (Albania, Kosovo, Luxembourg, Moldova, Panama, and Slovenia) and the 47 species caught
and consumed therein (accounting for 0.02% of the total recorded recreational harvest).

We sought price data from for the 511 species in 58 countries from: (i) co-authors to this paper [e.g.,
Canada and Germany], (ii) long-standing collaborators of the authors [e.g., Lithuania and Uzbekistan],
(iii) through contacting academics publishing on fisheries topics [e.g., Macedonia and Serbia], and by
online price searches [e.g., Spain and Ireland]. A full list of these contributors is provided in the
acknowledgements.

We obtained prices for 368 of the 511 (72%) species for which we sought price data. In the other 143
cases, the species in question was not available in the marketplace — ‘missing’ markets - at the time of
the survey. Reasons cited by our contributors for this included, for example, that the species was only
available in certain seasons [e.g., vendace Coregonus vandesius in Estonia], that catches were low
and/or highly localized [e.g., European grayling Thymallus thymallus in Switzerland], that demand was
absent [e.g., brown trout Salmo trutta in Spain] or for other factors, so the price of the nearest available
substitute species was used instead. In New Zealand, for example, wild trout can be recreationally fished
and consumed. However, the sale of wild and farmed (national or and imported) trout is effectively
illegal in the country due to legislation oriented to preserving the wild trout fishery3>. Hence, prices of
Chinook Salmon (Quinnat Salmon Oncorhynchus tshawytscha) were used instead. Whenever possible,
substitute species were identified, and the prices were supplied by data contributors (51 instances).
When this option was unavailable, the author team themselves identified alternate substitute species
based on expert knowledge (67 instances). In 25 cases, we were unable to identify any locally available
substitute species (e.g., European eel Anguilla anguilla in both the Netherlands and Switzerland), and so
these species were excluded from our analysis (these 25 species accounted for 0.5% of the total
recorded recreational harvest). Ultimately, we identified market prices (either directly, with substitute
species or with alternates) for a total of 487 species.

Price data were collected over the period November 2021 to end February 2022 (excluding the two-
week Christmas period, as the price of some species [e.g., common carp Cyprinus carpio in Poland] rises
sharply at this time). Where possible, we collected market price data for whole unprocessed fish (320
cases, 66%). This was not always possible and in 148 cases (30%) and 18 cases (4%) our price data
related to gutted whole fish and processed fillets, respectively. To account for biomass loss associated
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with processing, we converted gutted whole and fillet fish products into whole unprocessed fish
equivalents using conversion factors taken from FAO Fisheries Circular No.8473¢ (‘Conversion factors
landed weight to live weight’) where possible. Where conversion factors were not available from FAQ®,
the species-specific estimates of edible portion (%) were taken from Embke et al.24,

While, ideally, we would also have collected prices at the point of first sale for all cases (indeed, we did
for 98 cases — 20% of total), this proved impractical in most cases due to the ‘thinness’ of inland fish
markets3”3, Instead, we used either fish/wet market (201 cases, 41%), supermarket (171 cases, 35%),
or other commercial (16 cases, 3% - e.g., fish auction) prices in our estimations. The high variation in
markup between species and countries inhibited our ability to derive a consistent estimation of markup
to adjust the prices. While this induces an upward bias in the TCUV estimates, it does have the merit of
[partially] capturing the non-use values associated with recreational fishing for domestic consumption.
Given that prices vary by market outlet (spatially), we asked our data contributors to provide a range of
prices for each species across several outlets (339 cases, 70%). In the absence of data indicating the
volumes sold in each of these markets, we computed a simple average to generate a national market
price for whole unprocessed fish by species.

To compute TCUVs for each country, we multiplied these national market prices (P) by the annual
estimated volume (V) of each species caught and consumed by recreational fishermen in that country
(see Figure 2). In 14 countries, these prices were expressed in USS. In the case of the other 44 countries,
we either converted to USS equivalent prices by using currency conversion rates drawn from Bloomberg
(36 countries), or the country’s Central Bank website (8 cases). Prices were converted to USS equivalents
based on the exchange rate prevailing on the date when our informants collected and forwarded the
local price data. The TCUV figure referred to in the paper is the sum of TCUV for the 58 countries in our
sample. Higher income countries still generally dominate the rankings due to the Penn effect. The Penn
effect suggests fish (price) levels are generally higher in high-income countries than they are in low-
income countries. The failure to account these relative price differences when converting prices into a
common currency (i.e., the US dollar) using the prevailing exchange-rate undervalues the TCUV of
recreational fish in low-income countries with relation to high income countries, and so we corrected for
this by deflating TCUV data using 2021 GDP per capita data in purchasing power parity (PPP) terms taken
from the World Bank.

Climate vulnerability

A climate change vulnerability value was assigned to most species in our dataset based on a vulnerability
index calculated in Nyboer et al.’. This index provides a numerical indicator of the climate change
vulnerability of recreationally targeted fish based on three contributing components that make a species
vulnerable to climate change, including sensitivity and adaptive capacity, both of which are based on
species’ traits (e.g., having high habitat specificity and low population sizes, respectively) and exposure
(based on climate projections across a species’ range; i.e., physical changes they are projected to face in
their environment as climate change progresses). Climate change projections used in exposure
estimates are based on two emission scenarios (representative concentration pathway [RCP] 4.5 and
RCP8.5) for mid-century (average 2030) and late century (average 2075). See Nyboer et al.?® for further
details on how sensitivity, adaptive capacity, and exposure were determined, and how the multiple
criteria decision analysis (MCDA) indices for vulnerability were developed. A comparison of outcomes
under the four different scenarios is presented in supplemental (see Supplemental Figure 5).

Species’ vulnerability index values were matched to species in the current dataset using a phylogenetic
approach (Supplementary Table 1). When there was an exact species match, we assigned the
appropriate vulnerability index value. When there was not an exact match, we assigned an index value
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based on the nearest relative or on a genus approach. We used the phylotree package in R (version
1.3.1093) to create a rooted phylogenetic tree (including branch lengths). If a species without an exact
match had a close relative (i.e., sister taxa) with a vulnerability score, that score was substituted. If there
were no sister taxa, but there were several species in the same clade denoted by the same genus, we
used the average index values of species in that genus. When there was no match, rows were left blank.
Maps reflect both the average of the MCDA index scores in each country.

Note: Any use of trade, firm, or product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

Data availability statement

The raw and formatted datasets and accompanying metadata for the species-specific inland recreational
fisheries harvest estimates for consumption as well as the full data table of nutrition, economic value,
and climate vulnerability data are freely available to the public supported by the U.S. Geological Survey
(USGS) National Climate Adaptation Science Center (https://doi.org/10.5066/P9904C3R and
https://doi.org/10.5066/P9WQ091SZ, respectively). The Aquatic foods Composition Database is freely
available (https://do.org/10.7910/DVN/KIONYM) and the Global Nutrient Database is available upon
request. The data to support the currency conversions used in this study are available from Bloomberg.
Restrictions apply to the availability of these data, which were used under license for this study. Data
are available with the permission of Bloomberg (https://bba.bloomberg.net/). Climate change data from
Nyboer et al.?® are available through the Open Science Framework (https://osf.io/keaijr/).
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Table 1: Nutritional contribution, economic contribution, and climate vulnerability of recreationally consumed
inland fish by country. Nutritional contribution = species-specific vitamin B> supply (ug/100g) from
recreationally harvested fish per inland recreational fisher as a proportion of all aquatic foods weighted by
proportion consumed and summed. Economic contribution = total consumptive use value (TCUV in USD) per
recreational fisher as a share of 2021 gross domestic product (GDP) per capita corrected for purchasing power
parity (PPP). Climate vulnerability = sum of species-specific climate vulnerabilities (derived from Nyboer et al.
2021) weighted by proportions of species consumption (using scenario Representative Concentration Pathway
[RCP]4.5, 2075 projection). Inland recreational fishers (n), total inland recreational harvest (kg), and
consumption / fisher (kg) are also displayed. Country name is shaded by uncertainty classification (from Embke
et al. 2022), from light gray (=1, less uncertainty) to dark gray (=4, more uncertainty). Nutritional contribution,
economic contribution, and climate vulnerability are color-coded (pink, blue, and yellow, respectively) with
shading for outliers (above two standard deviations from the mean = dark color) and above the third quantile
(= light color).

Nutritional Economic

Country Fishers Harvest (kg) 7;‘:;‘;‘:‘&2;’" contribution  contribution S:::: :::bility
(%) (%)

Argentina 1751750 29000000 7.754 - 0.466 0.361
Australia 4284000 6721656 0.635 4.831 0.041 0.413
Austria 448800 6300000 6.892 - 0.345 0.481
Bangladesh 976200 2440500 1.24 6.678 0.121 0.393
Belarus 953000 8400000 3.884 - 0.015 0.368
Belgium 386100 772200 0.982 35.314 0.031 0.481
Bosnia 17100 320000 7.424 12.331 0.408 0.427
Brazil 1879200 7920000 1.613 1.191 0.054 0.316
Bulgaria 70000 1470000 8.547 10.124 0.339 0.444
Canada 2827500 133436083 21.12 8.332 - 0.491
Chile 327600 57633 0.09 0.052 0.008 0.465
China 126000000 835900000 2.572 0.237 0.105 0.449
Colombia 433800 3356738 3.069 2.406 0.167 0.285
Croatia 42000 575500 5.322 9.004 0.23 0.417
Czech

epitic 342400 431420 0.832 0.673 0.024 0.461
Denmark 501500 173000 0.227 0.288 0.004 0.519
Estonia 48360 119659 1.258 3.239 0.024 0.418
Finland 1674400 18122000 5.177 10.317 0.242 0.45
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Figure 1: Recreational fisher consumption rate (kg/fisher) for the top 10 countries contributing to inland
recreational fisheries harvest globally. Consumption rate is divided up into fish families. For each country, black
dots correspond to the Food and Agricultural Organization of the United Nations’ annual estimates of
freshwater fish consumption (kg/capita). The number of recreational fishers (n) for each country is also
presented. The inset figure for the United States shows select state-specific consumption rate (kg/fisher),
highlighting within-country variability in consumption estimates.
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Figure 2: Computational methods for calculating nutrient supply, total consumptive use value (TCUV), and
climate vulnerability for consumed inland recreational fish.
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Figure 3: (A) the association between economic contribution [total consumptive use value (TCUV in USD) per
recreational fisher as a share of 2021 gross domestic product (GDP) per capita corrected for purchasing power
parity (PPP)] and nutritional contribution [species-specific vitamin B1, supply (ug/100g) from recreationally
harvested fish per inland recreational fisher as a proportion of all aquatic foods weighted by proportion
consumed and summed]; (B) the association between climate vulnerability [sum of species-specific climate
vulnerabilities (derived from Nyboer et al. 2021) weighted by proportions of species consumption (using
scenario Representative Concentration Pathway [RCP]4.5, 2075 projection)] and economic contribution
[TCUV]; and, (C) the association between climate vulnerability and nutritional contribution [B1, supply].
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Figure 4. Nutritional contribution, economic contribution, and climate vulnerability of recreationally consumed
inland fish by country. Nutritional contribution = log of species-specific vitamin B1, supply (ug/100g) from
recreationally harvested fish per inland recreational fisher as a proportion of all aquatic foods weighted by
proportion consumed and summed. Economic contribution = log of total consumptive use value (TCUV in USD)
per recreational fisher as a share of 2021 gross domestic product (GDP) per capita corrected for purchasing
power parity (PPP). Climate vulnerability = sum of species-specific climate vulnerabilities (derived from Nyboer
et al. 2021) weighted by proportions of species consumption (using scenario Representative Concentration
Pathway [RCP ]4.5, 2075 projection). Red lines = third quantile nutritional and economic contribution across all
countries. Country names displayed for countries in the upper third quantile of climate vulnerability.
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Supplementary tables and figures

Supplementary Table 1. Number of species with matches for vulnerability scores that were exact, based on
genus, based on nearest relative, or with no match. Species = each different species in the dataset.

Phylogenetic level used to match vulnerability score Species % Species
exact species match 58 29.1
matched based on genus 59 29.6
matched based on nearest relative 64 32.2

no match (none) 18 9.0
Grand Total 199




705  Supplementary Figure 1. Univariate maps showing (A) total consumption (kg per fisher); (B) total consumptive use value (TCUV in USD) per
706  recreational fisher as a share of 2021 gross domestic product (GDP) per capita; C) climate vulnerability (summed, weighted by proportions of species
707  consumption (using scenario Representative Concentration Pathway [RCP]4.5, 2075 projection) and (D) average nutritional contribution.
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Supplementary Figure 2. Comparison of the contribution of recreational fish to micronutrients (calcium, omega-3 long-chain polyunsaturated fatty
acids docosahexaenoic acid and eicosapentaenoic acid [DHA+EPA], iron, protein, vitamin B, [Vit B12], and zinc) as a proportion (%) of estimated
national-level average per capita consumption from aquatic foods.
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719  Supplementary Figure 3. Prevalence of inadequate micronutrient intake across all assessed nutrients and countries based on previously published

720  study (Golden et al.%). Prevalence of inadequate intake was calculated using the summary exposure values, which estimates the population-level risk
721 related to diets by comparing intake distributions with average requirements. Estimated prevalence of inadequate intake ranges from 0% (no risk) to
722  full population-level risk (100%
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724  Supplementary Figure 4. Comparison of total consumptive use value (TCUV in USD), TCUV per fisher, and TCUV per fisher corrected for gross domestic
725  product (GDP) and TCUV per fisher corrected for GDP per capita corrected for purchasing power parity (PPP).
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Supplementary Figure 5. Comparison of vulnerability of consumed recreational fish (weighted by proportion consumed) across four vulnerability
scenarios (A - Representative Concentration Pathway [RCP]4.5, 2030; B - RCP8.5, 2030; C - RCP4.5 2075; D - RCP8.5, 2075).
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