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Dams provide energy and irrigation water, but also alter natural water flows that support

fisheries. This tradeoff presents a risk for human nutrition in regions dependent on aquatic

foods, including the Lower Mekong Basin (LMB), where over 100 dams are planned or

in construction. Previous models estimate significant reductions in fishery production

resulting from these dams. This study estimates the number of new nutritionally insecure

people (i.e., those at risk for nutritional deficiencies) associated with Mekong damming.

We calculated population-level nutritional needs based on the Estimated Average

Requirements (EARs) for Cambodia and the entire LMB. We then estimated fish-derived

nutrient supplies by integrating data on annual fishery production and fish nutrient

content for a wide range of species. Finally, we synthesized available literature and

modeling results on the impacts of damming on fisheries production, and estimated

the consequent impact on inadequate intakes of protein, zinc, niacin, thiamin, riboflavin,

and calcium, as well as potential vulnerability to losses of dietary iron. Hydropower

development could restrict access to subsistence fish from the Mekong River Basin

and lead to increased risk of nutritional deficiencies in Cambodia and the LMB. Our

median estimates suggest that by 2030, relative to 2010, inadequate intakes could

lead to an increased population at risk of nutritional deficiencies in the LMB by 0.21

to 2.23 million people for protein, 0.12 to 1.17 million people for zinc, 0.41 to 1.58 million

people for niacin, 0.47 to 0.87 million people for thiamin, 0.70 to 2.31 million people for

riboflavin, and approximately 10,000 people for calcium. This increased population at risk

is additional to those currently malnourished. We then calculated that the average iron

intake of many age-sex groups (constituting 58% of the population) will be below 150%

of their EAR in 2030, indicating a potential risk of increased inadequate iron intake. Fish

is the main source of animal source foods and critical micronutrients in the LMB. In the

absence of mitigation efforts, any reductions in fishery production could increase already

high levels of nutrient deficiency, creating a widespread risk of nutrition insecurity.
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INTRODUCTION

Growing human populations and economic development
drive increases in global demand for food and energy,
interlinked sectors that heavily rely on limited water resources
(World Economic Forum, 2011). Dams produce hydropower,
provide water for food production, modify water flows, and
restructure fisheries, placing them at the center of the challenge
to sustainably manage the food-energy-water (FEW) nexus
(D’Odorico et al., 2018). With 3,700 large hydropower dams
planned worldwide (Zarfl et al., 2015), understanding FEW
tradeoffs is increasingly important.

At the forefront of the FEW nexus and large-scale damming
conversations is the Mekong River, which starts in the Tibetan
Plateau and empties into the South China Sea. The Upper Basin
is primarily in China and Myanmar, and the Lower Mekong
Basin (LMB) spreads through Lao PDR, Thailand, Cambodia,
and Vietnam (Mekong River Commission, 2010). The Mekong
is a key trade route, provides irrigation water and electricity, and
is one of the world’s most productive inland fisheries (Baran and
Myschowoda, 2009). With over 100 dams planned in the LMB,
including eleven planned on the mainstream by 2020 (Dugan
et al., 2010), electricity availability is projected to increase by
900% (Pittock et al., 2016).

However, these dams severely affect fisheries by disrupting

flows, sediment load, migration routes, and downstream flood

regimes. The quantity and timing of water flows shape Lower
Mekong Basin (LMB) fisheries. Flood pulses are particularly

integral for the ecology of Tonle Sap Lake (Kummu and Sarkkula,
2008), a major regional fishery, which receives 53.5% of its flow
from theMekong (Kummu et al., 2014) and supports the fisheries
of one million people (Stone, 2011). By reducing downstream
sediment loads, dams restrict nutrient inputs, limiting the
primary production that supports fishery production (Baran
et al., 2001). Dams also block spawning routes for migratory
fish, which constitute at least 35% of fish caught in the Mekong
(ICEM (International Centre for Environmental Management),
2010; Stone, 2011). As a result, the LMB provides an important
case for studying the effects of damming on nutrition from lost
fisheries, an often-overlooked cost to dam construction.

Reductions in fishery production will affect the nearly 50
million people dependent on LMB fisheries for food and
livelihoods (Orr et al., 2012; Pittock et al., 2017). Migratory
fish groups that are highly vulnerable to damming represent
$1.4 billion of the $2.4–3 billion of first-sale price values in
the LMB (Barlow et al., 2008). Throughout the LMB, fish are
a critical part of the diet (Hortle, 2007; Buoy et al., 2009), and
a major source of protein, iron, zinc, calcium, B vitamins, and
other micronutrients (Roos et al., 2007a,b; Chamnan et al., 2009;
Golden et al., 2016; Vilain and Baran, 2016; Vilain et al., 2016).
However, the contribution of fish to nutrition security is often
overlooked in decision-making.

Without targeted mitigation efforts, reductions in fishery
production seriously impact nutrition and malnutrition-related
diseases (ICEM (International Centre for Environmental
Management), 2010; Pittock et al., 2016, 2017). While people will
adapt to lower fish production in a variety of ways and to varying

degrees, thus offsetting some nutritional losses, the capacity for
adaptation is uncertain. The objective of this study is to quantify
the number of nutritionally insecure people (i.e., those at risk of
nutritional deficiencies)—that is, the population estimated to be
below the Estimated Average Requirement (EAR) cut-point for
adequate intake of nutrients—when fish consumption changes
from Mekong damming.

Previous studies estimated that damming may decrease LMB
fishery production by 4 to 42% (ICEM (International Centre for
Environmental Management), 2010; Mekong River Commission,
2010; IFReDI (Inland Fisheries Research Development Institute),
2013). These studies range in methodology from process-based
models of hydrology, fish populations, and ecology (Baran
et al., 2007; ICEM (International Centre for Environmental
Management), 2010; Ziv et al., 2012; IFReDI (Inland Fisheries
Research Development Institute), 2013) to causal loop diagrams
(Pittock et al., 2016) and time series modeling (Sabo et al.,
2016). Studies have also estimated protein losses associated with
fishery production reductions (ICEM (International Centre for
Environmental Management), 2010; Pittock et al., 2016, 2017)
and the water and land resources required to replace fish catch
declines with terrestrial foods (Orr et al., 2012). However, without
quantifying micronutrient losses or comparing nutrient losses
to nutrient requirements, the literature may underestimate the
human health risks of hydropower development.

In this work, we calculated population-level nutrient (protein,
zinc, niacin, thiamin, riboflavin, and calcium) requirements for
Cambodia and the entire LMB from existing demographic data.
We used published fishery production projections to calculate
nutrient supply from fishery production. By comparing nutrient
requirements and fishery nutrient supply, we calculated the
increase in prevalence of those at risk of nutrient deficiencies
in 2030 relative to 2010. For iron, we quantified the population
currently near the threshold of deficiency with the population
near the same threshold as fish availability shrinks under
damming scenarios. This analysis is the first study to connect
projected fishery declines under damming to a potential
increased risk of nutrient deficiencies, a critical step to fully
accounting for the human health consequences of damming.

METHODS

Fisheries Production Literature Review
Our analysis of nutritional insecurity from damming in the LMB
utilizes GENuS, a recently constructed database of fish nutrient
content, to enrich previous modeling efforts on the impacts
of damming on fish catch. To identify published estimates
of fish catch declines under different damming scenarios,
we first reviewed gray literature and government reports that
we located during an in-country consultation in Cambodia. We
then included journal and white paper projections of fisheries
production declines attributed to damming. We searchedWeb of
Science for publications in English with projections that met the
following criteria: (1) included quantitative estimates of fish catch
reductions for specific damming scenarios; (2) had a geographic
scope of either Cambodia or the entire LMB, as defined by ICEM
(International Centre for Environmental Management) (2010);
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TABLE 1 | Summary of publications used for micronutrient analysis.

References Geographic

extent

Baseline

year

Mechanisms of fish catch

change

IFReDI (Inland Fisheries

Research Development

Institute) (2013)

Cambodia 2011 - Barrier effect

- Decreased flood plains

- Changes in aquaculture

production

- Imports

- Exports

- Non-consumptive use

- Changes in population

ICEM (International

Centre for

Environmental

Management) (2010)

LMB 2000 - Barrier effect

- Decreased floodplains

- Increased reservoir capacity

- Changes in aquaculture

production

Mekong River

Commission (2010)

LMB 2000 - Changes in aquaculture

production

- Exports

- Imports

- Barrier effect

- Decreased floodplains

- Increased reservoir capacity

and (3) was published in 2010 or after to ensure that the most
recent data were being used. Of the eleven studies considered,
only three met these criteria. Unused publications calculated
reductions in fisheries production as a function of hydrological
factors (Sabo et al., 2016, 2017) or in geographical areas that are
not comparable to Cambodia or the LMB (Baran et al., 2007; Ziv
et al., 2012). Changes within ecosystems or bodies of water that
do not align geographically with the scope of this study cannot
easily be scaled up or scaled down to produce comparable results.

The studies included in our analysis are: (ICEM (International
Centre for Environmental Management), 2010; Mekong
River Commission, 2010; IFReDI (Inland Fisheries Research
Development Institute), 2013), the first for Cambodia and the
latter two for the entire LMB (Table 1). Each model included
multiple projections, representing various damming scenarios.
We classified damming scenarios according to damming extent,
where “none” represents construction of no mainstream dams,
“max” represents construction of eleven mainstream dams, and
“some” represents construction of an intermediate number of
dams, which varies across the studies.

The IFReDI (Inland Fisheries Research Development
Institute) (2013) estimated 2011 baseline fisheries production
in Cambodia as 889,000 tons/year (damming extent: none).
With only one (the Stung Treng dam) of the possible 11 dams
constructed in the LMB, fisheries production is projected
to decrease by 34,000 tons/year (4%) in Cambodia by 2030
(damming extent: some; Table 2). With all 11 mainstream dams,
fisheries production is projected to decrease by 183,000 tons/year
(21%) (damming extent: max; Table 2). ICEM (International
Centre for Environmental Management) (2010) estimated 2,000
baseline fisheries production in LMB as 2,100,000 tons/year,
similar to the Inland Fisheries Research and Development
Institute baseline estimates for Cambodia on a tons/year/km2

basis. Without additional mainstream dams in 2030, this study

estimated fisheries production to decline by 480,000 tons/year
(23%) in the LMB (damming extent: none; Table 2). Fish catch
was estimated to decline by 600,000 and 680,000 tons/year
with the addition of six mainstream dams built upstream of
Vientiane and nine mainstream dams operating upstream of
Khone Falls, respectively (damming extent: some; Table 2).
With 11 mainstream dams by 2030, fisheries production is
estimated to decline by 880,000 tons/year (42%) (damming
extent: max; Table 2). The Mekong River Commission (2010)
estimated year 2000 baseline fisheries production in the LMB as
2,300,000 tons/year (damming extent: none). With construction
of 11 mainstream dams by 2030, the study estimated fisheries
production could decrease by 900,000 tons/year (41%) (damming
extent: max; Table 2). Taken together, fishery catch is projected
to decline by 4–33% with some damming and 21–42% with all
11 proposed dams.

Estimated Average Requirements (EARs)
The Estimated Average Requirement (EAR) is the amount of a
given nutrient that is assumed to be sufficient to meet the needs
of 50% of the population, and is used as an input in our deficiency
risk calculations (section Prevalence of Inadequate Intake). EARs
are generally calculated based on the reference nutrient intake
(RNI)—the amount sufficient to meet the needs of ∼97% of
the population—and an RNI-to-EAR conversion factor. RNIs
for calcium, thiamin, riboflavin, niacin, and iron are provided
for each age and sex group by the World Health Organization
(WHO) Food Agriculture Organization (FAO) of The United
Nations (2004) and the conversion factors are provided separately
by the World Health Organization (2006). For some age-sex
groups, these conversion factors for iron did not exist, and we
used the relationship between EAR and RNI in the Institute
of Medicine’s guide to nutritional requirements (Institute of
Medicine of the National Academies, 2006) to derive them.

EARs for iron range from 2.2 to 42.8 mg/day (World Health
Organization (WHO) Food Agriculture Organization (FAO) of
The United Nations, 2004), depending on age sex, and iron
availability in the diet. The capability of the body to absorb
iron is controlled by a range of factors, including foods and
nutrients eaten with the iron in the same meal (e.g., ascorbic
acid, calcium, or polyphenols), the type of iron consumed
(heme or non-heme iron), as well as each person’s overall iron
status or concurrent disease load (Lynch et al., 2018). However,
we do not have sufficient data for several of these factors
within GENuS (polyphenols, alcohol) to allow for explicitly
calculating the absorbable iron supply from the diet. Therefore,
we instead account for the differences in dietary bioavailability
of iron by estimating the differences in each country’s iron
requirement based on the bioavailability of their diet. Each
country was assigned to a bioavailability category based on
criteria meant to serve as proxies of the relevant components of
the diet which control iron absorption: overall meat, fruit, and
vegetable intake. These criteria were derived based on guidance
from Hurrell and Egli (2010) and Hallberg and Rossander-
Hultén (1991), and previously applied to a similar analysis
(Golden et al., 2016). The exact consumption thresholds and the
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TABLE 2 | Summary of projected capture fishery production changes for each reviewed scenario.

References Damming scenario Damming level Freshwater fishery

production (kilotons)

Production relative

to 2010 (%)

Per capita freshwater

fishery production

(kg/person/year)

IFReDI (Inland Fisheries

Research Development

Institute) (2013)

Baseline None 596–602 74–75 33.6–33.9

With Stung Treng dam Some 480–591 59–73 27.1–33.3

With Sambor dam Some 443–527 55–65 25.0–29.7

With Stung Treng and

Sambor dam

Some 443–527 55–65 25.0–29.7

Eleven mainstream Max 442– 526 55–65 24.9–29.6

ICEM (International Centre

for Environmental

Management) (2010)

Baseline None 1,560–1,890 71–86 19.3–23.4

Six mainstream dams built

upstream of Vientiane

Some 1,500–1,830 68–83 18.6–22.7

Nine mainstream dams

operating upstream of

Khone Falls

Some 1,420–1,750 65–80 17.6–21.7

Eleven mainstream Max 1,220–1,550 55–70 15.1–19.2

Mekong River Commission

(2010)

Baseline None 1,700–2,400 68–95 21.1–29.7

Six to nine mainstream

dams

Some 1,400–2,350 56–93 17.3–29.1

Eleven mainstream Max 1,400–2,000 56–79 17.3–24.8

corresponding bioavailability categories are described in detail in
Supplementary Table 1.

Physiological zinc requirements were estimated by the
International Zinc Nutrition Consultative Group (IZiNCG)
et al. (2004). We estimated protein requirements following a
methodology first used by Medek et al. (2017) and refined
by Smith and Myers (2018). Because protein requirements are
determined as grams per kilogram of body weight, we first
estimated the baseline body weight for all age-sex groups in
each country. For adults, we used mean height for each age,
sex, and country (NCD Risk Factor Collaboration (NCD-RisC),
2016), paired with WHO’s minimally acceptable BMI of 18.5
to estimate baseline weight. For adolescents and children over
five, we used WHO height-for-age growth curves (World Health
Organzation Multicentre Growth Reference Study Group, 2006),
paired with the measured adult height in each country, to
extrapolate the corresponding height of the younger age groups.
For children under five where no height data was available,
we used 50th percentile weight-for-age to determine inadequate
protein intake (World Health Organzation Multicentre Growth
Reference Study Group, 2006). The weight of each age-sex
group was then multiplied by the corresponding WHO protein
requirement to derive final requirements by demographic group
(Joint FAO/WHO/UNU Expert Consultation, 2007).

For nearly all nutrients for which we estimate the risk of
deficiency, the requirements for pregnant and lactating women
are greater than those of non-pregnant or non-lactating women
of the same age. The only exception is calcium for lactating
women, for which the requirement is the same as for non-
lactating women. For all other nutrients, we estimated the
additional requirements of these women using the 2010 age-
specific fertility rate from the United Nations World Population
Prospects for each age category (United Nations, 2017). We
multiplied the birth rate by the fraction of the year constituting

the average gestational length (40 weeks) to estimate the
population of pregnant women requiring additional nutrition.
We estimated the population of lactating women by multiplying
the median duration of breastfeeding in each country from
the WHO Global Data Bank on Infant and Young Children
Feeding (World Health Organization, 2018a); Laos and Thailand
had missing data, and thus these countries were assigned the
regional average.

Nutrient Supply
To identify the nutritional adequacy in the diet after damming
scenarios relative to the baseline, we needed to first estimate
the total protein, zinc, niacin, thiamin, riboflavin, and calcium
coming from both fish and from the total diet. Fish also
provide many other important nutrients in the diet (Vilain
and Baran, 2016; Vilain et al., 2016), but we were unable to
include them in our analysis because we either lacked sufficient
data on nutrient intake (vitamins B12, iodine, omega-3 fatty
acids) or there were no established nutritional requirements
(copper, manganese). Furthermore, fish can also significantly
contribute to vitamin A intake (Roos et al., 2007a), but our
dietary intake estimates were not sufficiently precise to be able
to identify which parts of the fish were eaten in each country.
This information exerts a large influence on any estimate of how
much vitamin A is provided via fish, as eyes and liver contain
nearly all the vitamin A in a given fish. Therefore, we did not feel
justified in estimating vitamin A given the large uncertainties in
our data.

We used the Global Expanded Nutrient Supply (GENuS)
model to assign nutrient supplies for each age-sex group in
2010. The methodology of GENuS is described in detail in Smith
et al. (2016) (Smith et al., 2016) and datasets are available at
the Harvard Dataverse (Smith, 2016). To briefly summarize the
construction of GENuS, the dataset uses FAO food balance sheet
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data, combined with additional production and trade data, to
estimate the food supply for 225 foods in 151 countries since
1961. Of the 225 foods and food groups in GENuS, seven of
these—freshwater fish, demersal fish, pelagic fish, crustaceans,
cephalopods, molluscs, marine mammals, and other marine
fish—capture the contributions of fish and seafood to the diet.
Per capita food supplies are then paired with their corresponding
nutrient densities from six regional food composition tables
to estimate the nutrient supply in the diet across 23 different
nutrients. Nutrients were only included in GENuS if they
were found in more than one table, but most nutrients were
found in all six. For this analysis of the four Mekong Basin
countries, all nutrient density information was drawn from
the Institute of Nutrition, Mahidol University (2014), which
includes information on 71 different species of fish and seafood
consumed regionally. Finally, the national nutrient supplies were
then combined with data from the Global Dietary Database
(GDD) (Global Nutrition Policy Consortium, 2018) on food
consumption patterns by age and sex to generate detailed food
and nutrient supply estimates across 34 demographic groups.
GDD data were only used to identify different eating patterns
of food groups between age and sex groups, but were not used
to convert food supplies to food intakes due to the GDD data
lacking full information on the entire diet. Because GENuS relies
on FAO data to estimate the per capita supply of fish, and because
it has been shown that freshwater fish catch data collected by FAO
is particularly inaccurate (Bartley et al., 2015), we performed an
additional correction factor on the supply of freshwater fish in the
diet. A recent analysis by Fluet-Chouinard et al. (2018) re-derived
the estimated catch of freshwater fish in many countries using
a range of complementary data sources, particularly household
expenditure surveys. We used the ratio between their corrected
catch estimates and the primary FAO data and multiplied the
supply of freshwater fish in each country by that value. Those
factors were 1.48 (Cambodia), 3.02 (Laos), and 2.54 (Thailand).
For Vietnam, Fluet-Chouinard et al. (2018) has insufficient data
to derive corrected catch estimates, so we simply used the FAO
values for freshwater fish supply. For comparison, we also ran a
parallel set of analyses using the uncorrected GENuS estimates
(Supplementary Table 2).

For zinc, we converted total zinc supplies to absorbable zinc
to account for the absorption-inhibiting influence of phytate.
We estimated paired phytate and zinc values for all foods in
GENuS using a composite food composition table that was
constructed using an array of data sources (Smith and Myers,
2018). For grains, we also accounted for the effect of processing
and fermenting on each grain’s zinc and phytate content. We
used regional estimates of the percentage of grains processed and
nutritional impact of processing from Wessells et al. (2012) and
applied these to per capita food and nutrient supply estimates.
We used the GENuSmethodology to estimate dietary phytate and
zinc from edible food supply, as well as associated uncertainties.
We estimated absorbable zinc from dietary zinc and dietary
phytate using the Miller equation (Miller et al., 2007; Hambidge
et al., 2010). For protein, we followed established methodology
(Medek et al., 2017) and assumed that plant-based protein was
80% digestible and animal-based protein was 95% digestible.

Prevalence of Inadequate Intake
For all nutrients except iron, we estimated distributions of
intra-individual intake to determine prevalence of inadequate
intake. Distributions were assumed normal (in line with previous
studies, e.g., Arsenault et al., 2015; Beal et al., 2017) and we
estimated standard deviation using coefficients of variation (CV)
based on nutrient: calcium (30%), zinc (25%), thiamin (30%),
riboflavin (30%), and niacin (25%). For protein, we assumed
that intake distributions were log-normal, with CV derived from
a relationship between the Gini coefficient and the shape of
the distribution. The methodology for CV derivation is further
explained in Smith and Myers (2018) and Medek et al. (2017).
The CV for each country is as follows: Cambodia (37%), Laos
(47%), Thailand (50%), and Vietnam (46%).

Prevalence of inadequate intake was estimated using the EAR
cut-point method (Institute of Medicine (US) Subcommittee on
Interpretation Uses of Dietary Reference Intakes; Institute of
Medicine (US) Standing Committee on the Scientific Evaluation
of Dietary Reference Intakes, 2000). If certain key criteria are
satisfied, the EAR cut-point method suggests that the number
of people whose intake falls below the EAR is equivalent to
the number of people who are inadequate in that nutrient. The
necessary criteria are that each person’s intake is independent
of their requirement, the variability of intakes is greater than
the variability of requirements, the distribution of requirements
is approximately symmetrical, and the actual prevalence of
inadequacy is neither very low nor high. For the nutrients
studied here (except iron), each of these criteria hold, and
we can apply this method. The cut-point method provides an
estimate of the population that is consuming an inadequate
amount of nutrients to meet their physiologic needs. Other
intervening factors may affect whether a person with inadequate
nutrient intake is physiologically deficient in that nutrient (e.g.,
consuming supplements, suffering additional illnesses), so we
only characterize populations at risk of deficiency, not deficient,
and this is the terminology we apply throughout the rest of
our study. This method has been applied in numerous studies
assessing the population-level status in the risk of dietary
nutritional inadequacy (Wessells et al., 2012; Arsenault et al.,
2015; Beal et al., 2017; Medek et al., 2017).

This calculation was performed using 2010 as a baseline.
For each of the Mekong damming scenarios, we then reduced
nutrient intake provided by fish by an amount proportional to the
forecasted decline in per capita fish catch by 2030. The change in
the prevalence of those at risk of deficiency for each scenario was
measured relative to baseline, then multiplied by the population
of each age-sex category in 2030 and by the proportion of each
country that is located within the Mekong Basin.

We were unable to estimate the change in the risk of
deficiency for iron, unlike with the other nutrients, because
iron does not meet the criteria for the application of the cut-
point method; namely, the distribution of requirements is not
normal, particularly for menstruating women. Furthermore,
we are unable to apply the probability method here because
we do not have sufficient data to generate a distribution of
requirements for the population, primarily because there are
many confounding factors that influence the body’s absorption
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of iron. However, we use GENuS data to provide estimates of
iron contribution from seafood, as we know that iron is often
sourced from Mekong fisheries (Roos et al., 2007b), calculating
the sum of the populations of age-sex groups for whom the mean
intake of the nutrient falls below 150% of their EAR, indicating
a very rough measure of those that are close to inadequacy. This
method was used similarly in a previous study as a proxy for risk
of deficiency to lost fish in the diet (Golden et al., 2016).

RESULTS

Across the six reviewed damming scenarios (baseline plus five
combinations of different damming futures), increasing human
population and decreasing fishery production leads to hundreds
of thousands to millions of newly nutritionally insecure people in
Cambodia and the LMB by 2030, as compared to 2010 (Figure 1).
For each nutrient, we present the medians of all projections
simulating different damming scenarios and fish production
(Figure 1). The scenarios range from a best case with only the
Stung Treng dam as a mainstream dam to the worst case with
11 additional mainstream dams (Supplementary Table 2). The
three main findings are: (1) all scenario projections are positive
with error bars that do not include zero for all micronutrients and
protein; (2) variance is higher in the worst-case scenarios; and (3)
variance differs by nutrient (Figure 1). There is high uncertainty
in the models, but all results indicate unequivocal and severe
negative nutritional impacts. Results for the parallel model
without the correction factor for freshwater fish are presented in
Supplementary Table 3. All values reported below are from the
model which includes the freshwater correction factor.

The median best- and worst-case scenarios indicated that,
by 2030, there would be up to an additional 190,000–350,000
people newly at risk for deficiency for zinc in Cambodia and
90,000–910,000 in the LMB (Figure 1; Supplementary Table 3).
For protein, as many as 340,000–660,000 more individuals
would be at risk for deficiency in Cambodia and 160,000–
1,690,000 more in the LMB (Figure 1; Supplementary Table 3).
Projections for the maximum increase in the population at risk
for niacin deficiency spanned 160,000–310,000 in Cambodia and
90,000–940,000 in the LMB (Figure 1; Supplementary Table 3).
By 2030, we projected the population newly at risk for thiamin
deficiency to increase by up to 70,000–130,000 people in
Cambodia and 50,000–520,000 people in the LMB (Figure 1;
Supplementary Table 3). Riboflavin projections indicated that
there would be as many as 260,000–470,000 additional people
at risk for deficiency in Cambodia and 140,000–1,380,000 in the
LMB. For calcium, median projections indicated no additional
risk of deficiency for Cambodia and an additional 10,000 people
at risk in the LMB (Figure 1). This is largely because 99%
of the Cambodian population is currently at risk for calcium
deficiencies, not leaving much space to increase risk. Finally, we
projected that up to 58% of the population (or 47 million people)
in the LMB are in age-sex groups where their mean iron intake
may be below 150% of their EARs by 2030, indicating a dire
need to increase consumption of iron-rich foods such as fish.
These populations include all age-sex groups in Cambodia and

FIGURE 1 | Estimated increases in 2030, relative to 2010, of the human

population classified as nutrition insecure (i.e., below the EAR cut-point) for

zinc, protein, niacin, thiamin, riboflavin, and calcium, according to each

damming scenario projection. We classified each damming scenario according

to the extent of additional mainstream damming (“none,” “some,” or “max”)

which corresponds to 0, 1–9, and 11 additional dams. The white and gray

panels break the bars into these categories. The error bars represent the 95%

confidence interval for each scenario.

Laos, women aged 10–49 in Thailand andVietnam, andmen aged
10–24 and 50+ in Thailand.

DISCUSSION

In this study, we calculated the increased risk of potential
nutritional deficiencies that could arise from hydropower
damming across a broad range of micronutrients and protein
for Cambodia and the entire LMB. Our results extend
prior studies which have primarily considered reductions
in fishery production alone or have focused only on the
protein contribution of fish. By comparing human nutrient
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requirements and shifts in fishery nutrient supplies resulting
from future damming scenarios, we calculated the increased risk
of inadequate intakes in 2030 relative to 2010. This analysis
demonstrates that, in the absence of mitigation efforts, all forms
of damming will increase nutritional insecurity in Cambodia and
the LMB. Our calculations also add nuance to the nutritional
needs of people in this region, by accounting for varying
nutritional demands by individuals of different ages and sexes,
as well as increased nutritional demands during pregnancy
and lactation.

By comprehensively estimating a broad suite of potential
nutritional outcomes that could arise from damming, we provide
a foundation for more precisely quantifying the health costs
of hydropower development. Each of these risks of nutritional
deficiency has consequent health impacts that lead to profound
risks of disability and disease. For instance, protein deficiencies
can influence almost all aspects of physiological functioning, and
we estimated a median increase of up to 2.2 million people at
risk of protein deficiency by 2030 in the LMB. Our estimates
of protein deficits improve on previous calculations of protein
reductions in the Mekong river basin (ICEM (International
Centre for Environmental Management), 2010; Orr et al., 2012;
Pittock et al., 2016, 2017) by incorporating multiple fishery
projection estimates and relating the protein losses to actual
population requirements (Pittock et al., 2016). Our results
reinforce the previous findings that protein availability from fish
catch will decrease andwill broadly impact regional food security.

Beyond protein benefits, fish from the Mekong river
basin provide significant micronutrient supplies to the region,
especially iron and zinc. Iron-deficiency anemia is responsible
for high maternal mortality rates, reduced school performance
in children, and lost economic productivity (World Health
Organization, 2018b). In fact, iron deficiency is estimated to
account for 2.29% of all disability-adjusted life years (DALYs) lost
in Cambodia and for 3.21% of all DALYs lost among Cambodian
women (Hay et al., 2017). In 2030, we project that 58% of
the population will have an average iron intake that is already
lower than 150% of their estimated requirement, which will only
worsen under projected damming scenarios.

Zinc is critical for immune function and preventing serious
childhood illnesses such as diarrhea (National Institute of Health,
2018c). We predicted a median increase in those at risk for
zinc deficiency for more than 1 million people in the LMB
by 2030 relative to baseline. Niacin deficiency can lead to
diarrhea, wasting, and dementia (World Health Organization
(WHO) Food Agriculture Organization (FAO) of The United
Nations, 2004). In the best-case scenario, by 2030, we estimate
a potential increase of up to 1.5 million people at risk of niacin
deficiency in the LMB. Under the worst-case damming scenarios,
niacin deficiencies could reach an additional 4.4 million people
(5.5% of the population within the LMB). Thiamin is essential
for cell growth and development, and thiamin deficiency can
cause weight loss, cognitive deficits, muscle weakness, and
cardiovascular symptoms (National Institute of Health, 2018a).
We estimate a median increase of more than 800,000 people at
risk for thiamin deficiency in the LMB by 2030, which could lead
to an array of health consequences. Maximal worst-case scenarios

could lead to an additional 4.0 million people at risk of riboflavin
deficiencies, known to contribute to an increased risk of anemia
and cardiovascular diseases (Powers, 2003). Calcium deficiencies,
leading to increased risk of reduced bone mass and osteoporosis
(Nordin, 1997), are expected to increase the least of all modeled
nutritional deficiency risks, with 370,000 people projected to be
at risk of deficiency in maximal worst-case scenarios in the LMB.

Although we were unable to quantify vitamin A and B12
deficiency, we expect reduced fishery production to greatly
impact vitamin intake in LMB. Vitamin B12 is only found in
animal products, and recent estimates indicate that about 19%
of the global population is at risk for deficiencies of nutrients that
derive mostly from animal consumption (which includes vitamin
B12) (Golden et al., 2016). Given that Cambodians obtain 80%
of animal source foods intake from fish (Royal Government
of Cambodia, 2010), we expect the population to have few
other sources of vitamin B12, which is essential for blood cell
formation and neurological functioning (National Institute of
Health, 2018b). Although found in colorful fruits and vegetables,
freshwater fish are very rich sources of vitamin A (Roos et al.,
2007a). Without adequate consumption of vitamin A, immunity
is compromised leading to increased risk of infectious disease and
night blindness (Lim et al., 2012).

Increases in the risk of protein and micronutrient deficiencies
are among a wide array of social costs related to hydropower
development. There are also clear benefits. Hydropower can
help satisfy the Mekong region’s electricity demand, which is
increasing at a rate greater than the rest of the world [ICEM
(International Centre for Environmental Management), 2010].
Increased hydropower can enhance the region’s trade, reduce its
reliance on fossil fuels, and reduce greenhouse gas emissions for
the power sector [ICEM (International Centre for Environmental
Management), 2010]. Cambodia and Lao PDR also plan to
export power, the revenue from which can develop education
and health care [ICEM (International Centre for Environmental
Management), 2010].

Our analysis is limited by risks of both over- and under-
estimation. We may be underestimating the impact of fish catch
declines on nutrition security because we are not accounting
for indirect pathways to nutrition, such as through income
generation. We may also be biasing our results by using nutrient
supply data as a proxy for nutrient intake data, though the
GENuS data apportions the FAO food supply data to age-
sex groups using nationally representative food consumption
survey recalls conducted in 187 countries (Smith et al., 2016).
Although 24 h recalls are often seen as the gold standard for
food consumption statistics, GENuS provides us with systematic
data across the LMB that proxies consumption. Furthermore,
we may also be underestimating the amount of fish in the diets
based on comparison between FAO per capita fish availability
and more detailed information on fish consumption (Hortle,
2007). There is also a possibility that we are overestimating the
nutritional impacts from hydropower development because we
do not consider replacement diets when fish is lost (e.g., through
livestock, agriculture, or aquaculture development).

It is clear that dams positively contribute to other food
production systems by storing irrigation water and creating
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habitat for aquaculture. Unfortunately, there are numerous
barriers to adopting small-scale aquaculture practices (Beveridge
et al., 2013; Béné et al., 2016; Richardson and Suvedi, 2018),
making it unlikely that aquaculture could compensate for
losses in fish catch in providing food for those vulnerable to
malnutrition [ICEM (International Centre for Environmental
Management), 2010]. Replacement of lost fish with other
food sources is beyond the scope of this analysis, but is an
important future direction for research. Some groups have
even demonstrated, through randomized control trials, the
importance of local fish food products in improving Cambodian
nutrition (Sigh et al., 2018).

New hydropower management approaches may be able to
reduce food-energy tradeoffs, particularly if efforts are made
to retrofit hydropower development to mitigate environmental
impacts (Arias et al., 2014). One recent study argues that
operating dams to better match natural hydrologic regimes could
increase fish catch by ∼50% within 8 years, while producing
the same amount of power (Sabo et al., 2017). Many experts
doubt the analysis and interpretations of this study (Halls and
Moyle, 2018; Williams, 2018), however, and other experts doubt
that necessary investments will be made to retrofit the dams if
they are constructed (Dugan et al., 2010). Regardless of the exact
predictions of fish futures in the Lower Mekong, accounting for
the full nutritional impacts of dams may incentivize prevention
or mitigation actions. This type of evidence could also enable
collective action from affected citizens to integrate fisheries
management into decentralized development planning (Ratner
et al., 2017).

CONCLUSION

Our study estimates the nutritional risk associated with declines
in fisheries production driven by hydropower development.
Millions of people are at risk for nutritional deficiencies if proper
attention is not paid to the health consequences of damming.
It is clear that fisheries are important for Cambodia’s path to
meeting the Sustainable Development Goals to eliminate poverty
and ensure food security and nutrition (Ratner et al., 2017),
as the region’s fish provide employment and food for millions

of people (Hortle, 2007; Orr et al., 2012). But in a region that
is already stretched for nutritional resources, further damming
has the potential to place millions of people at risk of new
nutritional deficiencies. This is not a challenge unique to the
Lower Mekong Basin but affects all major riverine systems in
nutritionally vulnerable countries around the world.
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