ARTICLE
https://doi.org/10.1038/s41467-021-24747-9

OPEN

Past and future trends of Egypt’s water
consumption and its sources

1234567890():,;

Catherine A. Nikiel

1✉

& Elfatih A. B. Eltahir

1
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and the economy expanded, demand on water increased accordingly. Here, we present a
comprehensive analysis to reconstruct how total demand on water outstripped supply of the
Nile water in the late 1970s, starting from a surplus of about 20 km3 per year in the 1960s
leading to a deﬁcit of about 40 km3 per year by the late 2010s. The gap is satisﬁed by import
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quantiﬁed based on detailed analysis of water use by agriculture and other sectors. We
develop and test an empirical model of water demand in Egypt that relates demand on water
to growth rates in the economy and population. Looking forward, we project that within this
decade of the 2020 s, under nominal scenarios of population and economic growth, Egypt is
likely to import more virtual water than the water supplied by the Nile, bringing into question
the historical characterization of Egypt as “the gift of the Nile”.
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he Egypt to which the Hellenes come in ships is a land
which has been won by the Egyptians as an addition,
and that it is a gift of the [Nile].” (Herodotus Book 2:5)1.
Following expansion of the Sahara Desert, thousands of years
ago, and migration of native populations to shelter in the Nile
Valley, an intimate relationship developed between an emerging
Egypt and the Nile. This connection has manifested in historical,
political, ecological, and hydrological dimensions. However,
Egypt’s fast-growing population and developing economy have
strained already scarce water resources through dietary changes
and municipal and industrial consumption. Egypt is facing
external pressures on perceived water rights, limited national
water resource availability, and a struggle to fashion a sustainable
development vision for its future. The current policies regarding
irrigation in the New Lands, the current rate of water reuse, and
the level of success achieved in reducing fertility rates will not be
enough to close the demand gap in the future2.
Egypt’s population has been growing rapidly in recent decades,
at a rate of 2.1% annually from 1989 to 20183, following a similar
trajectory of world population growth (Fig. 1a). This added
population places pressure on limited water resources, both
through direct consumption and through increased demand for
food and other products. In 2017, the total renewable water
resource per capita was 628 m3/yr already below the level for
water scarcity according to the Falkenmark Index4,5. This pressure due to population growth, while straightforward, is essential
to include while drawing the picture of historical and future
demand for water, as Egypt faces increasing scarcity of natural
resources.
Egypt has also experienced rapid economic growth since the
mid 1950’s (Fig. 1c). From 1989 to 2018, the Egyptian GDP grew
at 4.4% annually, while GDP per capita grew at 2.3% annually
over the same period6. This growth has been concurrent with an
increase in water consumption for both municipal and agricultural purposes and an increase in both domestic production
and imports of agricultural commodities. As GDP has grown, the
diet of Egyptians has changed dramatically; increasing trade
connections with other food producers have increased availability
of some goods, particularly animal products (Fig. 1d). The
average per capita supply of proteins from animal origins
increased by 39% from 18 g/cap/day in 1999–2001 to 25 g/cap/
day in 2011–20137. At the same time, the prevalence of undernourishment dropped by 0.7 to 4.5%7. Egypt currently ranks
among the top countries globally in the daily per capita caloric
supply (3522 kcal/capita/day), just behind the United States8.
These trends are projected to continue, especially in meat consumption which has a strong relationship with GDP per capita9.
The projected consumption of red meat in 2030 is 1,581,000
tonnes up from 2001 to 2017 average of 1,136,050 tonnes; the
projected consumption of white meat is 1,681,000 tonnes up from
2011 to 2017 average of 1,054,740 tonnes10. However, calories
coming from meat are still a small percentage of overall daily
caloric intake, increasing from 2.4% to 3.5% from 1961 to 201311.
At the same time, water supply from the Nile, which accounts
for 98% of renewable water resources in Egypt, has remained
relatively steady (Fig. 1b)12. While detailed ﬂow records do not
exist prior to the installation of modern gauging systems (circa
mid to late 1800’s), the Nile’s ﬂoods have been monitored and
recorded for millennia. Records of ﬂood heights from the Rhoda
Nileometer show these levels remained relatively constant over
the 800-year record13,14. Geologic research has suggested “very
little downcutting [in the riverbed has occurred] in Nubia since
[the time of the New Kingdom some 3000 years ago]” suggesting
that ﬂood heights across the full 700-year record are directly
comparable15. In the modern record, ﬂows recorded at Aswan
and Dongola have been slightly decreasing, as a result of
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increased withdrawal of natural ﬂows upstream from Sudan’s
withdrawal of 4 km3 in 1959 to current withdrawals of 13–16.7
km3 (refs. 16–21).
In this work we identify and quantify actions that Egypt has
taken over the past six decades to manage internal pressures on
water resources. A detailed, long term picture of the changes in
water demand and water use is constructed and used as a foundation to project demand on water in the near future, and further
to propose solutions that can be explored towards more efﬁcient
water use. While much past work22–25, including governmental
literature, has presented snapshots in time of water use and virtual water trade in Egypt, we use water and crop data to quantitatively describe in signiﬁcant detail water use in Egypt, over a
period of six decades. The key innovations of our study are in the
detailed year-by-year reconstruction of trends in water use down
to the individual crop level, the improved understanding of the
factors that drive these trends, and the use of this context to
project water demand into the near future based on empirical
demand relationships. The detailed diagnosis of water use in
Egypt facilitates identiﬁcation of opportunities for water saving,
water reuse, and improved water use efﬁciency in general.
Results
Water in Egypt: historical and future. This paper focuses on
historical and future trends in Egyptian water management: ﬁrst,
in the historical period, Egypt has managed water supply and
demand through ﬁve avenues (Fig. 2): improving water infrastructure and management by building the High Aswan Dam;
increasing in-country agricultural production through harvested
area expansion and improving crop yields; expansion of water
reuse; reducing population growth rate; and increasing import of
agricultural products – especially staples such as wheat and maize.
We integrate extensive data sets to rigorously document this
historical adaptation process.
Second, future population and economic growth will increase
water demand dramatically and require Egypt to rely more
heavily on virtual water imports, at a higher annual growth
rate than we have seen in the past. The concept of virtual water,
coined in the 1990’s by Dr. Tony Allan, was ﬁrst applied to the
Middle East and North Africa as a region that addressed water
scarcity with importation26. We show through our own bottomup reconstruction of water-use that Egypt’s demand for water
passed the carrying capacity of the Nile in the late 1970’s and was
importing the use equivalent of at least 40 km3 of virtual water in
the late 2010’s. Assuming persistence of the recent socioeconomic
trends, we project that Egypt will import 61.5 km3/year during
this decade of the 2020s. At that point Egypt will be importing
more virtual water from abroad than they have been withdrawing
from the Nile internally on average for the past 30 years. A
comprehensive analysis framework is shown in the results and
methods sections for reconstruction of past water uses and
projection of future water demand leading to these conclusions.
Egypt’s response to increasing water demands. Rapid changes in
demographic and economic factors in Egypt have spurred equally
large responses in an attempt to control and manage water supply
and demand. Egypt’s effort in the areas of controlling variability
in the Nile water supply, agricultural productivity, water reuse,
fertility rates, and food imports have been substantial. However,
future pressures will require Egypt to intensify some of these
measures and adopt new approaches.
Much of the work done by Egypt can be viewed as a transition
through several water states. As we have seen in Fig. 1b, the Nile
river was largely uncontrolled for most of its history. Agriculture,
and Egyptian life in general was guided by the seasonal ﬂood and
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Fig. 1 Context for water challenges in Egypt. a Egyptian population [red line] and world population [black line] from 1 to 2020 C.E3. (Supplementary
Table 1.4). b Qualitative comparison of stable Nile Flood heights from 641 to 1451 [black line – left axis]13 and decreasing modern yearly average discharge
from Aswan Dam [red line – right axis] and ﬂow at Dongola [blue line – right axis]16, 17 (Supplementary Tables 1.14 and 1.20). We note that the reader
should not interpret a 1:1 correlation between the y-axes, and that the two separate groupings of data have been presented together to reﬂect that there has
been little change in the Nile based on geologic survey15. c Gross Domestic Product (Constant 2010 $US) [black line] and GDP per Capita [red line] in
Egypt6 (Supplementary Table 1.6). d Relative change in per capita food supply (kg/capita/year) relative to 1961 for meat [red line], cereals [black line], and
pulses (beans, chickpeas, lentils) [blue line]. 1961 values for meat, cereal, and pulses are 10.71, 161.43, and 6.5 kg/capita/yr respectively7 (Supplementary
Table 1.10).
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Fig. 2 Egypt’s response. a Flow of the Nile at Aswan in monthly [black line] and yearly [red line] averages16 (Supplementary Table 1.20). Blue squares
represent the total storage capacity and marks the construction of the Aswan and High Aswan Dams12 (Supplementary Table 1.19). b production
(harvested tonnes) [dotted lines] and yield (production/area) [solid lines] of cereal [black], primary fruit [red], and primary vegetable [blue] crop
groupings. 1961 production values are 5.0, 1.9, and 2.8 million tonnes respectively, and 1961 yield values are 29,057, 169,113, and 152,611 hg/ha respectively
(Supplementary Table 1.7). c Estimated water available for reuse from direct agricultural drainage reuse, Nile Delta and Valley groundwater, and treated
wastewater reuse. The error bars shown account for estimates of wastewater reuse in the absence of data for those years22, 23, 25, 51. Sources for individual
components in Supplementary Fig. 9. The black dotted line shows the reuse timeseries used in analysis. d Total Fertility Rate (births/woman) plotted for
Egypt [black line], Africa on average [blue line], and the world on average [red line]29 (Supplementary Table 1.5). e Virtual water imports (km3) of
agricultural goods (primary and secondary crops and animal products) scaled to Egypt use equivalent (Supplementary Tables 1.1, 1.2, 1.3, and 1.11).
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drought cycles of the river and water still ﬂowed freely into the
Mediterranean Sea. This began to change in earnest when Egypt
built the High Aswan Dam from 1960 to 1970; the initial ﬁlling
curtailed the ﬂow of the river, and the resulting reservoir with a
total design capacity of 160 km3 reduced interannual variability of
ﬂow, providing a steady and controlled supply of water to farms,
which could now control the application of irrigation to ﬁelds
while minimizing losses to the Mediterranean (Fig. 2a)27. These
decades also saw the advent of major use treaties. Through the
1959 Water Agreement between Sudan and Egypt, Egypt would
be allocated 55.5 km3 of the Nile water annually while Sudan was
allocated 18.5 km3 (ref. 20). When the treaty was established,
Egypt was consuming 48 km3 according to the agreement.
In the 1980’s Egypt began to experience an agricultural boom.
This was achieved partly through expansion of agricultural area,
especially on the edges of the Delta (dubbed the “New Lands”), and
partly through yield increases in virtually every major crop (Fig. 2b).
Egypt ranks among the highest yield producers of many crops
including wheat, maize, rice, and cotton28. While this increased
water demand, a concurrent push to increase the reuse of water –
from direct agricultural drainage, groundwater pumping, and
wastewater reuse – made up for some of the increased consumption
(Fig. 2c).
At the same time, Egypt began a push towards reducing
population growth, and reduced its total fertility rate by nearly
half in thirty years, down to a rate of 3 births per woman in the
late 2000’s (Fig. 2d)29. This decrease has been much steeper than
the fertility rate drops in Africa as a whole and on par with global
fertility rate reductions.
Even with these adaptation measures, Egypt’s demand
continued to rise at a time when it was at full utilization of
available natural water resources. Consequently, the 1970’s were
also the beginning of increases in agricultural imports, viewed
here through the lens of their virtual water equivalent (Fig. 2e).
Import rate increased dramatically after 2000, and the cereal
import dependency ratio has increased from 34% to 42% from
1999–2001 to 2011–201330.
Reconstruction of historical Nile water use. We apply a bottom
up, individual crop-based analysis of agricultural water use (see
Methods section) to dissect water demand in Egypt, from incountry production and trade, and identify which crops dominate
in-country water use over time (Fig. 3a). This analysis is made
possible by the extensive and inﬂuential work in water footprint
accounting for agriculture at the global and regional scale31,32.
Figure 3b shows the agricultural use estimates combined with
other water demands (municipal, industrial, reuse), compared to
the available Nile water ﬂow into Egypt which encompasses all
water not consumed upstream. Two major conclusions about
Egypt’s water demand are clear from this comparison.
First, Egypt began fully utilizing available local water resources
in the late 1970’s and has only met total water demand through
increasing virtual water imports (dark gray shading) and
increasing reuse (light red shading). Increases in irrigation
application efﬁciency, and to a greater extent water reuse, have
improved the water productivity of major crops and allowed
Egypt to survive on a relatively constant Nile water use in the past
two decades (Supplementary Figs. 3–4).
Second, even after accounting for reuse utilization in Egypt
(Fig. 2c) we show that Egypt’s direct consumption of the Nile is
roughly 61.5 km3 on average from 1988 to 2017 (Fig. 3b). This
aligns closely with water accounting in the literature for the modern
period22. Adding the environmental ﬂow to the Mediterranean of
~2–4 km3 (ref. 33), Egypt utilizes 8.0–10.0 km3 more than the share
of 55.5 km3 allocated through the 1959 Nile Agreement between
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Egypt and Sudan20. This additional water comes partially from
Sudan’s unconsumed share of 1.8–5.5 km3 out of the 18.5 km3
enumerated in the 1959 Agreement23, and partially from increases
in the Nile ﬂow of ~5–6 km3 (refs. 17,34,35). An accounting of
Sudan’s historical use of the Nile water is beyond the scope of this
Egypt centric study but is reported to be 13–16.7 km3/year18,19,21.
Much of the increased water demand in Egypt has been met by
virtual water imports, which reached 40 km3 in the 2010’s (Fig. 2e),
a ﬁgure supported by other studies that quantiﬁed historical virtual
water trade22,35,36.
Virtual water import is calculated identically to in-country use
which is detailed in the Methods section. A comparison of the
Egyptian Nile water system for 1988–1995 and 2010–2017 is
presented in Fig. 4 to further document the evolving dynamics of
water supply and demand in Egypt. This schematic relies on
several independent sources of data where each ﬂux is uncertain,
and hence it does not necessarily satisfy strict water balance. A
notable feature is the difference in evaporation from Lake Nasser
between the two periods which arises from a 1000 km2 difference
in lake area (roughly 30%). (Supplementary Tables 1.15 and 1.17).
Projections of future water demand. Historical analysis has
shown that Egypt is fully utilizing the available resources of the
Nile River and yet is facing increasing internal and external
pressures that will raise water demand and decrease availability of
water. As detailed in the Methods section we develop an empirical
model of historical and future water demand in Egypt with
population growth and economic growth as inputs. Assuming a
range of economic and population scenarios (Supplementary
Fig. 11), and the empirical relationships between demand for
crops and economic growth (Supplementary Fig. 1), we project
future water demand for Egypt.
In keeping with our discussion about Egypt’s characterization
as the gift of the Nile, we project when Egypt’s imports of virtual
water will reach 61.5 km3 (the 30-year average Nile water use for
all purposes, accounting for both reuse and application losses),
driven by an increase in demand that must be met externally
(Fig. 5a). For scenarios that assume population and economic
growth rates close to the growth rates over the past 30 years, this
important benchmark will be reached in this decade of the 2020s.
By 2030 the projected trend corresponds to a signiﬁcant
increase in virtual water imports in most population and
economic growth scenarios (Fig. 5b). To visualize this process
along one growth trajectory, we show the projected virtual water
imports for a nominal scenario with a GDP per capita growth rate
that matches the 1988–2017 average (2.3%) and a population
growth rate that matches the UN Medium Variant population
projection in 2035 (1.7%) (Fig. 6a). This is paired with increased
demand in the municipal sector, which will need to be met by
reallocating internal resources. The rate of increase of virtual
water goes up over time (dotted black line) due to the
compounding nature of the population and economic growths,
as more people enjoy higher consumption rates per capita.
We apply the same demand relationships (Methods) to hindcast
the historical water demand using data on population and GDP per
capita data. As expected, the hindcasted water demand is close to the
sum of the in-country Nile water use (which also accounts for
municipal and industrial use and the water reclaimed from reuse)
and virtual water import, which together meet the historical demand
(Fig. 6b). The future projection is less linear than the historical
hindcast, mainly because the hindcast accounts for increasing reuse,
which bends the demand curve downwards at an increasing rate in
the early 2000’s. The future projection assumes the rate of reuse to
be constant post-2017. This is further evidence of the importance of
improving irrigation application efﬁciency. Uncertainty in the
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Fig. 3 Bottom-up estimates of historical use. a Historical water application in Egypt for agriculture broken down by crop (Supplementary Tables 1.1, 1.2,
and 1.7). b Historical total Nile water use (agriculture + municipal + industrial − reuse) [red dotted line] compared to available supply [black lines]. Red
squares mark values for 1995, 2000, 2012, and 2017. This is the ﬂow at Dongola station adjusted by evaporation at Lake Nasser and from other surface
water bodies (estimated at 10 km3 and 2 km3 respectively)2, with added rainfall and primary groundwater abstraction (1.5 km3 and 0.5 km3
respectively)12, 52. Storage change in Lake Nasser is not considered in this availability estimate. These are compared to the AQUASTAT numbers for
freshwater withdrawal in Egypt [blue dots]46 (Supplementary Table 1.16). Dark Gray shading represents the amount of Virtual Water Import (shown in
Fig. 2e), and light red shading shows the amount of drainage, wastewater reuse, and GW reuse (shown in Fig. 2c). These shaded areas represent the
additional demand met by these sources, and not a range of values.

projections of future imports of virtual water are discussed in
Supplementary Note 1.
Discussion
Egypt’s responses to increasing water demand in the past have
demonstrated the severity of the water scarcity situation, and
historical adaptations to rising demand on water will need to
continue and strengthen. Efforts targeting an increase in productivity of agriculture should pivot to recognizing and leveraging
the true value of water as a limited resource through a robust
water pricing system37. As virtual water imports increase, smart
management of agricultural export and import portfolios can
leverage Egypt’s high agricultural yields and amplify their share of
natural water resources through the export of high value, high
water efﬁciency crops (fruits and vegetables) and the import of
low value, low water efﬁciency crops (grains). Inter-basin connectivity will be key in the future and using these relationships to
import water-intensive commodities like meat can allow allocation of water elsewhere38. Finally, studies have shown that a high
rate of population growth is one of the most important factors in
6

worsening future water deﬁcits35, and further reducing rates of
growth through proven methods like healthcare expansion and
education39 will slow decreases in per capita water share, a key
metric of water scarcity. No single solution will be able to compensate for all additional needs.
Increased industrial demand for water will come with economic growth and diversiﬁcation, and tourism and urbanization
will drive municipal demand. As Egypt’s neighbors grow alongside Egypt, they have already begun to exert new pressures. This
is especially important with the imminent completion and ﬁlling
of the Grand Ethiopian Renaissance Dam (GERD). The effect of
the GERD was not quantitatively included in our analysis, but is
acknowledged as an additional potential stressor, especially with
regards to increased upstream withdrawals21,40.
Demand and supply of water will also be affected by climate
change, although we do not analyze those changes in this study.
At a large scale, while climate change will result in small increases
in the mean ﬂow of the river, it will increase interannual variability of ﬂow and increase the need for additional storage34. Sea
level rise and saltwater intrusion are already a threat to freshwater
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Fig. 4 Egypt’s Evolving Water Fluxes. a Egyptian Nile water system 1988–1995 average annual ﬂuxes (km3/year). Red values are sinks, blue are sources,
and purple indicates reuse. b Same as panel a but for the period 2010–2017. A ﬁgure for the average ﬂuxes from 1988 to 2017 can be seen in
Supplementary Fig. 16. a. Average annual inﬂow at Dongola. (Supplementary Table 1.14). b. Average annual Evaporation from Lake Nasser, 10 km3 from
literature2 and outer bound calculated using Lake Nasser height (Supplementary Table 1.17), Height–Volume equation (Supplementary Table 1.15), and
CRUTS4.04 Potential Evapotranspiration (Supplementary Table 1.13). c. Average annual storage change calculated using Lake Nasser height
(Supplementary Table 1.17 and Height–Volume equation (Supplementary Table 1.15). d. Average annual outﬂow calculated through water balance of (a)–
(b–c). Range of values reﬂect uncertainty in Lake Nasser balance components. e. AQUASTAT12. f. Abdel-Shafy et al., 2010 52. g. Calculated through
estimation of surface area and evaporation rate. Conﬁrmed in refs. 22, 25. h. Hamza, 2006 33. i. Calculated through methodology described in Methods
section. j. (m)–(r). k. AQUASTAT Database44 (see Supplementary Fig. 9). m. (n) × Irrigation Application Efﬁciency (see Supplementary Fig. 5). n.
Calculated from production and water consumption data as described in Methods section. o. (m)–(n)–(t)–(u). p. (k) × 0.86. Loss rate from Omar and
Moussa, 2016 36. q. (l) × 0.80. Loss rate from Omar and Moussa, 2016 36. r. (s) + (t) + (u). See Supplementary Fig. 9. s. Refs. 5, 51, 53, 54. t. AQUASTAT
Database44. (Supplementary Table 1.16).

resources in the Nile Delta and will further affect the potability of
water for agricultural and municipal purposes41,42. Increased
temperatures will affect both agricultural productivity and crop
suitability, and also increase rates of evaporation from surface
water and the ﬁeld43. Optimizing ecological suitability and irrigation systems is crucial for being able to adapt to future changes
more easily.
In the framing of this study, we posed the question of whether
Egypt will continue to be the gift of the Nile. Historically and
culturally the two are synonymous, and Egypt was, is, and will

continue to be dependent on the resources the Nile provides.
However, historical reconstruction and future projections show
that the level of dependence has been and must continue to
change. In the near future, Egypt will be dependent on external
virtual water to the same level as its level of dependence on the
River, and policies and attitudes will need to reﬂect and adapt to
this new reality. Through the reconstruction of Egypt’s water
demand we have shown here that Egypt is approaching a
threshold between the Nile as a dominant force in sustaining
Egypt’s growth and existence, and a new paradigm characterized
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Fig. 5 Future projection of demand. a Projected Year that Virtual Water Imports will Reach 61.5 km3 with population increase and GDP per capita increase.
Future increases in demand are added to the Hindcast (model) estimate of total demand minus total estimated Nile use. The red dot marks the nominal
scenario of 1.7% population growth and 2.3% GDP per capita growth. b Additional virtual water (km3) needed in 2030 to satisfy increased demand (i.e.
projected virtual water Imports in 2030 values minus 2017 virtual water import amount). The red dot marks the nominal scenario of 1.7% population
growth and 2.3% GDP per capita growth.

by an equally important role for basin and global interconnection
and cooperation.
Our results illustrate that the future of water in Egypt is just as
reliant on external cooperation with its neighbors as it is on its
own ability to optimally manage internal demand and use of
water. Adaptations are ultimately in Egypt’s best interest, as they
allow for continued growth and prosperity with more careful
management of resources. Egypt has the chance to be an example
for other developing water scarce nations, and a leader in the Nile
Basin. If changes are not made it will soon serve as an ecological
cautionary tale with implications for the entire region.
Methods
Terminology. In this study water use is used to deﬁne the water taken from the
Nile. Total Use is deﬁned as the water withdrawn for Industrial, municipal, and
agricultural purposes. This use is added to reuse in order to determine the total
demand for water in the country. In the case of agricultural use, crop water consumption is scaled by irrigation application efﬁciency, and then reuse is accounted
for. Water consumption is based solely on the crop ET water requirement numbers
taken from the literature. Our deﬁnition of total Nile water use aligns with the
AQUASTAT deﬁnition of freshwater withdrawal, which is the total withdrawal less
desalination, direct use of treated municipal wastewater, and direct use of agricultural drainage water. Our estimate counts subsequent pumping of local
groundwater recharge as a reuse component, which is not the case in the
AQUASTAT totals.
Data. All data sources used can be found in Supplementary Table 1. Agricultural
and trade data used in this study comes from the Food and Agriculture Organization of the United Nations and is augmented by population and economic data
from the World Bank and United Nations Population Division of the Department
of Economic and Social Affairs. Water use numbers for available years are obtained
from AQUASTAT, a division of the FAO.
The bottom-up analysis focuses on a group of crops that are selected with the
goal of including the most signiﬁcant water consumers. The primary agricultural
crops considered in the analysis are wheat, maize, rice, seed cotton, sugarcane,
sugar beet, banana, barley, broad beans, berseem, grape, groundnut, olive, onion,
orange, potato, sorghum, tomato, dry beans, chickpea, lentils, green beans, lemons
and limes, apples, mango, dates, watermelon, tea, sunﬂower seeds, garlic,
strawberry, artichoke, cabbage, carrots & turnips, cauliﬂower & broccoli, chili
pepper (green), cucumber, eggplant, melons, nectarines & peaches, pumpkins &
squash, sweet potato, tangerine, vegetables fresh and leguminous (n.e.s.), and
soybean. The grouping Fruits & Vegetables include Banana, Orange, Tomato,
Potato, Onion, Olive, Lemons & Limes, Apple, Watermelon, Mango, Strawberry,
Artichoke, Cabbage, Carrots & Turnips, Cauliﬂower & Broccoli, Green Chili
Peppers, Cucumber, Eggplant, Melons, Peaches & Nectarine, Pumpkin & Squash,
Sweet Potato, Tangerine, and other Vegetables Fresh & Leguminous n.e.s.
Production, imports and exports focused on the primary commodity (i.e. no juices
and processed forms) except when noted below. Secondary crops include
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cottonseed oil, maize oil, palm oil, raw sugar, molasses, cotton lint, cottonseed cake,
sunﬂower seed cake, and soybean cake. Animal Products include beef, buffalo,
sheep, chicken, milk (dried, whole fresh, whole skim), butter (cow & buffalo), eggs
(hen in shell), and cheese (buffalo, whole cow, skim cow).
Per capita demand relationships developed for the period 1975-2014 with GDP
per capita can be seen in Supplementary Fig. 1 for each individual crop. Only
primary products are considered in production (in country) water use numbers for
the historical period, to avoid double counting of feed and meat products. In the
demand model used to project both future demand and create the historical
hindcast, primary product demand is taken as the production and import quantity
less the export quantity. Several of the crop products considered are traded
primarily in their secondary form. When considering crop production, sugarcane,
sugar beet, and seed cotton were used. The secondary products sugar (raw
equivalent), molasses, and cotton lint were used in terms of trade demand (imports
minus exports). Therefore, products that are primarily exported are already
accounted for in the production of the primary crop. Additionally, some crops have
demand relationships that are heavily inﬂuence by policy decisions – berseem,
cotton, and sugarcane–and use a time-based relationship rather than one based on
GDP per capita. All estimates of crop water consumption (historical production,
historical imports, historical hindcast, and future projections) are scaled by
irrigation application efﬁciency in order to simulate the Egypt equivalent use
needed in order to meet the demand for those crops. Therefore, empirical and
model-based estimates are consistent.
FAO data was available from 1961 to 2013 for most commodities, and available
to 2017 in many cases. In the event that data was not available for the full period,
the nearest recorded value to that date was used, and extrapolated outwards to
ensure full period coverage for analysis. 2013 values were extrapolated to 2017 for
cottonseed cake, soybean cake, sunﬂower seed cake, and artichoke imports.
Berseem area, yield, and production values for 1978 are used for 1961–1977 and
2007 values are used for 2008–2017. Strawberry area, yield, and production values
for 1980 are used for 1961–1979. Soybean area, yield, and production values for
1972 are used for 1961–1971. Sugar beet area and yield for 1979 were used for
1961–1978. Sunﬂower seed area, yield, and production values for 1971 were used
for 1961–1970, and sunﬂower cake data from 1995 was used from 1961 to 1994.
2014 data was expanded to 2017 for Buffalo butter, Cow Butter production, buffalo
cheese, skim cow cheese, whole cow cheese production, skim cow milk production,
and eggs (hen in shell). Import and Export data for skim cow milk was ﬁlled with
zeros prior to 1994. Finally large amounts of missing import data was replaced with
zeros: pre-2000 for cabbages, all data except 2014/2016 for carrots and turnips, pre1996 and post 2014 for cauliﬂower and broccoli, everywhere except 2013–2016 for
chili peppers (green), pre-1993 for garlic, 1961–1999 for strawberries, pre-1997 and
post-2013 for cucumber, everywhere except 2015 for eggplant, pre- 2005 for
melons, in 2014 and 2016 for sweet potato and tangerine and in 2016–2017 for
fresh vegetables (n.e.s.). For 2014–2017, food supply data was ﬁlled in using the
New Food Balances data where available. This may cause slight inconsistencies due
to differences in classiﬁcation or calculation method. Beyond this extrapolation of
data to ensure consistent availability of data between commodities, all publicly
available data was integrated into the analysis, including FAO estimates. No data
was removed due to ﬂagging by the FAO as being an estimation or reconstruction
based on a secondary source. Production, yield, and harvested area data for
primary crops can be seen in Supplementary Fig. 2.

NATURE COMMUNICATIONS | (2021)12:4508 | https://doi.org/10.1038/s41467-021-24747-9 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24747-9

ARTICLE

Fig. 6 Future scenarios. a Additional Virtual Water Demand (km3) [blue line] and Annual Increase Rate (km3) [black dotted line] for a nominal growth
scenario (1.7% population growth, 2.3% GDP per capita growth) versus 2017 levels. Light blue shading represents the increased municipal water demand.
Gray shading represents the additional virtual water imports in a 0% GDP growth, 1.7% population growth scenario. b Historical hindcast of total water use
paired with the nominal projections of total water needed in panel a. The blue dotted line shows the total hindcasted water use, including efﬁciency scaled
total agricultural demand, municipal use and industrial use, and reuse. This is compared to the sum of historical virtual water imports [blue shading] and
the total Nile use estimate [red dashed line] and is shown as the solid blue line. Future projections are divided between in-country consumption [red
dashed line] and increased virtual water demand [area between red dashed line and blue dashed line]. Future Projected Total Water Demand is shown by
blue dashed line. Red squares mark total Nile use estimate for 1995, 2000, 2012, and 2017.
Water use numbers. Overall water use numbers for Egypt have low independence
between sources and are often available for only a handful of years in the last several
decades. Most of the ofﬁcial numbers provided are dictated by the bounds established
in the 1959 agreement between Egypt and Sudan where the former was allocated 55.5
km3/yr and the latter was allocated 18.5 km3/yr. According to ﬂow measurements at
Dongola, near the Sudan-Egypt border, the 30-year average ﬂow (1988–2017) was 74.7
km3/year. All sources of water except desalination are included in our analysis.
Municipal use, industrial use, and reuse values are interpolated and extrapolated from
available data and literature values (Supplementary Fig. 9). So far, the increase in per
capita water usage seems to have tracked closely with increases in per capita GDP. This
growth may have also been driven by the increase in city population. The percentage of
the population living in cities decreased from 42.8% in 1995 to 42.7% in 2017 (United
Nations), however, because of the increase in population this means that in 2017,
roughly 14.5 million more people lived in urban areas compared to 1995. We do
assume though that per capita municipal consumption will remain constant in the
future at roughly 112 m3/capita/year (305.4 liters/capita/day)44. A projection of
municipal water demand for a range of population projections used in this analysis can
be found in the Supplementary Fig. 12.
Crop water numbers. Crop ET requirement numbers were taken from a single
source for consistency and because they were speciﬁc to Egypt and the use of

irrigated water45,46. For commodities that are traded in substantial amounts but
not grown in Egypt (e.g. tea), a blue water number taking into account the source
of the imports was used47. This study is concerned with irrigated water from the
Nile and therefore uses only blue water numbers, which refer to the amount of
surface and groundwater consumed45. In general, the numbers align with the water
requirement numbers collected from the FAO which are given in terms of irrigation requirement48. Difference likely arise because FAO numbers are non-region
or cultivar speciﬁc. We use in-country water consumption numbers for all crops
and animal products, even when we are exploring virtual water and trade, as we are
interested in the magnitude of water that trade replaces and what would otherwise
be in-country production and consumption of water. Berseem water use numbers
are not available from the same source and are taken from a study on evapotranspiration needs of berseem in northern India, a location at roughly the same
latitude and average PET during the growing season49. This number is taken as the
2007–2011 average and scaled in the same manner as other crop water requirements discussed below.
In order to determine the water use requirements of different crops through
time, we are aware that water application is a factor in determining yield. However,
yield growth is also inﬂuenced by fertilizer application, climate, seed variety, soil
salinity, and other management and ecological characteristics. In order to develop a
realistic water requirement function, we use the 1996–2005 average crop ET water
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requirement from the literature45 and the available FAO data on production, area
harvested, and yield. Two scenarios for Nile water consumption for historical crop
production were devised, both based on the literature value for crop speciﬁc, Egypt
speciﬁc water consumption and the 1996–2005 averages of production and
harvested area. The ﬁrst is an estimate using a constant m3/ha for each crop, and
the second uses a constant m3/tonne value. These estimates, scaled for irrigation
application efﬁciency, can be seen as the blue and red lines in Supplementary Fig. 6.
In order to account for factors such as increasing yield and increasing water
application, as well as the other yield inﬂuencing factors above, we settle on a m3/
tonne water consumption requirement that equates to the average of these two
estimates. This can be seen as the black line in Supplementary Fig. 6. It is important
to note that we assume all crops receive exactly their water requirement in any
given year. Per tonne water requirements for secondary commodities remain
constant due to the absence of comparable yield and area data and use the
1996–2005 average water requirement throughout.
Historical reconstruction assumptions. We apply a bottom up, individual cropbased estimate of agricultural water consumption and virtual water trade, using the
assumptions covered above. This empirical reconstruction of water use is completely independent from ofﬁcial use estimates, and depends only on agricultural
data, the physiologically based estimates of water requirement, and an estimation
of irrigation application efﬁciency based on the use of different irrigation technologies. A comparison to AQUASTAT agricultural withdrawal ﬁgures adjusted
with reuse estimates can be seen in Supplementary Fig. 6.
Adjustments must be made to account for system losses between withdrawal of
water from the Nile and ﬁeld application, known as irrigation application efﬁciency
(water use efﬁciency at the ﬁeld scale). This irrigation application efﬁciency is
calculated using proportions of irrigation type and the attributed efﬁciencies of the
technologies50. The curve of irrigation application efﬁciency moves from roughly
61% in the 1960’s to 66% in the mid 2010’s and can be seen in Supplementary
Fig. 5. This loss rate is consistent with ﬁgures given in the literature35. As seen by
these low efﬁciencies, and the small progress made in improving them in the last 50
years, the main true loss in the system is soil evaporation at the ﬁeld scale.
Future projection assumptions. Future projections for water demand are made
starting in 2017 and shown in this study until 2035. The main assumption in the
projections is that all additional demand, which is driven by population increase
and GDP per capita increase, will need to be satisﬁed through imports as Egypt is at
its in-country production limit already.
There are two drivers of growth: population increase adds a full person’s worth
of demand, and economic growth adds marginal demand to existing populations.
The range of population projections considered in the future scenarios span from
0.1% to 2.5% annual growth and encompass the range of growth scenarios given by
the United Nations3, and the 30-year historical rate falls in this range as well.
Similarly, the economic range of scenarios considered was 0.1–4.5% annual growth,
which also contained the historical 30-year growth rate. In order to present a single
likely scenario to focus on when interpreting the projections, we highlight a
nominal scenario. This scenario reﬂects 2.3% GDP per capita growth to match the
last 30 years, and 1.7% population growth to match the UN Medium Variant
Projection by 20353.
In order to anchor the future projection and also make it compatible with the
hindcast reconstruction, all future values were calculated as additional values versus
2017 levels.
Extrapolation of future demand for water is done through a historical linear
regression of GDP per capita and demand or trade demand depending on the
commodity from 1975 to 2014. No upper limit is imposed on the estimates of demand.
We also hold berseem, seed cotton, and sugarcane per capita demand constant in the
future to account for demand changes that are policy rather than growth driven, and to
avoid combining an increased demand for meat from out of country and forage crops.
The total tonnage demand of these crops will still increase due to population growth.
As with historical imports, the water value given is in terms of an Egypt equivalent use
by scaling with irrigation application efﬁciency.
Future projections include water demand coming from agricultural goods, as
well as from increased municipal use. Industrial use and reuse were not
extrapolated and were held at 2017 levels, since they are inﬂuenced more strongly
by policy and other drivers not considered in this analysis. To maintain the scaling
performed in the historical analysis, future water requirement numbers for
individual commodities are the 2012–2017 average water requirement values.

Data availability

References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.
11.

12.

13.
14.
15.
16.

17.

18.
19.
20.

21.
22.

23.
24.

All data used in this analysis is publicly available at the locations listed in Supplementary
Table 1, with the exception of new streamﬂow data at Dongola. Dongola streamﬂow data
(1890-2020) used in this study are available from the corresponding author upon
reasonable request.

25.

Received: 26 September 2020; Accepted: 24 June 2021;

27.

10

26.

Herodotus. An account of Egypt by Herodotus, being the second book of his
histories called Euterpe. (G. C. Macaulay, Trans.) https://www.gutenberg.org/
ﬁles/2131/2131-h/2131-h.htm (2006).
Food and Agriculture Organization of the United Nations (FAO).
AQUASTAT Country Proﬁle – Egypt http://www.fao.org/3/i9729en/I9729EN.
pdf (2016).
United Nations, Department of Economic and Social Affairs, Population
Division. Total population (both sexes combined) by region, subregion and
country, annually for 1950-2100 (thousands)). World Population Prospects
2019, Online Edition. Rev. 1. (File POP/1-1). https://population.un.org/wpp/
Download/Files/1_Indicators%20(Standard)/EXCEL_FILES/1_Population/
WPP2019_POP_F01_1_TOTAL_POPULATION_BOTH_SEXES.xlsx (2019).
Falkenmark, M., Lundquist, J. & Widstrand, C. Macro-scale water scarcity
requires micro-scale approaches: aspects of vulnerability in semi-arid
development. Nat. Resour. Forum 13, 258–267 (1989).
Food and Agriculture Organization of the United Nations (FAO).
AQUASTAT Country Proﬁle – Egypt. Country Factsheet https://storage.
googleapis.com/fao-aquastat.appspot.com/countries_regions/factsheets/
summary_statistics/en/EGY-CF.pdf (2016).
Food and Agriculture Organization of the United Nations. Macro Indicators.
FAOSTAT Statistical Databasehttp://www.fao.org/faostat/en/#data/MK
(1997).
Food and Agriculture Organization of the United Nations. Suite of Food
Security Indicators. FAOSTAT Statistical Database http://www.fao.org/faostat/
en/#data/FS (1997).
Roser, M., & Ritchie, H. Food Supply. Our World in Data. (Accessed August
2020) [https://ourworldindata.org/grapher/daily-per-capita-supply-ofcalories-vs-gdp-per-capita?time=latest] (2013).
Ritchie, H. Meat and Dairy Production: Meat Consumption vs. GDP per
Capita, 2017. Our World in Data. (Accessed August 2020) [https://
ourworldindata.org/grapher/meat-consumption-vs-gdp-per-capita] (2017).
Al-Shishini, A. & El-Bardisy, H. An econometric economical study for animal
protein sources in Egypt. (G.T. Gilbert, Trans.). Arch. Agric. Sci. J. 2, 2 (2019).
Food and Agriculture Organization of the United Nations. Food Supply –
Livestock and Fish Primary Equivalent. FAOSTAT Statistical Database http://
www.fao.org/faostat/en/#data/CL (1997).
Food and Agriculture Organization of the United Nations. AQUASTAT
Country Proﬁle – Egypt. Water Resources Factsheet https://storage.googleapis.
com/fao-aquastat.appspot.com/countries_regions/factsheets/water_resources/
en/EGY-WRS.pdf (2016).
Brooks, C. E. P. Periodicities in the Nile Floods. Mem. R. Meteorol. Soc. 11,
9–26 (1927).
Hassan, F. A. Historical Nile Foods and their Implications for Climatic
Change. Science.212, 4499 (1981).
Said R. The River Nile. Page 55 (Pergamon, 1993).
Vörösmarty, C. J., Fekete, B. M. & Tucker, B. A. River Discharge Database,
Version 1.1 (RivDIS v1.0 supplement). Aswan Dam Egypt. Available through
the Institute for the Study of Earth, Oceans, and Space / University of New
Hampshire, Durham NH (USA) https://doi.org/10.3334/ORNLDAAC/199
(1998).
Republic of Sudan Ministry of Irrigation and Water Resources. Monthly
Streamﬂow at Dongola (1890-2020). Processed and Compiled by Elzein, A. S.
(2020).
Omer, A. M. Water resources and freshwater ecosystems in Sudan. Renew.
Sustain. Energy Rev. 12, 8 (2008).
Salman, M. A. Salman. The new state of South Sudan and the hydro-politics of
the Nile Basin. Water Int. 36, 2 (2011).
United Nations. Agreement between the Republic of the Sudan and the United
Arab Republic for the full utilization of the Nile waters signed at Cairo. Treaty
Series, 453, 51 [https://treaties.un.org/doc/Publication/UNTS/Volume%
20453/volume-453-I-6519-English.pdf] (1963).
Wheeler, K. G. et al. Understanding and managing new risks on the Nile with
the Grand Ethiopian Renaissance Dam. Nat. Commun. 11, 5222 (2020).
Abu Zeid, K. M. Existing and Recommended Water Policies in Egypt. Water
Policies in MENA Countries, Global Issues in Water Policy, 23, S. Zekri (ed.)
(2020).
Nile Basin Initiative (NBI). in The Nile Basin Water Resources Atlas (2016).
Arab Republic of Egypt, Ministry of Water Resources and Irrigation (MWRI).
Water for the Future: National Water Resources Plan 2017 http://gis.nacse.
org/rewab/docs/National_Water_Resources_Plan_2017_en.pdf (2005).
Negm, A. M. (ed.). Conventional Water Resources and Agriculture in Egypt,
471. The Handbook of Environmental Chemistry 74, p. 471–488 (2019).
Allan, J. A. Priorities for Water Resources Allocation and Management, p.
13–26 (Overseas Development Administration, 1993).
Food and Agriculture Organization of the United Nations. AQUASTAT Main
Database, Water Resources: Exploitable Water Resources and Dam Capacity,
Egypt. (2016).

NATURE COMMUNICATIONS | (2021)12:4508 | https://doi.org/10.1038/s41467-021-24747-9 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24747-9

28. Ritchie, H., & Roser M. Crop Yields. Our World in Data. (Accessed August
2020) [https://ourworldindata.org/crop-yields] (2013).
29. United Nations, Department of Economic and Social Affairs, Population Division.
Total fertility by region, subregion and country, 1950-2100 (live births per woman).
World Population Prospects 2019, Online Edition. Rev. 1. (File FERT/4). https://
population.un.org/wpp/Download/Files/1_Indicators%20(Standard)/EXCEL_FILES/
2_Fertility/WPP2019_FERT_F04_TOTAL_FERTILITY.xlsx (2019).
30. Food and Agriculture Organization of the United Nations. Suite of Food
Security Indicators: Cereal Import Dependency Ratio (percent) (3yr average).
FAOSTAT statistical database. (2020).
31. Mekonnen, M. M. & Hoekstra, A. Y. The green, blue and grey water footprint of
crops and derived crop products. Hydrol. Earth Syst. Sci. 15, 1577–1600 (2019).
32. Mekonnen, M. M. & Hoekstra, A. Y. A global assessment of the water
footprint of farm animal products. Ecosystems 15, 401–415 (2012).
33. Hamza, W. in Estuaries; Handbook of Environmental Chemistry, Vol. 5 Part H
(ed. P. Wangersky) p. 149–173 (Springer Verlag, 2006).
34. Siam, M. & Eltahir, E. A. B. Climate change enhances interannual variability
of the Nile river ﬂow. Nat. Clim. Change 7, 350–354 (2017).
35. Abdelkader, A. et al. National water, food, and trade modeling framework: the
case of Egypt. Sci. Total Environ. 639, 485–496 (2018).
36. Omar, M. E. D. M. & Moussa, A. M. A. Water management in Egypt for
facing the future challenges. J. Adv. Res. 7, 3 (2016).
37. Tsur, Y. Economic aspects of irrigation water pricing. Can. Water Resour. J.
30, 31–46 (2005).
38. Zeitoun, M., Allan, J. A. & Mohieldeen, Y. Virtual water ‘ﬂows’ of the Nile
Basin, 1998–2004: a ﬁrst approximation and implications for water security.
Glob. Environ. Change 20, 2 (2010).
39. Eltahir, E. A. B. A path forward for sharing the Nile water: sustainable, smart,
equitable, incremental (Published by the Author, 2019).
40. Basheer, M. et al. Quantifying and evaluating the impacts of cooperation in
transboundary river basins on the Water-Energy-Food nexus: The Blue Nile
Basin. Sci. Total Environ. 630, 1309–1323 (2018).
41. Hereher, M. E. Vulnerability of the Nile Delta to sea level rise: an assessment
using remote sensing. Geomat. Nat. Hazards Risk 1, 4 (2010).
42. Abd-Elhamid, H., Javadi, A., Abdelaty, I. & Sherif, M. Simulation of seawater
intrusion in the Nile Delta aquifer under the conditions of climate change.
Hydrol. Res. 47, 6 (2016).
43. Hatﬁeld, J. L. Climate impacts on agriculture: implications for crop
production. Agron. J. 103, 2 (2011).
44. Food and Agriculture Organization of the United Nations (FAO). AQUASTAT
Main Database. http://www.fao.org/nr/water/aquastat/data/query/index.html?
lang=en (2016).
45. Mekonnen, M. M. & Hoekstra, A. Y. The Green, Blue And Grey Water
Footprint Of Crops And Derived Crop Products. Value of Water Research
Report Series No. 47, Vol. II, App. II. (UNESCO-IHE, Delft, 2010).
46. Mekonnen, M. M. & Hoekstra, A. Y. The Green, Blue And Grey Water
Footprint Of Farm Animals And Animal Products (Grazing Method). Value of
Water Research Report Series No. 48, Vol. II, App. V. (UNESCO-IHE, Delft,
2010) (Volume 2, Appendix V).
47. Mekonnen, M. M. & Hoekstra, A. Y. National Water Footprint Accounts: The
Green, Blue And Grey Water Footprint Of Production And Consumption.
Value of Water Research Report Series No. 50, Vol. II, App. VI. (UNESCOIHE, Delft, 2011).
48. Food and Agriculture Organization of the United Nations. Crop Water
Information. http://www.fao.org/land-water/databases-and-software/cropinformation/en/ [Accessed March 2020].
49. Tyagi, N. K., Sharma, D. K. & Luthra, S. K. Determination of
evapotranspiration for maize and berseem clover. Irrig. Sci. 21, 173–181
(2003).
50. Brouwer, C., Prins, K., & Heibloem, M. Annex 1: Irrigation Efﬁciencies. In
Irrigation Water Management: Irrigation Scheduling: Training Manual 4.
http://www.fao.org/3/t7202e/t7202e08.htm (1989).

ARTICLE

51. Sallam, O. M. Vision for future management of groundwater in the Nile delta
of Egypt after construction of the Ethiopian dams. Hydrol. Curr. Res. 9, 302
(2018).
52. Abdel-Shafy, H., El-Saharty, A., Regelsberger, M. & Platzer, C. Rainwater in
Egypt: quantity, distribution and harvesting. Mediterranean Mar. Sci. 11, 2
(2010).
53. Morsy, W. S. Environmental management to groundwater resources for Nile
Delta region. PhD thesis, Faculty of Engineering, Cairo University (2009).
54. Mahmoud M. A. A. M. Negm (ed.), Groundwater in the Nile Delta (The
Handbook of Environmental Chemistry, 73) p. 141–158 (2019).

Acknowledgements
Thank you to former group members of the Eltahir group at MIT for their previous
foundational work in this region, and to Yeon-Woo Choi, Alexandre Tuel and Gin
Kaijing Ong for their feedback on this research. Thank you to Gray T. Gilbert for his
assistance in translating the data tables in reference Al-Shishini and El-Bardisy (2019).
Thank you to Mr. Abdelrahman Saghayroon Elzein at the Sudan Ministry of Irrigation
and Water Resources for providing the monthly ﬂows at Dongola data. This work was
made possible through funding from the Breene M. Kerr Professorship at the Massachusetts Institute of Technology.

Author contributions
C.A.N. performed the data collection and analysis, and E. A.B.E. conceived and supervised the work. C.A.N. and E.A.B.E. wrote and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-24747-9.
Correspondence and requests for materials should be addressed to C.A.N.
Peer review information Nature Communications thanks Kevin Wheeler and Yasmin
Zaerpoor for their contribution to the peer review of this work. Peer reviewer reports are
available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021

NATURE COMMUNICATIONS | (2021)12:4508 | https://doi.org/10.1038/s41467-021-24747-9 | www.nature.com/naturecommunications

11

