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HE CSIC’s functions include
informing, assisting and advising
public and private entities on
science and technology, as stated
in acticle 5 of its Articles of Association.
Undertaking this task, we present the
report, Droughts, from the Science foc
Public Policy series, which is addcressed
to the European Commission, public
administrations and society in general.
This report explains basic concepts
related to droughts, outlines their impacts
on agriculture, ecosystems and society,.
Finally, we present the most impoctant
research projects undecway at the CSIC to
address the management of water deficits.
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OROUGHT

ROUGHT 1is one of the major natural hazards affecting

our planet. It affects both natural ecosystems and so-

cieties in developed and developing countries, and

interacts with climate change. When people think of
weather-related natural disasters, they usually refer to tropical
cyclones, floods, tornadoes or other phenomena, but they do not
often think of drought, despite the fact that drought has histori-
cally been the most lethal weather phenomenon and continues
to kill tens of thousands of people around the world today:.

Drought has been the cause of human migration, war and even
the disappearance of civilisations. Few natural phenomena can
compare with the devastation caused by drought. Its surface
area often exceeds that of any other natural disaster and its ef-
fects reach the entire ecosystem, with dying forests, parched
grasslands and, in the most extreme cases, desertification and
soil erosion. These effects are compounded by the dreaded for-
est fires, which spread more rapidly with dry vegetation. Ani-
mals die of thirst or starvation for lack of food, and some villages
see their way of life disappear as they are unable to cope with
drought. They will have to choose to either starve or migrate.
Lack of water can lead to desertification and poverty for years
to come. Even in countries with healthy economies, drought has
very negative impacts that ripple through the socio-economic
system, leading to sectoral and territorial conflicts.

Therefore, previous experiences in drought management at the
regional, national or supranational level can contribute to limit-
ing risk and devising efficient strategies to cope with this natural
disaster. Thus, this report, in addition to delving into the charac-
teristics, types and consequences of drought, presents the con-
tributions made by researchers at the CSIC in their endeavour to
solve both the global and regional challenges posed by drought.

SCIENCE qpoucv 9
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on crops, ecosystems and society as a whole. It is very
difficult to establish fixed thresholds of duration or in-
tensity to define drought. In some cases it appears suddenly,
while in others it develops over a long period of time. It is also

ROUGHT is an anomalous situation in which there is a
deficit in water availability, causing negative impacts

What iS difficult to assess the degree of water deficit, as drought can oc-
" cur in different areas (agricultural, hydrological, ecological, etc.),
d.fo Ug ht ® each with its own characteristics.

Drought should be distinguished from other related concepts,
such as aridity, which refers to the average humidity conditions
of a region. There is also frequent confusion between drought
and the dry season, which occurs regularly every year in certain
climates and does not represent an anomaly, such as summer
in the Mediterranean climate. Finally, water scarcity refers to a
chronic situation of lack of water resources as a result of an ex-
cessive demand compared to available water resources.

Drought is therefore a very complex phenomenon; although it
has a fundamentally hydro-climatic origin in which precipita-
tion deficit plays a preponderant role, it is very difficult to quan-
tify. In fact, it is not possible to use a single variable to char-
acterise drought, as there are multiple interactions between
climatic conditions, soil, vegetation, surface water and ground-
water hydrology.

In addition, human activity can affect the intensification and
spatial and temporal spread of drought, as land management,
land use, water resource regulation and water demands can re-
duce or increase its severity. For example, the development of in-
tensive and water-inefficient irrigated agriculture will put signif-
icant pressure on water resources and may increase the severity
of drought downstream.

0| #CSIC
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Figure 1.1 Compaonents of drought
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Drought is multidimensional in nature, occurring in different so-
cio-economic or ecological systems, and in different phases of
the hydrological cycle, so there are different types of drought: i)
meteorological drought, in which rainfall is below average val-
ues, and which can be aggravated by an increased demand for
water by the atmosphere; ii) agricultural drought is characterised
by a lack of soil moisture necessary for crop development, re-
sulting in crop reductions or losses; ecological or environmental
drought is caused by a lack of available water for natural vegeta-
tion and is a key factor in the impact on ecosystems; iii) hydrolog-
ical drought is related to a prolonged decline in different sources
of water resources, such as flows, reservoirs and groundwater;
iv) socio-economic drought is when it affects societies and econ-
omies in the form of water restrictions, low agricultural produc-
tivity, higher energy prices and other indirect effects.

All these types of drought usually occur together, and it is usually
the meteorological drought that gives rise to the others. Howev-
er, this causality between droughts depends on multiple factors,
including the water needs of natural vegetation and crops, the
state of conservation of ecosystems, the characteristics of river
basins, and the capacity to regulate and manage water resourc-
es. In addition, there are delays between meteorological droughts
and other types of droughts occurring, which are usually short
in the case of agricultural droughts and longer in the case of hy-
drological droughts, especially when groundwater reserves or
high-capacity reservoirs are affected.

2| £ CSIC
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Figure 1.2 From meteorological to hydrological drought
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Indicators, generated from variables, are used to study and moni-
tor drought. These variables are often climatic, but also hydrolog-
ical (soil moisture, reservoir storage capacity, river flow, ground-
water, etc.), and more recently plant growth data, measured from
satellite images. Using these indices, it is possible to identify a
drought event in terms of its main components: duration, total
magnitude of the deficit, average intensity and surface extent.
Drought severity is often referred to as a non-quantitative value
that brings together all these characteristics of the phenomenon
and its associated impacts. Thus, very long-lasting droughts, of
considerable importance and affecting large territories are often
referred to as mega-droughts. Moreover, the speed with which
a drought occurs is important. Mostly, they require long periods
with little precipitation, although there are also droughts char-
acterised by a rapid onset, known as flash droughts, which can
have very significant impacts on agriculture and ecosystems.

| #CSIC
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Figure 1.3 Magnitude, duration and intensity of the drought
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atmospheric circulation and inter-regional moisture

transport. In recent decades, very severe droughts have

occurred in different world regions, suggesting a link to climate

change. However, the analysis of the precipitation series of more

The human than one hundred years available throughout the world shows

ROUGHT is a phenomenon that has been recurrently
linked to natural climate variability, controlled by the

. R little change in the occurrence of particularly severe precipita-
fOOtpflnt. tion. The humanfootprint: climate change and overexploitation
climate deficits. In fact, in Spain, episodes such as those of the first dec-

ades of the 20th century are not uncommon over the last 170
change and years,
overexploitation

Figure 1.4 Trends in drought over time

Standardised precipitation index

Wet years
+3

+2

+1

- 2 J
Dry years

1880 1900 1920 1940 1960 1980 2000 2020

Trends in the average standardised precipitation index for Spain between 1870
and 2020. / csic

5| #CSIC



Changes in cainfall Lack

------

statistical significance;
however, recent decades
have witnessed a a clear rise
in atmospheric evaporative
demand

i



SCIENCE FOR PUBLIC POLICY

Figure 1.4 Rising stmospheric evaporative demand
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evaporative demand for Spain from
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model, for which the necessary data
have been available since 1961. / csic
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However, in addition to precipitation deficits, there are other cli-
matic factors that influence drought, the main one being atmos-
pheric evaporative demand, which depends on air temperature,
relative humidity, wind speed and solar radiation. During peri-
ods of precipitation deficit, high atmospheric demand increases
evaporative water loss from soils, vegetation and reservoirs, and
increases stress on vegetation and crops. Thus, although chang-
es in precipitation are insignificant, there has been a marked
increase in atmospheric evaporative demand in recent decades
due to the increase in average temperature.

The increase in atmospheric evaporative demand on a global
scale has been more than 50 mm since the 1980s, from 1,240 mm/
year to 1,300 mm/year, on average. In some regions this increase
has been much greater. This is the case in Spain, where annual
demand has increased by more than 120 mm since 1960 and has
reached 1,200 mm/year on average in the last decade.



OROUGHT

This means that in periods of low water availability, the severity
of drought increases, especially in the case of agricultural and
ecological droughts.

Beyond climatic factors, water-resource management is an-
other key element in understanding the evolution and impact
of drought. Nowadays, there are about 36,000 large dams in the
world, three times more than in 1960. In parallel, global water
use has increased from 2,000 km? to 4,000 km? annually due to
population growth, economic development and changing con-
sumption patterns. If we consider trends in the world population,
however, water availability per capita has dropped by half in the
same period. This information is a good indicator of the increas-
ing pressure on global water resources. In Europe, North Amer-
ica and Asia, the impact of hydrological droughts has increased
by up to 500% and their incidence by 27% over the last decades,
mainly due to increasing water consumption.

In Spain, the increase in the frequency and severity of hydro-
logical droughts has been very notable. Many basins draining
the Mediterranean show flow losses of more than 50% since the
1960s, a percentage much higher than the changes attributable
to climate change. In addition, there has been an increase in the
forested area in headwater areas and in the irrigated area from
1.5 million hectares in 1950 to more than 3.5 million hectares
today. River-basin regulation capacity in Spain has increased
considerably in the above-mentioned period, from less than
15,000 hm? to over 55,000 hm? nonetheless, irrigation restric-
tions are still implemented during dry years. This situation is
due to the enormous water demand by these farms, leading to
chronic water resource availability deficits in most Mediterrane-
an basins in Spain.

SCIENCE qpoucv 19
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Figure 1.5 Map of the exploitation rate of water resources in the world
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Figure 1.6 The annual streamflow has decreased in most
rivers in mainland Spain
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Figure 1.7 Trends in the world's water resources

Reservoir capacity Resource use Renewable water resoucces

8,000 km?® 4,000 km?*/year 10 hm?/person/year

T T T T
1964 1980 2000 2019 1964 1980 2000 2019 1964 1980 2000 2019

csic

However, irrespective of these model projections, it should be
noted that even in regions where precipitation is expected to
increase, some periods of precipitation deficits will be record-
ed. When such shortages occur, the atmospheric evaporative
demand due to rising temperatures will lead to a significant in-
crease in water stress on vegetation and crops, and to reduced
surface water resources. In other words, higher temperatures
will lead to higher than average atmospheric evaporative de-
mand, resulting in more severe droughts, greater stress on veg-
etation and less availability of water resources, especially in dry
climate regions.

22
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available. This is essential to assess and mitigate the

risks arising from this phenomenon, which despite

affecting countries and regions with very different income lev-

els, has dire consequences for developing countries. According

Im paCtS Df to the United Nations, between 1970 and 2019, drought was the

d fou ht natural phenomenon that caused the highest number of deaths,

g some 650,000. In addition, it is estimated that around 55 million

people are affected by drought each year, leading to worrying
humanitarian crises.

HERE is an urgent need to quantify the impacts of
drought, although there is hardly any information

In developed countries, the impacts of drought are mainly as-
sociated with economic losses, which can be very large. It is
estimated that approximately €9 billion is lost in the Europe-
an Union (EU) and USS$S6.4 billion in the United States. In the
EU, the highest losses occur in Spain (€1.5 billion/year), Italy
(€ 1.4 billion/year) and France (€ 1.2 billion/year). Depending on
the region, impacts in Europe are mainly concentrated in agri-
culture (39%-60%), followed by the energy sector (22%-48%) and
urban supplies (9%-20%). The impacts are particularly severe in
regions where agriculture or livestock farming are of major eco-
nomic importance. In short, drought has a cross-cutting effect
on ecosystems and biodiversity, on agricultural and livestock
activity and, consequently, on the economy and society.

Impacts on agriculture, Llivestock and food pcoduction

Drought reduces plant growth and yield mainly due to loss of
cell turgor, reduced CO, assimilation, oxidative stress and nutri-
tional imbalance. This is a serious problem for crop productivity,
as water is key to a multitude of processes in plants that deter-
mine their growth and development. These difficult issues lead
to a decrease in food production, which, in turn, leads to higher
commodity prices and loss of income for farmers.

»| #CSIC
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Drought-stricken maize
field. /1sTock

Drought affects plants in both roots and leaves due to lack of wa-
ter in the soil and high atmospheric demand. In the short term,
plants respond to the lack of water by regulating various pro-
cesses, such as stomatal closure, water transport or turgor pres-
sure. However, if drought persists, plants make adjustments in
root growth and leaf area through complex molecular, cellular
and physiological responses that seek to save water and adapt
to drought.

SCIENCE qpoucv 25
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The impact of drought depends on the time it occurs during the
plant development cycle and will, therefore, have a different im-
pact on food production. During germination and the seedling
becoming established, drought delays development and limits
growth. In the vegetative stage, it reduces plant development and
alters plant morphology, affecting the quality of crops such as
leafy vegetables. During reproduction, it causes flower and grain
abortion, reducing fruit and seed formation. In addition to these
direct effects, drought increases the incidence of pests and dis-
eases in crops, as weakened plants are more susceptible to such
damage. It also reduces the activity of beneficial micro-organ-
isms in the soil, which impacts on the availability of nutrients
to plants, leading to a long-term decline in soil fertility and de-
creasing ylelds.

S F -
The quality and quantity of agricultural production is affected by the drought. /istock
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Drought also directly affects livestock by reducing the availa-
bility of pasture and compromising the production of key feed
crops (maize, soybean, wheat, alfalfa, etc.), making livestock
nutrition difficult. This has important economic and nutrition-
al implications for the livestock industry. In addition, drought
impacts on the practice of transhumance, a traditional grazing
system that depends on access to water supply points during
the seasonal movements of herds. These impacts make move-
ment difficult and can lead to the concentration of animals in
limited areas, increasing pressure on available resources and
contributing to soil degradation.

Cow grazing in a drought-
stricken field. This reduces
the quality of feed for
livestock. /isTock
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Aerial view of the Santa . .
Olalla lagoon in Dofiana Hydrological impacts

on 2nd September 2022,

affected by drought and L .
Overexmoiytaﬁonfg Drought can significantly alter the water cycle: it reduces the

/ ESTACION BIOLOGICA availability of water resources and influences water quality.

DE DONANA Scarcity of water resources has direct consequences on the eco-

systems associated with water bodies, but also affects irrigation,
drinking water supply, hydropower generation and industrial ac-
tivities, all of which have a negative impact on the economy and
society as a whole.

28
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In addition, drought causes an increased concentration of dis- Figure 1.8

solved elements in the water, especially nitrogen and phospho- rought-stricken
rus, which can result in excessive growth of algae and aquatic  wopodland in Spain
plants leading to eutrophication of the water body, i.e., depletion

of dissolved oxygen.This detrimental effect on aquatic ecosys- Dead trees

tems compromises the availability of drinking water for human
use. Groundwater is also experiencing significant changes in its
chemical composition as a result of drought. The deeper water 300
comes to the surface with a poorer chemical quality. Similarly,

in coastal aquifers, the scarcity of freshwater recharge causes

Heavily defoliated trees

salinisation, which makes it unviable to maintain the crops that 250
feed on these bodies of water.

200
Ecological impacts

150

Drought reduces plant growth and their capacity to sequester
carbon, leading to forest decline and mortality and a shift
in forests from being sinks to sources of CO, during drought 100 gR_m R R
episodes. This has adverse effects on ecosystem services. Thus,
carbon fixation, regulation of the water cycle, maintenance of
the diversity of fauna and flora, generation of wood products and
landscape composition, all of which are ecosystem functions,
are threatened by drought. This is compounded by the fact that
dry natural areas are a worrying source of fuel for the forest
fires, especially after wet years when a large amount of biomass
accumulates. Drought also weakens trees and makes them more
vulnerable to defoliating insects, increasing the damage directly
associated with pests. It also negatively affects pastures on which
the livestock sector feeds, which would add another economic
problem resulting from the situation. Drought is also detrimental
towildlife. The consequent decrease in the reproductive potential
of trees and increase in flammable fuels have negative impacts
on herbivores and frugivores, which feed on seeds and fruits.
Likewise, higher up the food chain, populations of carnivores
and scavengers are also negatively affected.

2005 2010 2013 2018

csic
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Indicrect socio-economic impacts

Drought indirectly affects society and the economy. It can even
lead to the disruption of local and global supply chains and pro-
duction activities, resulting in temporary or permanent unem-
ployment and loss of income. In addition, drought can lead to
disease transmission due to poor water and air quality, food in-
security, malnutrition and, in extreme cases, widespread hunger
and famine. This unfavourable context forces populations into
internal or cross-border migration, increasing the risk of social
conflict in the receiving region or country.

Beyond transmitted diseases, poor water quality leads to car-
diovascular and respiratory problems, injuries, kidney disease,
oesophageal cancer, mental health disorders and mortality. The
most detrimental health effects of drought often fall dispropor-
tionately on children, the elderly, pregnant women, chronic pa-
tients, outdoor workers, the marginalised or impoverished. On
the other hand, drought can have different effects on women
and men; women are especially vulnerable in developing coun-
tries because they face discrimination: lower wages, limited ed-
ucational opportunities and exclusion from political and deci-
sion-making processes.

The impacts of dcought in Spain

Spain has traditionally been a country vulnerable to drought.
There are numerous historical documents about its dramatic
effects on society in each period. Due to the enormous depend-
ence of the agricultural sector on the amount of rainfall, drought
has caused famines, excess mortality and birth census. Visig-
othic records document that in 641 the drought was so severe
that after seven years of rainfall deficit most of the olive groves
in the Roman province of Baetica died. Another example is the
droughts that affected the Ebro valley between 1641 and 1654,
which caused a notable increase in cereal prices and a drop in
the population.

x| #CSIC
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The drought in Catalunya has
uncovered the old village

The significant demographic effects of drought were also record-

ed in the 20th century. In fact, the last major drought-induced flooded by the waters of the

famine in Spain occurred in 1946, coinciding with Franco's pe- b Sl ‘évg'&h”‘;vispfﬁ
. . . .070

riod of economic autarchy, and resulted in several thousand 2023. /1sTock

deaths. With the developmentalism of the 1950s and 1960s,
which transformed Spain from a fundamentally agrarian and
rural country to a predominantly urban and industrial one, so-
cial and demographic vulnerability to drought diminished. Since
then, although the impacts of subsequent droughts have been
significant, they have been restricted to the economic and envi-
ronmental spheres. In the last 75 years, no one has died of star-
vation due to drought in Spain. In recent decades, agricultural
drought has become secondary and hydrological drought is cur-
rently the most relevant due to its role in urban supply, hydroe-
lectricity production and agricultural irrigation, which has not
ceased to grow in both extension and economic relevance.

SCIENCE qpoucv 31
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In Spain, there is no direct record of the impacts caused by
drought, so estimating them is complicated. However, the figures
for some sectors are sufficiently representative of the enormous
economic losses it causes, in addition to supply problems and
significant social alarm. The droughts of 1980-1983 and 1991-1995
led to significant water supply problems in populated centres, es-
pecially in central and southern Spain.

Hydro-power production is also greatly affected by drought. For
example, the brief but very intense drought in 2005 led to a sig-
nificant drop in hydro-power production to 18,000 GWh (gigawatt
hours) per year, which is the lowest figure since hydropower re-
cords began in 1965.

The sector most affected by drought in Spain is agriculture, es-
pecially irrigated agriculture, which is closely linked to hydro-
logical drought conditions. Rainfed farming, although it suffers
significant losses during dry years, has a much lower economic
impact. For example, 2012 was the year in which agricultural in-
surance payments for dry arable crops were the highest, at 210
million euros. These figures, although large, are not comparable
to the losses due to lack of water in irrigated areas, which can be
estimated at several billion euros in a single region of Spain.

In addition to these direct impacts of the agricultural drought,
there are other indirect impacts, which are difficult to quantify.
A study on the direct and indirect economic effects of the 2005
drought in the Ebro valley estimated a decrease in agricultur-
al production of 405 million euros. However, these losses were
spread across different sectors, resulting in more than 300 mil-
lion in indirect losses due to their effects on the agri-food indus-
try or agricultural machinery. Furthermore, the drought caused
the direct or indirect loss of more than 11,000 jobs.

»| #CSIC
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Figure 1.9 Rainfall and hydro-power production
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Evolution of precipitation and annual hydroelectric production in Spain
between 1990 and 2020. / csic

Drought is responsible for half of the damage recorded in Span-
ish forests (defoliation, loss of biomass, decline), followed by bi-
otic stress factors (insects, pathogens) - responsible for 24% of
the damage - as shown by monitoring through regional, national
or European forest health networks. Up to 80% of these affected
forests recover within one to two years; the remainder may take
longer. Finally, although Spain’s forest biomass has increased
considerably over the last sixty years, landscapes have become
increasingly susceptible to the impacts of drought and wildfire.

SCIENCE qpoucv 33
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i Dcought management
L Given the enormous social and economic impacts of drought,

different public administrations usually take measures to mit-
igate its effects. These measures are usually reactive, i.e., they
. . . are adopted when drought is already occurring, they are often
L1V1ng with ineffective, poorly coordinated and have little capacity to reduce
d fou ght' vulnerabihty and risk. The _fact_that sogio—economic activities

* are carried out without considering the risk of drought and that,

adaptatio ns when drought occurs, public administrations’ mitigation provi-
. sions are subsidies, tax reductions or credits, which is the worst
a nd SOLUthﬂS way to create a drought-resilient society:.

In recent decades, the focus has been on the need for improved
drought planning, readiness and recovery. In general, there are
three fundamental pillars for adequate integrated drought risk
management:

O Monitoring and early warning.
O Drought vulnerability and associated risk assessment.
O Mitigation, preparedness and response.

Indeed, to manage drought risk effectively, it is very important
to understand the impacts, which ecosystems and societies are
at risk and why. Moreover, effective integrated decision-making
needs to be embedded in a series of iterative review cycles that
involve improving strategies once a drought has occurred. Cur-
rent estimates suggest that the benefit of taking proactive action
in this regard is two to ten times greater than the cost of imple-
menting reactive measures.

x| #CSIC
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Figure 1.10@ Pillars of Drought Management
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Dcought management expecience in Spain

Spain’s high vulnerability to drought has meant that its popula-
tion has adapted to this anomaly in different ways throughout
history. An example of this is the remains of numerous Roman
dams and irrigated areas from the Arab period, which have sur-
vived up until the present day. Also since the 1950s, numerous
actions have been taken to try to limit the country’s vulnerability
to drought.

Spain has been a pioneer in the development of adaptation meas-
ures for rainfed agriculture and extensive livestock farming. The
most important of these was the implementation of an agricul-
tural insurance policy in 1982, coordinated by the State Agricul-
tural Insurance Entity, which has proved to be very useful and is
still frequently taken out today. The main part of this insurance
corresponds to rainfed crops, representing about 40% of the total.
In addition, there is pasture insurance, using information provid-
ed by satellite images, which covers the extra supplies that farm-
ers have to provide, such as feed, for livestock when the pasture
does not grow sufficiently because of drought.
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Almond orchard and flock of

sheep. Spain has been a pioneer in
establishing adaptation measures
for rainfed agriculture and extensive
livestock farming. / istock
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In Spain, moreover, strategies have been developed to move from
conventional agriculture, which is prone to water loss, to conser-
vation agriculture, which is based on a drastic reduction (even
elimination) of intensive tillage. This is done to maintain soil
structure and favour the conservation of moisture and fertility.
Conservation agriculture seeks to improve long-term crop pro-
ductivity through the use of permanent ground cover, minimal
soil disturbance and crop rotation. This technique can lead to 10%
water savings in Spanish agriculture and avoids contamination
of surface and groundwater.

In addition, along with crop rotation and diversification, anoth-
er of the main measures developed is the choice of varieties
adapted to water availability. This is possible due to breeding
techniques to select or create new drought-resistant crops or by
using traditional less productive varieties that had fallen into dis-
use, but which have better resistance and resilience traits. In re-
cent years, the development of cutting-edge breeding techniques,
based on advances in biotechnology, molecular biclogy and ge-
nome sequencing, has generated a gross economic added value
of around one billion euros per year in Spain, and a strong reduc-
tion in water consumption thanks to the adaptation of varieties
to water stress.
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Within the framework of sustainable intensive agriculture, sig-
nificant improvements in irrigation systems have been imple-
mented, both with more efficient hydraulic infrastructures and
the implementation of innovative technologies, such as localised
irrigation systems. These improvements aim to increase agricul-
tural productivity with the least possible impact on the environ-
ment, as they minimise water losses and reduce the evaporation
of water from the soil.

From an ecological point of view, adaptation measures have
been implemented in Spain to reduce the vulnerability of eco-
systems, especially in the case of forests, which occupy almost
30% of the national territory. Although very localised, measures
to create less dense, structurally and functionally more diverse
forests have been implemented to mitigate the negative impacts
of droughts. Selective logging or even prescribed burning, which
reduce density and basal area or contribute to creating more di-
verse and heterogeneous forests, help to reduce competition be-
tween trees for soil water. In addition, the use of cover thickets to
help the regeneration of certain tree species is another adaptive
management measure.

In Spain there are agroforestry systems, such as truffle oak plan-
tations, where the use of drip irrigation is widespread. Irrigation
is used because drought reduces the production and quality of
the truffle.

The development of plant breeding
techniques in Spain has generated

a gross economic added value of
around 1 billion euros per year. /I1stock
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In other systems, such as pastures, there are also viable adap-
tation alternatives: the selection of drought-resistant species or
varieties, as in the case of some legumes, or the selection and
application of edaphic microbiota that allow a more efficient use
of water and nutrients. Finally, in transitional systems, such as
riparian forests, which are particularly threatened throughout
most of Europe by their conversion into urban and agricultural
land, it is essential to maintain ecological flows and a seasonal
regime, as the trees (poplar, ash) are very sensitive to low water
levels and to a decrease in the water table in spring.

Since the main dimension of drought in Spain today is hydro-
logical, the focus in recent decades has been on its management
and adaptation when it occurs. This management began with
the political regenerationism of the early 20th century, which
was the basis for the development of a state policy for the plan-
ning and financing of hydraulic works. Since the 1950s, the hy-
drological regulation capacity in Spain has been considerably
increased in order to increase availability and cushion deficits
during dry years. However, this improvement in water regula-
tion has gone hand in hand with an extraordinary increase in
irrigated surface area.

Faced with the imperative of increasing the available water re-
sources through regulation, the European Union's Water Frame-
work Programme, adopted in 2000, has provided a new perspec-
tive for drought policy and management. Its directive indicated
the need to complement river basin management plans with
specific drought management programmes. Spain has been a pi-
oneer in developing these river-basin plans, which have served
as an indispensable tool for decision-making during hydrologi-
cal droughts in the last decade.

These plans have contributed to limiting water restrictions in
the water supply to population centres through better irrigation
management. The drought-prevision plans are based on the
availability of real-time information on the hydrological condi-
tions of each basin, which are independent, and they are adapted
to the specific characteristics of each basin; however thesame
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concept for drought monitoring is used in all cases. The plans
include programmes of measures and an organisational frame-
work for drought management in each sub-unit, with the in-
volvement of key actors in each. In pre-alert and alert conditions,
different priorities are established in the allocation of water uses,
with water supply to the population always being a priority. The
drought plans began to be implemented in 2007, they were re-
vised in 2017 an in 2023, they were undergoing their second re-
vision process.

In addition to drought plans, public administrations responsible
for urban supply in population centres with more than 20,000
inhabitants must have drought contingency plans. These plans
include different restrictions and measures to reduce water
consumption and guarantee water supply according to differ-
ent drought scenarios. Typically, urban plans include measures
such as reducing irrigation frequencies, prohibiting the filling of
swimming pools, alternation of water sources, etc. In addition,
in Spain’s main cities, actions have been implemented to reduce
water consumption, in some cases by increasing the price per
cubic metre of water, but also by running awareness campaigns
on responsible consumption, installing individual meters, pro-
moting water-saving technologies or controlling illegal connec-
tions to the supply network. As a result, since the beginning of
the 21st century, there has been a progressive and continuous re-
duction in per capita water consumption, from over 160 m?/year
in 2000 to less than 120 m®¥/year nowadays.

w| #CSIC
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Finally, it should be pointed out that, despite the changes brought
about by the Water Framework Directive and the drought plans
in Spain, drought management remains largely reactive at pres-
ent. Thus they take the form of legislation and credits by the
governments to subsidise losses in the affected sectors, mainly
the agricultural sector. Moreover, these measures are often ac-
companied by plans for more water-regulating infrastructures or
even water transfers between river-basins. So, on the one hand,
Spain has joined the pioneering Water Framework Directive in-
creasing water regulation and implementing other measures
(such as the modernisation of irrigation systems, the construc-
tion of desalination plants and even the reuse of waste water).
On the other hand, paradoxically, demand is still considerably
high at present, due to the enormous increase in irrigated areas
and the intensification of irrigation. It is this factor that prevents
demands from being met during drought events and explains
why the Spanish hydrological system and irrigated agriculture
are currently so vulnerable to drought.
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OR decades, various CSIC institutes have been working

on different lines of research directly or indirectly relat-

ed todrought. This effort has led to considerable progress

in the multidisciplinary understanding of drought, with
a view to adopting the necessary measures to mitigate its effects
and to adapt.
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CSIC researchers perform drought simulation experiments. / INIA
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jectively and to compare its severity in regions with
different hydro-climatic characteristics. At the CSIC, re-
searchers have focused their work in this way to develop indices
to quantify meteorological drought. In particular, the Standard-
Dc OUght from ized Precipitation Evapotranspiration Index has made it possi-
. ble to include the effect of atmospheric evaporative demand in
3 C'.lmate the quantification of drought. This indicator has now become a
pe [spective benchmark for quantifying dry periods and is used in scientific
studies by researchers around the world and by national mete-
orological services for the development of risk monitoring and
early warning systems. Along with this widely used indicator,
the Standardised Evapotranspiration Deficit Index has been de-
veloped, with great potential for diagnosing agricultural and eco-
logical droughts as it is based on the evapotranspiration deficit,
which is the difference between the water that plants actually
transpire and that demanded by the atmosphere, making it an
excellent indicator of canopy water stress.

HE sheer complexity of drought has required intensive
research to develop tools to help us to quantify it ob-

In addition to the development of indicators, methodologies
have been developed to estimate more accurately the hazard
of climatic droughts of different intensity, allowing the crea-
tion of probability mappings for better risk assessment. Meth-
ods have also been developed for better quantification of flash
droughts, mainly associated with heatwaves.

One of the fundamental pillars for the implementation of effi-
cient drought management plans is the availability of real time
information on the severity, extent and type of drought. Since
the predictions of conditions present significant uncertainties,
knowing to what extent drought affects different regions with
greater or lesser severity and how it is evolving, both in terms
of its spatial distribution and its intensity, allows for improved
risk management. The CSIC was a pioneer in the development
of global drought monitoring systems, with the launch of aglobal
drought monitor in 2012 based on the Standardized Precipitation
Evapotranspiration Index (SPEI). This monitor provides up-to-
date information on the drought severity worldwide. Given its

w| #CSIC



OROUGHT

1st week of March 2 2nd week of March 3rd week of March

usefulness, it has been implemented by international organisa-
tions and companies during drought episodes. In addition, CSIC
researchers have also recently developed a more advanced mon-
itor, which is updated with a higher time frequency and has a
higher spatial resolution and physical consistency, which helps
to determine drought conditions in regions where different crops
are dominant.

At the national level, researchers have recently developed a me-
teorological drought monitoring system that makes it possible
to determine with a weekly time frequency and at a spatial res-
olution of one kilometre. This system has been transferred to the
Spanish State Meteorological Agency to monitor meteorological
drought in Spain.

Although the seasonal prediction of droughts based on climate
modelling is a very complex aspect, the CSIC has performed re-
search along these lines with the aim of improving the prediction
of droughts corresponding to specific atmospheric situations.
The improvement of statistical procedures is applied to seasonal
prediction models to improve their confidence and the determi-
nation of the connection between snow cover in the northern
hemisphere and its impact on the prediction of precipitation in
Europe during the winter.

(8] 4th week of March

Progression of the 2023
drought in Spain based on the
meteorological drought monitor
and the SPEI at a three-month
time scale. / csic
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This analysis aims to improve seasonal forecasting of future
droughts in order to strengthen preparedness and risk man-
agement.

Given the high uncertainty in drought prediction, it is necessary
to advance our knowledge of the underlying physical mecha-
nisms. Finding out what connections exist between atmospheric
dynamics and their origin is a necessary prior step to developing
more effective predictive models. For more than a decade CSIC
researchers have been studying the dynamic and thermodynam-
ic mechanisms of droughts at different spatial scales, from global
to regional.

On a global scale, the uneven effect that mechanisms such as
the El Niflo-South Pacific Oscillation have on the occurrence of
droughts in different regions of the globe was discovered.

Researchers identified how the effects of this oscillation propa-
gate to different regions spatially and temporally, making more
reliable drought prediction possible in those regions a few months
in advance.

The development of new methodologies at the CSIC for the char-
acterisation of blocking anticyclones and atmospheric stagna-
tion has opened up the possibility of gaining a better understand-
ing of the origin of droughts. In addition to the studies focused on
specific episodes, lessons can be drawn about the current difficul-
ties in predicting these phenomena and indicates where to focus
efforts with a view to medium- term prediction.

Furthermore, knowing how drought has behaved over time and
space is essential to determine to what extent the phenomenon
is changing and whether these changes can be attributed to the
current process of climate change. The CSIC carries out geologi-
cal studies through lake sediment analyses to study large climat-
ic fluctuations on a large temporal scale, indicative of predomi-
nantly dry periods. These studies allow us to see the evolution of
drought in a larger context and to provide a more reliable picture
of the exceptional nature of droughts currently being experienced
as a result of anthropogenic forcing caused by greenhouse gas
emissions.
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On a documentary and instrumental scale, the CSIC has carried
out regional research into the reconstruction of droughts based
on documentary sources from the last four centuries; on a glob-
al scale, researchers have also studied the spatial-temporal dy-
namics of meteorological drought. They have found that drought
is essentially stationary due to the dynamics of rainfall, its high
temporal variability and the intensification of drought episodes
due to global warming. Studies in Spain have shown that these
episodes are highly variable spatially and few have affected the
country as a whole. The contributions of this line of research
provide a better understanding of the behaviour of drought, an
essential aspect for making progress in drought prediction and
adaptation.

The prediction of future drought conditions according to climate
change scenarios is essential for long-term risk management.
The CSIC has worked on the analysis of future projections of this
phenomenon and the determination of its uncertainties, devel-
oping key methodological aspects that allow its interpretation
in scenarios of high greenhouse gas emissions, and focusing on
how the physiological mechanisms of plants will respond and be
interpreted in the models.

The CSIC has also been conducting research for more than ten
years to improve the processing of climate change models and
their spatial detail at regional scales, and to reduce their uncer-
tainty. The result of this research has been two tools that provide
very efficient access to climate model data at both national and
international scales. These make it easier for managers in public
administrations and businesses to access the most up-to-date
and reliable data on future drought projections in order to im-
prove long-term adaptation plans.
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ingly limited natural resources, the CSIC is developing lines
of research with studies focusing on plants, water and soil
to increase water productivity. Although the protagonist in ag-
ricultural systems is the crop, water and soil are key elements

N view of the need to produce more food for a growing pop-
ulation, increasing at unprecedented rates but with increas-

PLant for plant growth and higher yields, and thus for plant-based food
. roduction.
adaptation to P
dIOUght and The CSIC is making great efforts to understand the responses
. that plants develop at the physiological and molecular level
Water use ln when they are subjected to drought stress conditions, as well
agfiCULtU.fe as the traits of each species or variety that define their differ-

ent responses. This information facilitates the development
of soil and plant indicators and allows the application of more
precise and efficient irrigation strategies, with the aim of im-
proving the efficiency of water use in crops.

One of the first responses of plants to drought is the closure of
stomata to prevent water loss through transpiration, which has
a negative impact on photosynthesis and thus on plant growth
and development. At the root level, plants quickly activate mech-
anisms to stimulate water uptake from the soil, such as changes
in root growth towards deeper areas where water is more abun-
dant. Therefore, the CSIC is studying stomatal reqgulation, water
transport and root development as key strategies to reduce wa-
ter use in agriculture and improve resistance to drought stress in
crop plants.

Drought also affects plant nutrition by altering nutrient uptake
and transport, which negatively affects water uptake and tran-
spiration. At CSIC, several research groups are working to iden-
tify the molecular and physiological mechanisms that regulate
the uptake and transport of ions such as potassium and chlo-
ride in plants, and how their agronomic application can improve
drought symptoms in crops.
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Figure 2.1 Plant physiological responses to drought
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The identification of physiological response mechanisms to
drought facilitates the selection of varieties that are more resist-
ant and tolerant to water stress. This information is also very
useful for the study of genes involved in the response to water
stress through genetic improvement. In particular, work is being
done on the identification and characterisation of drought resist-
ance genes and traits in wild relatives of the crop. These genes
will be transferred to important agricultural varieties, with the
aim of increasing water productivity, breeding new cultivars and
achieving better crop yield, tolerance and resilience to drought.
Another novel and related line of research focuses on the eval-
uation of polyploidy (more than two chromosome copies) as a
positive trait for plant tolerance to drought.
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The CSIC is also applying biomedical techniques to agricultural
biotechnology, such as the use of pharmaceuticals and biostim-
ulants to modify plant hormone signalling responses (abscisic
acid or brassinosteroids) and other physiological responses that
can improve plant resistance to drought.

In addition, the CSIC is working to ensure that the knowledge
acquired is transferred to the agricultural sector and society in
general, which is particularly important in the current context
of drought. In general, innovations have not been widely adapted
by the sector; thus the aim is to bridge the gap with bottom-up, in-
terdisciplinary approaches in an open environment that makes
intensive use of emerging technologies to improve the sustaina-
bility of irrigated agriculture. In addition, some of the projects in-
clude cost-benefit analyses to quantify the economic benefits of
using irrigation scheduling models, in order to encourage users
to adopt these systems.

On the other hand, knowledge of crop responses to soil water
deficit helps researchers develop scientific and technological
solutions to the problem of drought in the agricultural sector. In
particular, it facilitates the application and development of inno-
vative technological approaches that allow the sector to progress
in the field of digitalisation and the sustainable use of irrigation;
this is also a field of research being performed by different CSIC
groups. Irrigated agriculture is central to food production, occu-
pying only 17% of the world’s cultivated area but producing 40%
of food. However, with less and less water available to meet crop
demands, there is a need to increase water productivity. In this
respect, in addition to contributing to the modernisation of ir-
rigation systems, CSIC is advancing in the use of proximal and
remote sensors to help farmers increase productivity without
increasing the amount of irrigation in a context of intensive and
digital agriculture. Indeed, proximal sensors are being developed
and used in soil, but especially in plants, as they register the wa-
ter status of the soil and the atmosphere, as well as the plant’s
response to environmental conditions.
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The extensive development of sensors (sap flow, stem diameter
variation, leaf turgor pressure, etc.) and data transmission sys-
tems facilitates real-time access to data, thus making it easier
to monitor water stress and manage irrigation more efficiently.
Thus, the ultimate goal is to develop systems that intelligently
decide when and how much to irrigate thanks to the precise de-
termination of the crop’s water status, to which environmental
variables or the phenological period can be added. In addition,
there are projects in which these systems are being developed
for crops grown without soil or with different water qualities.
In fact, different CSIC research teams working on the use of
non-conventional water for irrigation. In this way, they aim to
improve the possibilities of adapting to drought by reducing the
pressure on water resources, as clean water is replaced by non-
conventional water.

At the CSIC, the genes involved in the physiological response to water stress are being
studied through genetic improvement. / csic
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In the context of digital and smart agriculture, tools are also be-
ing developed to determine the water status of crops with remote
sensors (thermal images, multi- and hyperspectral cameras,
fluorometers, etc.) and the use of satellites and drones. In this
sense, the CSIC is developing indicators derived from thermal,
multi- and hyperspectral information for monitoring water sta-
tus and irrigation scheduling. These same techniques are also be-
ing developed for the quantification of soil evaporation and crop
transpiration to incorporate the spatial component by remote
sensing to irrigation scheduling models over large areas. The es-
timation of evapotranspiration is a very complex aspect, but it is
critical for the proper determination of irrigation demands and
the optimisation of available water reserves, which are strongly
affected by dry periods. Research is also carried out to develop
and implement these and other new innovative digital technol-
ogies and procedures to improve irrigation efficiency, using sim-
ple low-cost solutions (low-cost hardware simplified data-driven
models, open-source software integrated in user-friendly plat-
forms, etc.), in order to facilitate their use by small-scale farmers.

Using this knowledge and databases produced by sensors, both
in-field and remote, advanced agronomic models are being de-
veloped at CSIC to determine crop evapotranspiration and in-
tegrate them into decision support systems for more efficient
irrigation scheduling based on crop type, climate and the quan-
tity and quality of water available for this purpose. Ideally, these
models should be explicitly based on the physiological mech-
anisms underlying the response of plants to soil water deficit
so that they provide an integrated understanding of the results
from the sensors. Thus they can be extrapolated to different spa-
tial and temporal scales from which they have been calibrated,
which is why some CSIC groups are working in this direction.
This characteristic differentiates them from those developed by
artificial intelligence, which are also used for database manage-
ment. The advances provided by the so-called Internet of Things
are also being used in decision support systems.

6| # CSIC



OROUGHT

Measures taken on water management are closely related to
soil, as the two are intimately linked. Therefore, part of the re-
search being done in the agricultural field in relation to drought
focuses on promoting sustainable agricultural practices that fa-
vour the soil's capacity to retain water, so as to reduce the impact
of drought; this would be the case of reducing the application of
inputs such as irrigation. The CSIC, through various projects, is
assessing the impact of crop diversification on water use effi-
ciency. Different sustainable agricultural practices are also being
assessed to control drought-related problems such as erosion.
In recent years, the impact of agro-ecosystem management
practices on the services they provide has also been investigat-
ed. Some of the most innovative approaches to increase water
retention in the soil are those that aim to improve the physical
and chemical properties and structure of the soil by managing
mineral and organic nutrients from the processing of agricultur-
al or urban wastes, and with the help of different technologies.
In addition, efforts are being made to identify micro-organisms
with plant growth-promoting activities, useful for improving the
productivity of cultivated species. Researchers are also investi-
gating the effect of the microbial community in agro-ecosystem
soils irrigated with desalinated water and their interaction with
organic changes. The use of endophytic and epiphytic micro-or-
ganisms as probiotic agents in plants represents an alternative
to the use of agrochemicals and a step forward in plant breeding,
thus contributing to more sustainable agriculture.
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TUDIES addressing hydrological drought is one of the main
research lines underway at the CSIC, with studies ranging
from the monitoring of gauged basins in mountainous ar-
. . eas to others of a drought from a hydrological perspective

continental nature. In the light of these studies, researchers have
confirmed the importance of vegetation cover in surface runoff
Dc oug ht from production and annual flow recession curves. Thanks to the field
. experiments carried out for more than twenty years by a multi-
3 h‘ldf OLoglcaL disciplinary team at the CSIC, it has been possible to verify how
pe [spective widespread re-vegetation processes in the Mediterranean moun-
tains are fundamental to explaining the recent evolution of flow
rates and the intensification of hydrological droughts. Studies at
larger spatial scales have shown how hydrological droughts re-
spond very differently to meteorological drought conditions de-
pending on the system being analysed, with faster responses in
mountain headwater areas and slower responses in the middle
courses of large rivers and in reservoir systems.

In some hydrological systems, hydrological management has
been shown to be a major factor in generating downstream
drought conditions. In addition, the researchers have document-
ed how hydrological droughts are worsening in Spain, mainly as
a result of water demands from irrigation. They have also deter-
mined that spatial variations in hydrological droughts at the Eu-
ropean level are mainly due to changes in water use rather than
to climate change processes.

From the perspective of groundwater, the CSIC is conducting
research along different lines to improve knowledge of Span-
ish aquifers. It is committed to the mathematical modelling of
these aquifers to better understand their hydrodynamics and to
assess the impact of climate change on renewable groundwa-
ter resources. Some of the studies on which work is currently
being carried out pay particular attention to the possible effects
on groundwater-dependent ecosystems, in particular wetlands,
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such as Donana or the Mar Menor. They also investigate the re-
lationship between intensive exploitation, the lowering of piezo-
metric levels and land surface subsidence. Other studies address
changes in groundwater quality in coastal aquifers due to ma-
rine intrusion and the delimitation of hydrogeological divides in
water-bodies shared between different hydrographic districts.
Finally studies are underway on river-aquifer relations and an-
cestral techniques (such as recharge ditches or careos) for man-
aging surface and groundwater as a tool for overcoming the ef-
fects of climate change; and the improvement of urban supplies
in the small sparsely populated towns in Spain.

Researchers have documented
how hydrological droughts are
worsening in Spain due to irriga-
tion demands. / Istock
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The CSIC also conducts research into managing aquifer recharge
with reclaimed water, the reuse of water with eco-efficient sys-
tems, the study of complex karst systems, the salinisation of
water and its impact on ecosystems, the analysis of lakes in the
context of global change, the contamination of groundwater in
contexts of scarcity and the study of aquatic macroinvertebrates,
as indicators of climate change in rivers.

In terms of impacts on biogeochemical cycles, CSIC centres carry
out cutting-edge science on pollution-related impacts on hydro-
geochemical systems such as aquifers. CSIC teams are working
on the analysis of water pollutants in river courses to determine
the implications for water recycling and its use for urban supply
or agricultural purposes. In this sense, the effects of droughts on
the geochemistry and biochemistry of river courses have been
analysed, affecting the content of dissolved organic matter, nutri-
ent cycling, pollutant concentration, and have consequences on
river ecosystems and their transport along river basins.

CSIC studies show a high correlation between hydrological
drought conditions and water temperature values, which demon-
strates the need to maintain adequate flow levels in order to con-
trol processes that alter water quality.

Furthermore, CSIC researchers are currently working to develop
eco-efficient systems to treat and reuse wastewater in the Medi-
terranean region. It has been proven that, during low water levels,
there is a reduction in the nutrient supply from terrestrial ecosys-
tems and also lack of oxygen and eutrophication, which signifi-
cantly affects the health of water bodies.
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PANISH research on drought in the fields of global change

ecology and forest sciences is of high quality and quan-

tity. The contribution of CSIC research groups has been

fundamental. For example, long-term rainfall exclu-
sion experiments have shown how drought events reduce the
growth, productivity and reproductive capacity of different tree
and shrub species. The extent to which some Mediterranean
plant species acclimatise and are able to tolerate severe or long
droughts by modifying their growth or carbon sequestration
rates has also been measured. In addition, it has been observed
that drought can interact with soil pathogens and reduce their
impacts on trees, as some of them require a certain amount of
soil moisture.

These prospective and experimental studies have been com-
plemented with retrospective and observational studies based
on dendrochronological data (growth rings) and regional forest
damage networks. In this way, it has been possible to link epi-
sodes of forest decline and mortality with droughts and, thus, to
quantify the growth and productivity recovery period in Spain,
and even on a global scale.

Furthermore, the response of vegetation to droughts in terms of
its photosynthetic activity has been tested at both regional and
global levels using satellite imagery. Results show ecosystems
respond differently to dry spells and determine how increased
atmospheric evaporative demand increases ecosystem stress
and may lead to degradation processes in overexploited areas.

Other observational research lines have focused on the impacts
of droughts on soil functioning and productivity in iconic Iberi-
an ecosystems such as dehesas. Their studies have shown that
water deficit reduces the microbial biomass of the soil, which
impairs nutrient uptake by tree roots.



OROUGHT

At the ecosystem level, CSIC groups have observed negative im-
pacts of drought on the productivity and phenology of plant com-
munities in National Parks such as Dofiana using remote sens-
ing combined with gas flux towers.

Other CSIC studies have evaluated the responses of plant com-
munities to drought in semi-arid regions of southeastern and
northeastern Spain, detecting changes in the interactions be-
tween plant species, in the chemical composition of their tissues
and in how they take up water and nutrients from the soil. On
the other hand, researchers have found that in Mediterranean
climate zones, drought is often linked to torrential rains, which
cause erosion and loss of soils and vegetation. At the global level,
CSIC studies have shown that drought can interact with other
components of global change and increase the stress on soil eco-
systems, reducing their services.

Drought also affects the chemical composition of plants, as
demonstrated by CSIC researchers. This impacts on animal con-
sumers and their diets and modifies food webs. For example,
monitoring programmes carried out in Dofiana found historical
reductions in bird populations linked to severe droughts, such as
the one Spain experienced in 2022.

The CSIC is analysing the effects of droughts on the increase in
the number and severity of wildfires. Researchers have found
that the vulnerability of forests to exposure to drought-relat-
ed wildfires has increased significantly. This is mainly a result
of rural abandonment and the increase in natural vegetation,
which has led to dry periods being one of the main drivers of
wildfires. The impacts of droughts and fires on forest species are
also under study, with emphasis on forest decline and the use
of prescribed burning to mitigate the negative impacts of water
scarcity on trees.
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Management plays a fundamental role in the adaptation of for-
ests to drought. The CSIC is leading research on the capacity of
certain silvicultural practices, such as thinning (the appropriate
management of stand density), to improve the adaptation of for-
ests to drought. In particular, research teams have found that
thinning increases tree resistance to drought, maximises growth
during dry spells, and accelerates post-drought forest recovery
rates (i.e, improves resilience). The current line of research is
focused on better understanding the physiological mechanisms
that explain this improved adaptation and on determining the
optimal densities for different species and climates.

The CSIC has studied in depth the sensitivity of soil respiration
to drought, an aspect that has important implications for the
net carbon balance. Field-studies have been carried out using
experimental plots, and have shown the important role of soil
moisture in CO, fluxes and summer storms in variations of these
the dominant role of explaining the inter-annual fluxes. Studies
have concluded that soil degradation interacts with soil mois-
ture in the studied regions, with important implications for the
carbon balance of these ecosystems.

| # CSIC



OROUGHT

Another CSIC research team is working on the exchange of CO,
fluxes between the land surface and the atmosphere in semi-ar-
id ecosystems, in particular addressing the role of biological and
non-biological processes. This work shows that these ecosys-
tems become net emitters of CO, during dry episodes. In this re-
gard, another CSIC institute has found that soil respiration and at-
mospheric CO, exchanges are more greatly affected by droughts
than by the amount of nutrients present in the soil. In addition,
they also found that the effects of this temperature anomaly on
soil respiration can be prolonged once the drought is over, due to
changes in the soil microbial communities.

Other research groups have compared the CO, fluxes between
degraded semi-arid and well-conserved vegetation areas, show-
ing that degraded areas are high CO, emitters, while well-con-
served areas sequester carbon on a net basis. These results have
broad implications for the management and conservation of
semi-arid ecosystems.
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Drought from
a socio-
economic
perspective
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IVEN its complexity, there are no reliable estimates or

statistics on the direct and indirect impacts caused by

droughts. This constraint greatly limits the ability to

estimate vulnerability to drought and the related risks.
A multidisciplinary team from the CSIC has tested the capaci-
ty of different climate drought indices to identify their effect on
rainfed crop production and on forestry activity and production.
This research has made it possible to identify the most useful
indicators for each territory and each sector, which are clearly
useful for the development of more effective drought monitoring
and early warning systems. Furthermore, some researchers are
currently using artificial intelligence technologies to estimate
the social and economic impact of droughts, based on the huge
volumes of documentary information available in a variety of ar-
chives, including newspaper archives.

The CSIC also studies droughts from the point of view of their
institutional management. Specifically, research has addressed
social behaviour with respect to water resource management
measures to tackle drought. The results have shown that the
general acceptance of maintaining a water policy based on
the construction of public works has decreased in recent years.
However, there is considerable resistance from the agricultur-
al sector to adopt a paradigm shift towards solutions focused
on managing demand. Understanding the social perception of
different water governance models and their alternatives is of
great importance if we are to improve drought management
from an institutional perspective.






three

Conclusions and
Recommendations



Conclusions

(T EEETEE T PR TP

Drought poses the most complex hydro-
climatic risk as it is difficult to quantify its
severity, surface extension and impacts.
This is due to the fact that there are different
drought types, which propagate differently
overtime, space and in different natural

and socio-economic systems, incurring
innumerable indirect impacts. All this makes
both studying drought and establishing
appropriate adaptation and risk mitigation
measures highly complex.

T

Drought affects all regions of the world,
regardless of whether their climate is dry

or wet. It is characterised by high temporal
variability and the impossibility of predicting
it. In recent decades we have witnessed an
increase in the severity of dry periods, not

as a consequence of changes in rainfall,
which are not very significant, but due to

the increase in atmopsheric evaporative
demand, which has risen sharply due to
global warming. Moreover, excess demand
from some sectors is significantly increasing
the severity of hydrological droughts. In the
future, due to climate change processes,

the severity and frequency of drought is
expected to rise significantly.

OROUGHT U A A A TR AT TP O PR

(ETETEE TR TP

Drought negatively impacts many systems,
ranging from agricultural and livestock

to ecological, causing dramatic economic
losses, but also reducing the provision of
ecosystem services. Drought has a negative
impact on productivity and on the yield

and quality of crops and forests due to loss
of cell turgor, reduced assimilation of CO,
and growth rates, increased oxidative stress
and nutritional imbalance. This leads to

a decrease in the production and quality

of food, timber and non-timber forest
products(fruit, cork, truffle), higher prices and
loss of income for farmers and the forestry
sector.

(ETETEE TR TP

Drought directly affects livestock by reducing
the availability of pasture and compromising
the production of key crops for livestock

feed. It also impacts on the practice of
transhumance, making seasonal livestock
movements difficult and contributing to soil
degradation. This has important economic
and nutritional implications for the livestock
industry:.
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Drought compromises the CO, sequestration
capacity of forests and their climate change
mitigation potential, leading to forest

decline and tree mortality. It may transform
some forests from carbon sinks to sources.
Furthermore, it makes forest ecosystems
more vulnerable to other disturbances, such
as wildfires. Drought reduces their biomass
and biodiversity, altering food webs and often
converting them into communities that are
more tolerant to water deficit, such as shrubs or
holm oak forests, to the detriment of conifers.

The fight against drought requires an
integrated vision of water in river basins,
as well as a more detailed and continuously
updated knowledge applied to its
management, which allows understanding
its dynamics and the characteristics of all
the phases of the local water cycle, with
special emphasis on the strategic role that
groundwater and the joint use of groundwater
and surface water can play in overcoming
temporary and structural dry episodes.

70|
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In many CSIC institutes, research on drought
is being carried out in a wide range of
disciplines ranging from climatology to
agronomy, hydrology, ecology and forest
sciences, etc. This research is making decisive
contributions, with highly notable scientific
and socio-economic impacts, deepening

our understanding of the phenomenon and
advancing in the search for efficient solutions
that will allow us to better adapt to the risk of
drought and to mitigate its impacts.



Recommendations

Measures aimed at reducing the risk of
drought can be highly diverse and address
very different sectors. From Spain’'s

extensive experience, characterised by both
success and failure in drought adaptation,
recommendations can be drawn, to be
implemented inside and outside our country.
These should be useful to mitigate the effects
of all types of drought (agricultural, ecological,
hydrological and socio-economic) and, in the
case of water resources, to encourage both
increased water availability and the control

of demand. For example, actions can be taken
that increase runoff generation and water
infiltration in the headwater areas through
more efficient forest management. This would
prevent the growth of forests in mountain
areas from compromising water availability
downstream.

Actions to reduce exposure to drought can
be very diverse, and include reducing water
demands, growing species and varieties
better adapted to water scarcity conditions,
optimising water use through sustainable
fertigation strategies, diversifying livestock
feed sources, improving management of
irrigated areas, etc.

OROUGHT

Reducing the vulnerability of societies and
ecosystems can also be achieved through
better conservation and management of
grazing land and forests; water storage
measures; water infrastructure; conservation
agriculture or the addition of organic matter

to improve water retention capacity of the soil
and favour the circular economy, which would
maximise the sequestration of organic matter
(carbon) in the soil; the development of drought
management plans adapted to the water
resources of each region, etc.

At the local level, the measures could be taken
to address the water bodies. The solutions
involve optimising the management of
reservoirs and groundwater, as well as water
infrastructures, by improving supply and
irrigation systems to limit water losses or by
recycling water.
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The case of groundwater can be considered
special because, although drought negatively
affects the recharge of aquifers, their volume
normally takes a long time to respond, so it
takes a long time for them to be affected. For
this reason, in many places groundwater
can be used intensively on an ad hoc basis

to alleviate drought deficits. These periods

of intensive use need to be followed by rest
periods when recharge is more abundant so
that the volumes extracted from aquifers are
recovered. Such strategies should be adopted,
taking into account the environmental flows
necessary for the maintenance of natural
discharges (land and submarine springs). In
this respect, the joint use of surface water
and groundwater is, often, the most robust
drought adaptation tool from the perspective
of sustainable water resource management.
Contamination of these aquifers must therefore
be avoided in the long term.

CSIC
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Manifold measures can be taken in the
agricultural sector at the local level. These
include the selection of species and varieties
that are resistant to water deficits or show
increased water use efficiency, obtained
through the selection of resistance genes or
traits in comprehensive breeding programmes.
Major advances in water use efficiency can be
achieved by increasing crop-water productivity,
1.e, the yield produced, be it grain, biomass or
another variable, per unit of water consumed.

Reducing water consumption in agriculture
by improving or implementing more efficient
irrigation systems and strategies is another
major option proposed to reduce water
consumption in agriculture, without severely
penalizing the yield. This can be achieved
through developing novel and inexpensive
devices that can efficiently monitor the

water status of cultivated plants. The use of
mechanistic models that are integrated into
irrigation decision support systems can be
very useful to interpret the results of these
devices and optimise irrigation. Moreover, it is
important to improve soil erosion control and
integrated soil fertility management through
crop rotation, or less intensive tillage. This
would maintain vegetation cover on crops for
as long as possible (especially during the drier
seasons) through the application of organic
matter coming from the circular economy. This
would favour the water retention and organic
matter storage, which in turn would reduce
fertilisation and irrigation requirements.



Regarding livestock activities, measures may
include improvements of access to water
sources by livestock, the seasonal rotation

of grazing and mobility, and even grazing
land management using different animal
species or adequate grazing pressure to prevent
overexploitation and erosion processes. In the
case of forested areas, forest management can
be optimised to avoid excessive tree density
leading to high competition with other species.
for available resources and increasing the
vulnerability of these ecosystems to decline
and mortality during drought episodes.
Optimisation can also include reforestation
with drought resistant or tolerant species or
varieties, adapted to the environment. Forest
management should aim to create structurally
and functionally more diverse landscapes

that are more resilient to drought and other
disturbances. We should become accustomed
to more open forests, often coexisting with
less productive scrub or grassland, which
accumulate less fuel and are more water
efficient.

OROUGHT

On ariver basin scale, it is necessary to
generate river basin drought plans that
increase the efficiency of water resource
management when dry periods occur. This
may include monitoring and early warning
systems that are optimal and adapted to
regional characteristics, and alert thresholds
and actions established a priori with the aim of
making available resources more efficient and
avoiding water restrictions, as far as possible.
Monitoring systems can be integrated with
impact-measurement systems, e.g., forest
health networks, which assess tree defoliation
and can be complemented by remote sensing
data.

At the national level, drought monitoring
systems can be established to help more
effective decision making during dry spells,
hydrological regulation measures, agricultural
incentive measures such as subsidies and
grants to modernise irrigation and improve its
efficiency. Also the development of advisory
programmes for farmers that can then be
implemented at regional and local levels.
Setting up and managing an agricultural
insurance system is also a measure that should
be managed nationally and which, as shown
in Spain, has been extremely successful in
reducing the impacts of drought on agriculture.
Finally, intervention in the markets to address
economic or financial problems arising from
drought could also be a potential action to be
taken at the state level.
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At the level of multinational organisations,
such as the European Union, measures can

be considered for cooperation in water
resources management, highly necessary
necessary in transboundary basins; the
development of common legislation and
directives to improve drought, as in the case

of the Water Framework Directive; or price
controls for agricultural products or inputs
needed by farms, e.g,, at the energy level. At
the multilateral and global level, it is possible to
negotiate regional compensation mechanisms,
the implementation of subsidies or the creation
of a roadmap with recommendations for
mitigating the impacts of drought, developed
by the relevant international agencies.
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Finally, it should be noted that, for proactive
drought management measures to be
successful, it is necessary to involve the key
actors at the local and regional levels, as they
know the characteristics and problems existing
at the specific level. These stakeholders should
include farmers’ associations, river basin
management bodies, regional governments,
financial sector stakeholders, environmental
associations, irrigation communities, farmers
and forest owners, municipalities, etc.
Coordination between all of them is of great
importance, as it is essential to consider the
different interests of each sector, which are
often divergent. Thus consensual measures
can be agreed upon to efficiently address

the issues related to drought, with a view to
creating drought-resilient ecosystems and
societies.
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List of Centres



CENTRE

Centro de Edafologia y Biologia
Aplicada del Sequra (CEBAS, CSIC)

Centro de Estudios Avanzados de

Blanes (CEAB, CSIC)
Centro de Investigacion
Agrigendmica

(CRAG, CSIC-IRTA-UARB-UB)

Centco de Investigacion Ecoldgica

y Aplicaciones Forestales

(CREAF, CSIC-IRTA-UAB-UB-IEC-

Generalitat de Catalunya)

Centro de Investigacion

sobrce Desectificacion (CIDE, CSIC-

UV-Generalitat Valenciana)

Estacidn Bioldgica de Dofana

(EBD, CSIC)

Estacidn Experimental
de Rula Dei (FEAD, CSIC)

Estacion Experimental
de Zonas Aridas (EEZA, CSIC)

Estacidn Experimental
del Zaidin (EEZ, CSIC]

Beociencias Baccelona
(GEO3BCN, CSIC)

Instituto Andaluz de
Ciencias de La Tiecra
(IACT, CSIC-UGR)

Instituto de Agricultura
Sostenible (IAS, CSIC)

Instituto de Agcobiotecnologia
(IDAB, CSIC-Gobierno de Navacra)

OROUGHT

WEB PRGE

www.cebas.csic.es

www.ceab.csic.es

www.cragenomica.es

www.creaf.cat/es

www.csic.es/es/
investigacion/institutos-
centros-y-unidades/
centro-de-investigaciones-
sobre-desertificacion

www.ebd.csic.es

www.eead.csic.es

Wwww.eeza.csic.es

WWw.eez.csic.es

www.geo3bcn.csic.es

www.iact.ugc-csic.es

WWw.ias.csic.es

www.ldab.csic.es

E-MAIL ADDRESS
direccion.cebas@csic.es

direccion.ceabgcsic.es

direccion.crag@csic.es

direccion.creafcsic.es

direccion.cide@csic.es

direccion.ebdecsic.es
direccion.eead@csic.es
direccion.eeza@csic.es
direccion.eez@csic.es

direccion.geo3bcn@csic.es
direccion.iact@csic.es

direccion.ias@csic.es

direccion.idabgcsic.es
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mailto:direccion.eead@csic.es
http://www.eeza.csic.es/es/default.aspx
mailto:direccion.eeza@csic.es
https://www.eez.csic.es/
mailto:direccion.eez@csic.es
https://geo3bcn.csic.es/
mailto:direccion.geo3bcn@csic.es
https://www.iact.ugr-csic.es/
mailto:direccion.iact@csic.es
https://www.ias.csic.es/
mailto:direccion.ias@csic.es
https://www.idab.csic.es/
mailto:direccion.idab@csic.es

CENTRE

Instituto de Biologia Moleculacy
Celular de Plantas Primo Yufera
(IBMCP, CSIC-UPV]

Instituto de Ciencias Agrarias
(ICA, CcsIC]

Instituto de Diagnéstico
Ambiental y Estudios del Agua
(IDRER, CSIC])

Instituto de Economia, Geogcafia
y Demogcafia (IEGD, CSIC)

Instituto de Estudios Sociales
Avanzados (IESA, CSIC)

Instituto de Fisica de Cantabria
(IFCA, CSIC-UC)

Instituto de Geociencias
(IGEQ, CSIC-UCM)

Instituto de Hortofruticultura
Subtropical y Meditercdnea La
Mayoca (IHSM, CSIC-UMA)

Instituto de Investigacion en
Inteligencia Actificial (11IA, CSIC)

Instituto de Pcoductos Naturcales
y Agrobiologia (IPNA, CSIC)
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WEB PRGE

www.ibmcp.upv.es

www.ica.csic.es

www.idaea.csic.es

www.legd.csic.es

www.lesa.csic.es

www.ifca.unican.es

www.igeo.ucm-csic.es

www.ihsm.uma-csic.es

www.ilia.csic.es

www.lpna.csic.es

E-MAIL ADDRESS

direccion.ibmcp@csic.es

direccion.ica@csic.es

direccion.idaea@csic.es

direccion.idaea@csic.es

direccion.iesa@csic.es

direccion.ifcagcsic.es

direccion.igeo@csic.es

direccion.ihsm@csic.es

direccion.iiis@csic.es

direccion.ipna@csic.es
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https://www.ica.csic.es/index.php
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mailto:direccion.idaea@csic.es
https://www.iesa.csic.es/
mailto:direccion.iesa@csic.es
https://ifca.unican.es/es-es
mailto:direccion.ifca@csic.es
https://igeo.ucm-csic.es/
mailto:direccion.igeo@csic.es
https://www.ihsm.uma-csic.es/
mailto:direccion.ihsm@csic.es
https://www.iiia.csic.es/es/
mailto:direccion.iiia@csic.es
https://www.ipna.csic.es/
mailto:direccion.ipna@csic.es

CENTRE

Instituto de Quimica Fisica Blas
Cabrera (IQF, CSIC)

Instituto de Recursos Naturales
y Agrobiologia de Salamanca
(IRNASA, CSIC)

Instituto de Recursos Naturales
y Agrobiologia de Sevilla
(IRNAS, CSIC)

Instituto Geoldgico y Minero de
Espana (IGME, CSIC]

Instituto Nacional de
Investigacion y Tecnologia
Agcraria y Alimentacia (INIA, CSIC)

Instituto Pirenaico de Ecologia
(IPE, CSIC)

Misidn Bioldgica de Galicia
(MBG, CSIC]

Museo Nacional de Ciencias
Naturales [MNCN, CSIC)

OROUGHT

WEB PRGE

www.igfr.csic.es

www.lfnasa.csic.es

www.irnas.csic.es

www.igme.es

www.inia.es

www.ipe.csic.es

www.mbg.csic.es/es

WWW.mnNcn.csic.es

E-MAIL ADDRESS

direccion.igfr@csic.es

direccion.irnasa@csic.es

direccion.irnas@csic.es
sec.dg@igme.es
direccion.generaleinia.es

direccion.ipe@csic.es
direccion.mbg@csic.es

direccion.mncn@csic.es
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