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Preface

Annually, the global hydrological cycle circulates a large amount (~0.6 Mkm?®) of
freshwater that is returned as precipitations (blue and green water) into the aquatic
(~80%) and terrestrial (~20%) ecosystems, causing spatiotemporal distribution

of readily available, fresh hydro-resources. The annual per capita availability of
fresh water resources has sharply reduced during the last century, while over

the same period water withdrawals and consumption has increased in the agri-/
domestic/industrial triangle. In the same period availability and quality of fresh
(blue/green) water resources have been exposed to extreme pressures (pollution,
population growth, urbanization, deruralization) and non-sustainable manage-
ment (overexploitation, rising of grey waters), which, under global climate changes,
further disturbs the water cycling/balance. As a consequence, global ecosystems
are frequently experiencing negative water balance (-AW), that is, a scenario in
which certain domain water inputs (precipitations, river/groundwater inflows) are
substantially lower than water outputs (evapotranspiration, water abstraction, deep
percolation). Although drought and aridity are not synonymous, both share ~AW.
However, while drought assumes a relatively short-term ~AW (usually several
weeks to months), that is, a temporary, recurring reduction of water level/volume/
flow in a certain domain (river, lake, catchment, aquifer), aridity implies long-term
—~AW, that is, permanent average climate condition with negative water balance.
Irrespective of drought situations (hydrological, meteorological, agronomical),
they jeopardize energy and food production, ecological value of certain domains,
and limit blue/green waters for our basic needs. Thus, each particular drought type
should be managed appropriately, often with costly integrative agro-hydrotechnical
approaches. New and more sustainable approaches are being developed depending
on environmental conditions. This book presents the most recent insights related

to drought types, their detection, and their effects on food, energy, and municipal
water supplies. It also examines some novel approaches to drought management,
which is one of the most challenging tasks for humankind.

Gabrijel Ondrasek
University of Zagreb,
Faculty of Agriculture,
Zagreb, Croatia






Chapter 1

Satellite Data and Supervised
Learning to Prevent Impact of
Drought on Crop Production:
Meteorological Drought

Leonardo Ornella, Gideon Kruseman and Jose Crossa

Abstract

Reiterated and extreme weather events pose challenges for the agricultural
sector. The convergence of remote sensing and supervised learning (SL) can
generate solutions for the problems arising from climate change. SL methods build
from a training set a function that maps a set of variables to an output. This function
can be used to predict new examples. Because they are nonparametric, these
methods can mine large quantities of satellite data to capture the relationship
between climate variables and crops, or successfully replace autoregressive
integrated moving average (ARIMA) models to forecast the weather. Agricultural
indices (Als) reflecting the soil water conditions that influence crop conditions are
costly to monitor in terms of time and resources. So, under certain circumstances,
meteorological indices can be used as substitutes for Als. We discuss meteorological
indexes and review SL approaches that are suitable for predicting drought based on
historical satellite data. We also include some illustrative case studies. Finally, we
will survey rainfall products existing at the web and some alternatives to process the
data: from high-performance computing systems able to process terabyte-scale
datasets to open source software enabling the use of personal computers.

Keywords: remote sensing, supervised learning, meteorological index, wavelet

1. Introduction

Climate change is shifting the rainfall patterns and increasing the severity of
droughts and floods around the Earth. Australia [1], Europe, and the rest of the
continents have been affected by a number of major drought events [2]. In 2018,
drought and heat waves reduced harvests up to 40-50% in some countries of
northern and central Europe [3].

Drought is by far the Earth’s most costly natural disaster and can have wide-
spread impacts [4]. Globally, it is responsible for 22% of the economic damage
caused by natural disasters and 33% of the damage in terms of the number of people
affected [5]. Though average yields rose steadily between 1947 and 2008, there is
no evidence that relative stress tolerance has improved [6, 7]. Therefore, until
breeding programs develop adapted germplasm, drought forecasting will be
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important to determine when to take contingency actions to prevent drought and
mitigate its risk and impacts.

The practice of drought forecasting remains challenging and is subject to great
uncertainty partly due to the instability of the components of the hydrologic cycle
(e.g., rainfall, soil moisture, groundwater level, etc.); temporal variability involving
trends, oscillating behavior, and sudden shifts that appear in hydroclimatic records,
thus posing challenges to drought prediction [8, 9].

Although agricultural indices (Als) better reflect the soil water situation that
influences crop conditions, monitoring of soil moisture is costly in terms of time
and resources [10]. On the other hand, some meteorological indices (e.g., the
Standard Precipitation Index) can be calculated just knowing the precipitation (pp)
data, and then the expert can give a very close condition of the vegetation [11].

A variety of methods has been developed to predict drought occurrence: statis-
tical run theory [12], Markov chain [13], loglinear [14], renewal process [15], and
Poisson process [16], among others.

A valuable alternative to the aforementioned methods is machine learning (ML),
a branch of artificial intelligence that studies how to extract information from big
data sets with minimal human intervention. ML has been successfully tested in very
different areas such as bioinformatics [17], crop protection [18], and economics
[19], among others. Therefore, its potential for predicting the climate seems far
from being fully exploited.

The remainder of this chapter is organized as follows: in Section 2, we introduce
some representative ML methods that have been proposed for drought forecasting;
in Section 3, we present the concept of meteorological drought, in particular the
standardized precipitation index that is considered a primary drought indicator.
Section 4 describes some forecast examples using the abovementioned methods. In
Sections 5 and 6, we review satellite precipitation products and how to access and
process them; and finally, in Section 7 we present the conclusions of this work.

2. Machine learning

ML is the science of algorithms and statistical models that computer systems use
to progressively improve their performance of a specific task. They can be broadly
categorized into supervised and unsupervised learning. In SL (classification or
regression), the algorithm builds a function from a set of data relating the inputs to
the outputs. In regression, the outputs are continuous, meaning they may have
any value within a range (e.g., temperature and moisture), while in classification,
the outputs are restricted to a limited set of values.

In unsupervised learning, the algorithm builds a mathematical model of a data
set that contains inputs and no outputs. These unsupervised learning procedures
are used to find structure in the data (e.g., cluster data) or reduce its dimensionality.

Examples of ML are land classification using remote sensing [20-22],
amending satellite data assimilation [23], or decomposing the causes of climate
change [24].

2.1 Support vector regression (SVR) and least squares support vector
regression (LS-SVR)

SVR is based on the Vapnik-Chervonenkis (VC) theory [25], which character-
izes the properties of learning machines that enable them to generalize the
unobserved data well.
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Starting with the simplest example, that is, linear regression, the objective of
both SVR [26] and LS-SVR [27] is to fit a linear relation y = w”x + b between the x
regressors and the dependent variable y in the so-called feature space. In SVR, the
problem is solved by minimizing

1 l
Sl +C X (& +¢) €

under the constraints

y—wlx; —b<e+§
y—wai—bge—i—fi* (2)
51’)51‘* ZO

while for LS-SVR, the objective is to minimize
2 T 2
lell”+7 2.6 (3)
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under the constraints
9, —wlx; —b (4)

Both methods are very similar, but in LS-SVR, the objective is to minimize the
more usual sum of the squares of the errors, by replacing the e-tube or e-insensitive
loss of SVR, that is, by ignoring all regression errors smaller than & (Figure 1).
Solving a nonlinear regression demands a “kernel trick” [26]. This trick uses kernel
functions to transform the data of the input space into a higher dimensional feature
space to make it possible to perform a linear regression. Common kernels are

d

®)

polynomial k(xi,xj) = (xi ~xj)
2
Gaussian radial basis function k(x,-,xj) = exp (— Hx,—x]H> (6)

LS-SVR is an economic alternative to the original SVR model. It only relies on
the cost function on a sum-of-squared-error (SSE) and equality constraints, instead
of the computationally complex and time-consuming quadratic programming
problem in SVR [28].

For optimal performance, parameter tuning is necessary [29]: for SVR, C and
¢ and the kernel-related parameters (e.g., > for the RBF kernel) and for LS-SVR,

g (the regularization parameter determining the trade-off between the fitting error
and the smoothness of the estimated function) and the kernel-related parameters.
For further information about SVR in general, the reader should refer to [30].

2.2 Artificial neural network (ANN)

An ANN is a supervised learning model based on the operation of biological
neurons. There are many architectures and training algorithms for ANN. The mul-
tilayer perceptron network (MLPN), the most common ANN architecture used for
forecasting, consists of a feedforward neural network with at least three layers of
neurons: an input layer, one or more hidden layers, and an output layer with a
directed acyclic graph representation network (Figure 2). The input layer receives
the data vector x, while the output layer gives the output vector y. An activation
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function is applied to activate the neurons in the hidden layer. For a three-layer
network system, the nonlinear mapping between input x and output y is given by
the equation:

y= % [é (wjf 1 é wjixi)] @)

j=1

(A) . m y

-

" Feature space

L S S
Ca -

(8)

g-insensitive loss function quadratic loss function
Figure 1.

(A) Kernel trick: mapping the data from the input space into a feature space. (B) Loss function used in support
vector regression (e-insensitive loss) and least squares support regression (quadratic).

St

Recursive multi-step Meural Network Direct multi-step Neural Network

Figure 2.
Avchitectures of forecasting artificial neural networks. Recursive multistep neural network versus direct
multistep neural network.
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An ANN is usually learned by adjusting the weights and biases in order to
minimize a cost function, usually MSE using the error back-propagation algorithm.

Of the activation functions, we should mention the hyperbolic
tangentf (x) = £% and the sigmoidal function: (x) = 2=

The number of hidden neurons is no less important, since a wrong number may
cause either overfitting or underfitting problems. Normally it is selected via trial
and error, but this is computationally costly. Several heuristics or formulas have
been proposed to avoid this cumbersome work, and success depends on the type of
data, the complexity of the network architecture, etc. [31].

Last but not least, ANN forecasting models can be separated into two broad
groups, namely, the recursive multistep neural network (RMSNN) and the direct
multistep neural network (DMSNN) (Figure 2). In RMSNN, the model forecast
one time-step ahead, and the network is applied recursively, using previous pre-
dictions as inputs for subsequent forecasts—that is, a forecast horizon of 3 months
will have, as inputs, the outputs of forecasts with lead times of 1 and 2 months.

Similar to the RMSNN model, the DMSNN approach has a single or multiple
neurons in both the input and hidden layers. However, it can have several neurons
in the output layer representing multiple-month lead time forecasts. Similar to the
RMSNN model, the DMSNN model is designed to forecast drought conditions using
the present index value and several months of past index values as inputs.

2.3 Deep belief networks (DBN)

ANNSs are suitable for complex time series forecasting but have several weaknesses:
(1) selection of the initial values of the weights (normally at random) can affect the
learning process, leading to slower convergence or to different forecast results for each
training process and (2) the training process may get stuck at local optima, especially
in networks with several hidden layers. Hinton et al. [32] proposed a probabilistic
generative model with multiple hidden layers that uses layer-wise unsupervised
learning to pre-train the initial weights of the network and then fine-tune the whole
network using standard supervised methods such as the back-propagation algorithm.

Classically, a DBN is constructed by stacking multiple restricted Boltzmann
machines (RBMs) on top of each other (Figure 3). The layers are trained by using
the feature activations of one layer as the training data for the next layer. Better
initial values of weights in all layers are obtained by greedy layer-wise unsupervised
training, and the entire network is fine-tuned using an SL algorithm. Pre-training
can be done with principal component analysis or nonlinear generalization [33].

An RBM [34] is a neural network model used for unsupervised learning. Typi-
cally, it consists of a single layer of hidden units (the outputs) with undirected and
symmetrical connections to a layer of visible units (the data) (Figure 3). The
configuration (bipartite graph) defines the state of each unit. Only connections
between a hidden unit and a visible unit are permitted—that is, no connections
between two visible units or between two hidden units are allowed. An RBM is a
special type of generative energy-based model that is defined in terms of the
energies of the configurations between visible and hidden units.

The standard type of RBM has binary-valued (Boolean/Bernoulli) hidden and
visible units.

2.4 Bagging

Bootstrap aggregating, or bagging, is an ML ensemble meta-algorithm designed
to increase the stability and accuracy of unstable procedures, for example, artificial
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Figure 3.

Basic deep belief network (DBN) structuve with thvee hidden layers.

neural networks or decision trees [35]. Given a standard training set T of size n, the
algorithm sample is taken from T uniformly and with replacement m new training
sets, T’, each of size n’ (some observations may be repeated in each D). This process
is known as a bootstrap sampling [36]. The basic idea is that the samples are
de-correlated, and this reduces the expected error as m increases.

The m models are fitted using the above m bootstrap samples, and results of an
unknown instance are obtained by averaging the output (for regression) or by
voting (for classification) (Figure 4).

This method may slightly degrade the performance of stable algorithms (e.g.,
k-nearest neighbor) because smaller training sets are used to train each algorithm.

Bagging does not necessarily improve forecast accuracy in all cases. Neverthe-
less, this method and its derivatives tend to outperform traditional forecasting
procedures [37].

2.5 Random forest regression (RFR)

A random forest (RF) [38] is a collection of K binary recursive partitioning trees,
where each tree is grown on a subset of n instances extracted with replacement
from the original training data. It is an instance of bagging where the individual
learners are de-correlated trees. Each tree is grown in a top-down recursive manner,
from the root node to terminal nodes or leaves (Figure 5). In each node, a random
sample of m (m = p/3) predictors is chosen as candidates from the full set of p
predictors. The data are partitioned into the two descendant branches by choosing
the variable that minimized:

2

RSSZE%(JG*)’L*)Z* ) (J’i*)’R*) (8)

right

The advantage of selecting a random subset of predictors is that two trees
generated on same training data will be de-correlated (independent of each other)
because randomly different variables were selected at each split. Each internal
(non-leaf) node is signed with a predictor determined by the RSS test, and each one
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of the two possible subsets of this variable labels the arcs connecting to the subor-
dinate decision node. Each tree extends as much as possible until all the terminal
nodes are maximally homogeneous (a minimum of five examples in each leaf is
recommended).

Once the random forest is generated, the output of new data is obtained by
averaging the predictions of the K trees.

The number of trees influences the error of prediction; it decreases as the
number of trees (ntree) grows, but there is a threshold beyond which there is no
significant gain [38, 39]. In general, ntree~500 gives good results [40].RF can

Train Data

boostrap boostrap

Average

Figure 4.
Structure of bootstrap aggregating, or bagging.

V= xg X, X0, x0,%0,00) f?

| ] I
I ] ]
| 1 1
v v ¥

Figure 5.
Avrchitecture of the random forest model.
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successfully handle high dimensionality and multicollinearity, because it is both fast
and insensitive to overfitting. It is, however, sensitive to the sampling design.

2.6 Adaptive neuro-fuzzy inference system or adaptive network-based fuzzy
inference system (ANFIS)

ANFIS is a hybrid learning procedure which employs the linguistic concept of
fuzzy systems (human knowledge) and the training power of the ANN to solve a
regression problem [41]. All ANFIS works reported here are based on the Takagi-
Sugeno fuzzy inference system [42], where the fuzzy rule applied has the form:
if x is A and y is B then z = f(x, y). Other fuzzy methods are Mamdani-type or
Tsukamoto-type [42].

Figure 6 depicts a typical ANFIS architecture. Square nodes (adaptive nodes)
have parameters, while circle nodes (fixed nodes) do not. The first and the fourth
layers contain the parameters that can be modified over time. A particular learning
method was required to update these parameters.

In layer 1, every node is adaptive and associated with an appropriate continuous
and piecewise differentiable function such as Gaussian, generalized bell-shaped,
trapezoidal-shaped, and triangular-shaped functions.

In layer 2, every node is fixed and represents the firing strength of each rule.
This is calculated by the fuzzy and connective method of the “product” of the
incoming signals, that is, O? = w; = p;(x) * pg; (), i_1, 2.

In layer 3, every node is also fixed, showing the normalized firing strength of
each rule. The ith node calculates the ratio of the ith rule’s firing strength to the
summation of two rules’ firing strengths.

In every adaptive node of layer 4 (consequent nodes) is a function indicating the
contribution of the ith rule to the overall output: O4; = w;f = wi( p;+q;,+ V,'),
where w; is the output of layer 3 and p,, g, 7; is the parameter set. Finally, layer 5
(output node) is a single node that computes the overall output of the ANFIS as:

R WD YL
05,1 = Zw,fl =Sw e
One of the most important steps in developing a satisfactory forecasting model is
the selection of the input variables. These variables determine the structure of the

forecasting model and affect the weighted coefficients and the results of the model

1

Layer 1 Layer 2 Layer 3 Loyer 4 Layer 5

Figure 6.
Avrchitecture of an adaptive network-based fuzzy inference system (ANFIS).
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function in layer 2. As the number of parameters increases with the fuzzy rule
increment, the model structure becomes more complicated. A very good
description of ANFIS is presented in [43, 44].

2.7 Boosting

Boosting attempts to increase the performance of a given learning algorithm by
iteratively adjusting the weight of an observation based on the last training/testing
process. In other words, the meta-algorithm produces a sequence of models by
adaptive reweighting of the training set [45].

AdaBoost, the first boosting algorithm, is definitely beaten by noisy data; its
performance is highly affected by outliers, as the algorithm tries to fit every point
perfectly. Friedman [46] extended the concept to present gradient boosting,
which constructs additive regression models by sequentially fitting a simple
parameterized function (base learner) to current “pseudo”-residuals by least
squares at each iteration. The pseudo-residuals are the gradient of the loss function
being minimized with respect to the model values at each training data point
evaluated in the current step. This reduces the loss of the loss function. We itera-
tively added each model and computed the loss. The loss represents the difference
between the actual value and the predicted value (the error residual), and using this
loss value, the predictions are updated to minimize these residuals.

A regularization method that penalizes various parts of the boosting algorithm is
necessary to avoid overfitting. This generally improves the performance of the
algorithm by reducing overfitting.

2.8 Hybrid models

The time series that characterize the evolution of meteorological events
(drought, precipitation) in the temporal domain have localized high- and low-
frequency components with dynamic nonlinearity and non-stationary features. MM
models have not always proven to be good at capturing the behavior of the time
series. Hybrid models can perform superbly when forecasting hydrological and
climatological time series. Different combination techniques have been proposed in
order to overcome the deficiencies of single models and improve forecasting per-
formance [47]. Many combined models have been introduced in the literature, for
example, ANN-ARIMA [48], SVR-ARIMA [49], etc.

Here we will only focus on WT-ML hybrids, where ML is a machine learning
method (e.g., ANN or SVR) and WT is a discrete wavelet transform [50].

2.8.1 Wawelet transform (WT)

WT is a time-dependent spectral analysis that decomposes time series in the
time-frequency space and provides a timescale illustration of processes and their
relationships. In this method, the data series are broken down by transforming them
into “wavelets,” which are scaled and shifted versions of a mother wavelet [50].
This allows the use of long time intervals for low-frequency information and shorter
intervals for high-frequency information and can reveal aspects of data such as
tendencies, breakdown points, and discontinuities that other signal analysis tech-
niques might miss, for example, Fourier transform.

There are two main alternatives for WT: discrete wavelet transform (DWT)
and continuous wavelet transform (CWT). For DWT, the WT is applied using a
discrete set of the wavelet scaling and shifting, whereas in the case of CWT, this
scaling and shifting is continuous—that is, CWT is computationally expensive
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Time series wavelet-ANN conjunction model. (A) Three-level wavelet decomposition tree (DWT).
(B) Example of the decomposition of a precipitation signal.

and most researchers use DWT. For more information about CWT, the reader
should refer to [51].

DWT operates two sets of functions (scaling and wavelets) viewed as high-pass
(HPF) and low-pass (LPF) filters. The signal is convolved with the pair of HPF and
LPF followed by subband downsampling producing two components. The first
component, which is obtained by passing the signal through the low-pass filter, is
called an approximation component (or series), and the other component (fast
events) is called a detailed component (Figure 7). This process is iterated # times
with successive approximation series being decomposed in turn, so that the original
time series is broken down into the minimum number of components needed to
reflect the time series according to the mother wavelet.

The filterbank implementation of wavelets can be interpreted as computing the
wavelet coefficients of a discrete set of child wavelets for a given mother. This
mother wavelet function was defined at scale a and location b as

Wa,p(t) :%wc;b) )

Wo,0(t) is a mother wavelet prototype and a, b are scaling and shifting parame-
ters, respectively.
Several wavelet families have proven useful for forecasting various hydrological

time series. As an example, we can mention Haar, which is also known as
daubechiesl or db1 [50]. It is defined as

1if 0<t<0.5
-1if 05<t<1 (10)
0 otherwise

A full description of DWT can be found in [50, 52].
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3. Meteorological indices

Drought can be defined as a period of unusually arid conditions (usually due
to rainfall deficiency) that have lasted long enough to cause non-balance in a
region’s hydrological situation. Based on its intensity and persistence, drought can
be classified into four categories [53]: (1) meteorological drought, which occurs
when precipitation is less than usual, is characterized by changes in weather
patterns; (2) agricultural (vegetation) drought refers to water deficits in plants; it
occurs after meteorological drought and before hydrological drought; (3) hydro-
logical drought ensues when the level of surface water and the groundwater
table are less than the long-term average; and finally, (4) socioeconomic drought
materializes when water resources required for industrial, agricultural, and
household consumption are less than required and thus cause socioeconomic
anomalies.

A drought index is an indicator or measure derived from a series of observa-
tions that reveals some of the cumulative effects of a prolonged and abnormal
water deficit. It integrates pertinent meteorological and/or hydrological parame-
ters (accumulated precipitation, temperature, and evapotranspiration) into a sin-
gle numerical value or formula and gives a comprehensive picture of the situation
[53]. Such an index is more readily usable and comprehensible than the raw data
and, if presented as a numerical value, makes it easier for planners and
policymakers to make decisions. Authorities and public and private committees
evaluate the impact of drought using these indices and take measures to prevent its
effects [54].

More than 100 drought indices have so far been proposed, and each one has
been formulated for a specific condition [55]. The reclamation drought index (RDI),
for example, was developed in the USA to activate drought emergency relief funds
associated with public lands affected by drought; the crop moisture index (CMI)
was designed to show the effects of water conditions on growing crops in the short
term and is not a good instrument for displaying long-term conditions. Here we
will only describe the standardized precipitation index, which those indices used
in case studies.

3.1 Standardized precipitation index (SPI)

Most of the forecasting works reviewed here are based on SPI [56]. It is perhaps
the most popular index for forecasting meteorological drought and has been
recommended by the World Meteorological Organization [57]. It can be defined as
the number of standard deviations that the observed cumulative rainfall at a given
time scale (1,3,6 month) would deviate from the long-term mean for that same time
scale over the entire length of the record (z-score).

More specifically, SPI is calculated by building a frequency distribution from
historical precipitation data (at least 30 years) at a specific location for the precip-
itation accumulated during a specified period, for example, 1 month (SPI1),

3 months, (SPI3), 24 months (SPI24), and so on. A theoretical probability density
function (usually the gamma distribution) is fitted to the empirical distribution for
the selected time scale.

SPI1 to SPI6 are considered indices for short-term or seasonal variation (soil
moisture), whereas SPI12 is considered a long-term drought index (groundwater
and reservoir storage).

The “drought” part of the SPI range is arbitrarily split into “near normal”

(0.99 > SPI > —0.99), “moderately dry” (—1.0 > SPI > —1.49), “severely dry”
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(—=1.5> SPI > —1.99), and “extremely dry” (SPI < —2.0) conditions [56]. A drought
event starts when SPI becomes negative and ends when it becomes positive again.

SPI is easy to calculate (using precipitation only) and can characterize drought
or abnormal wetness on different time scales. Its standardization ensures indepen-
dence from geographical position, and it is thus more comparable across regions
with different climates. The index can be computed using several packages of the R
project [58], for example, the SPEI package [59] or the SPI package [60]. Limita-
tions of SPI include the following: (1) it does not account for evapotranspiration;
(2) it is sensitive to the quantity and reliability of the data used to fit the distribu-
tion; and (3) it does not consider the intensity of precipitation and its potential
impacts on runoff, streamflow, and water availability within the system. A more
detailed explanation of how SPI is calculated can be found at [43].

3.2 Other indices

Other indices including only precipitation data are EDI [61], SIAP [62], deciles
index (DI), percent of normal (PN), standard precipitation index (SPI), China-Z
index (CZI), modified CZI (MCZI), and z-score [55].

4. Forecasting meteorological drought

Forecasting meteorological drought using historical data is not a trivial task. The
time series that characterize the evolution of meteorological events (drought, pre-
cipitation) in the temporal domain have localized high- and low-frequency compo-
nents with dynamic nonlinearity and non-stationary features. Several statistical
indicators have been proposed to evaluate the success of prediction. Most of these
metrics are not independent; for example, MSE can be decomposed in many ways
to link it with the bias and the correlation coefficient [63]. A standard practice of
model corroboration is to compute a common set of performance metrics, typically
more than three. Most important is that at least three critical components, that is,
one dimensionless statistic, one absolute error index statistic, and one graphical
technique, should be represented in the corroboration [64].

Regarding the dimensionless statistic, we must mention:

* Pearson’s correlation coefficient (R) is used to evaluate how well the estimates
correspond to the observed values. Due to the standardization of many indices,
the robustness of R can be limited [64].

R— Yii(p;—p)0i—0)
o n —\2 n —\2
\/Zi:l(pi -p) \/Zi:l(oi —0)

(11)

* Coefficient of determination (R2) measures the degree of association among
the observed (o0;) and predicted values (p,).

2ia(oi —p)) ’

R2 = n —\2
2i1(0i —0)

(12)
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* Nash-Sutcliffe efficiency (NSE) or MSE skill [65].

" 2
NSE =1 — M (13)
Z?:l (0i — 5)2

* Willmott’s index (WI) represents the ratio of the mean square error and the
potential error [66].

n 2
WI=1— 2ialp —oi)

(14)
2
(Ip: = oi| + lp: = oi])
Among one absolute error index statistic most used are
e Mean Error(MSE) estimates the average estimate error.
12z 2
MSE ==Y (p;, — 0i) (15)
ni=1
¢ Mean absolute error (MAE).
127
MAE = — ¥ |p; — o (16)
N5

In all the formulas presented above, 0;, p, represent the observed and estimated
values, 7 is the number of records, and o, p indicate the means of the observed and
predicted values, respectively.

Here we included R and R2, two standard regression criteria, in the group of
dimensionless statistics.

Finally, we present just one example of the graphical technique, mainly to show
how a training and evaluation process is executed with a ML algorithm (Figure 8).

4.1 Case studies

Some inconsistencies in the observations and the duration of satellite records
introduce difficulties and uncertainties when applying forecast methods. At least 30
years of data record are required to SPI forecast; therefore, some of the examples we
present here are based exclusively on ground gauge data. This situation is very close
to reverting since satellite observations are reaching the minimum number of years
required and the data are calibrated with ground observations (Table 1).

Shirmohammadi et al. [67] evaluated the performance of two ANN architectures
(feedforward neural network and Elman or recurrent neural network), different
kinds of ANFIS (four different membership functions: Gaussian, bell-shaped, tri-
angular, and Piduetoits shape), WT-ANFIS, and WT-ANN. The wavelets families
used here were db4, biorl.1, biorl.5, rboil.1, rboil.5, coif2, and coif4.
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Figure 8.

Generic example of time series forecasting using two different ML methods. The green dotted line indicates a
“bad” forecast method. The red dashed line indicates an appropriate method for the data, that is, the curve is
closer to the observed time series. Both methods were trained using 80% of the data and tested on the remaining
20%.

Training data came from 1952 to 1992 rain records from East Azerbaijan prov-
ince (Iran). More than 1000 model structures were tested to predict SPI6 for 1, 2,
and 3 months’ lead-time over the test period covering from 1992 to 2011. R2, NSE,
and RMSE evaluated the performance of the models.

ANFIS models provided more accurate predictions than ANN models, and the
inclusion of WT could improve meteorological drought modeling: WT-ANFIS (best
RMSE = 0.097), WT-ANN (best RMSE = 0.227), ANFIS (best RMSE = 0.089), and
ANN (best RMSE = 1.81).

Belayneh et al. [68] used precipitation records (1970 to 2005) to generate SPI3
and SPI6 time series from 12 stations in the Awash River Basin of Ethiopia (that is,
12 x 2 independent time series). The forecast was performed with ANN (RMSNN
trained with the Levenberg-Marquardt back propagation), SVR, and the coupled
models: WA-ANN and WA-SVR. About 80% of the data was used for training, 10%
for validation, and 10% for testing, and ARIMA forecasting was used as a bench-
mark [69]. Regarding wavelet decomposition, each time series was decomposed
between one and nine levels, and the appropriate level was selected by comparing
results among all decomposition levels. The results of all the methods were com-
pared by RMSE, MAE, and R2. Overall, the WA-ANN and WA-SVR models were
effective in forecasting SPI3 although most WA-ANN models had more accurate
estimates (1- or 3-month lead). The WA-ANN model seemed to be more effective
in anticipating extreme SPI values (severe drought or heavy precipitation), whereas
WA-SVR closely reflected the observed SPI trends but underestimated the extreme
events.
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Model SPI3 SPI12 SPI24
SVR 0.54 0.84 0.89
BSVR 0.47 0.86 0.91
BS-SVR 0.62 0.93 0.92
ANN 0.64 0.89 0.93
BANN 0.55 0.87 0.92
BS-ANN 0.67 0.95 0.98
WBANN 0.64 0.87 0.93
WBS-ANN 0.69 0.90 0.95
WBSVR 0.57 0.85 0.90
WBS-SVR 0.67 0.95 0.94

Abbreviations: SVR, support vector regression; BSVR, bootstrap SVR ensemble; BS-SVR, boosting-SVR; ANN,
artificial neural networks; BANN, bootstrap ANN ensemble; BS-ANN, boosting-ANN; WBANN, wavelet coupled
bootstrap ANN ensemble; WBS-ANN, wavelet boosting-ANN; WBSVR, wavelet coupled bootstrap SVR ensemble;
WBS-SVR, wavelet boosting-SVR.

Table 1.
Coefficient of determination (R2) of 10 ML methods to predict 3, 12, and 24 months SPI. Extracted from [71].

For SPI3 (1 month lead time) forecast, the best results in terms of RMSE (0.407)
and MAE (0.391) were obtained by the WA-ANN model at the Ziquala station,
whereas in terms of R2 (0.881), the Ginchi station had the best WA-ANN model.

When the lead-time was raised to 3 months, WA-ANN remained the best model.
One station (Bantu Liben) had the model with the lowest RMSE and MAE values
(0.510 and 0.4941), whereas a second station (Sebeta) had the best results in terms
of R2 (0.7304).

Regarding SPI6 forecasts, the WA-ANN and WA-SVR models provided the best
SPI6 forecasts. Neither method was meaningfully better than the other. The pre-
dictions for SPI6 were significantly better than SPI3 predictions according to three
performance measures. As the forecast lead time increased, the forecast accuracy of
all the models declined. This drop was most evident in the ARIMA, ANN, and SVR
models.

These results were similar to [70]. Authors used precipitation records (1970-
2005) from 20 stations in the same basin of Ethiopia (three different sub-basins)
to generate SPI3 and SPI12 series. ANN, SVR, and WA-ANN were evaluated for 1
and 6 months lead time prediction. The comparison was made using RMSE, MAE,
and R2. Forecasting of SPI 12, for all the models, had better performance results
than predicting SPI 3, regardless of the lead time (best R2 = 0.953, WA-ANN). The
performance of all the models declined when the lead time increased.

Belayneh et al. [71] modeled ANN and SVR as in [68] to forecast SPI 3, SPI12,
and SPI24, but they included bootstrap (BANN and BSVR), boosting (BS-ANN, BS-
SVR), wavelet coupled bootstrap ensemble (WBANN and WBSVR), and wavelet
coupled boosting (WBS-ANN and WBS-SVR) in the analysis.

In general, the performances of SVR and ANN were comparable, although ANN
performance was slightly higher. The inclusion of wavelets improved both tech-
niques (wavelet decomposition denoises the time series). All models were more
effective at forecasting SPI12 and SPI24 than SPI3 (Table 1). All boosting ensemble
models were developed in MATLAB (“fitensemble” function).

The WBS-ANN and WBS-SVR models provided better prediction results than all
the other types of models evaluated.
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Ali, Deo, et al. [43] evaluated the performance of three models (ANFIS, M5Tree,
and MPMR) to forecast SPI3, SPI6, and SPI12 calculated from a 35-year rainfall data
set (1981-2015) from three (3) stations in Pakistan. SPI data were partitioned into
70% (training) and 30% (testing) periods. M5Tree is a kind of decision tree with
linear regression functions on the leaves [72], whereas MPMR stands for minimax
probability machine regression [73] and was also applied to benchmark the
ensemble-ANFIS model. Regarding SPI3 forecast, ANFIS (R = 0.889 to 0.946)
outperformed MPMR (R = 0.843 to 0.935) and M5Tree (R = 0.831 to 0.916).
Similarly, SPI6 ANFIS (R = 0.968 to 0.974) outperformed MS5Tree (R = 0.950 to
0.967) and MPMR (R = 0.952 to 0.970). For SPI12, ANFIS (R = 0.987 to 0.993)
overcome M5Tree (R = 0.950 to 0.967) and MPMR (R = 0.984 to 0.986). The other
statistics (e.g., RMSE, WI) corroborated the superior performance of ANFIS. Just as
important, the ensemble-ANFIS model achieved the highest accuracy at the three
stations when predicting moderate, severe, and extreme droughts.

Khosravi et al. [74] used rainfall data from the Tropical Rainfall Measuring
Mission (TRMM) during 2000-2014 in the eastern district of Isfahan to generate
12-month SPI. The first 85% of the data was used to train a single-hidden layer
feedforward ANN, an SVR with RBF kernel, an LS-SVR with RBF kernel, and an
ANFIS method. Optimum values of SVR and LS-SVR were obtained by a grid search
within the range of [1073,10*3] and [273, 2*3] for C and v (SVR) or (10, 100 and
1000) for g and (1, 0.5 and 1) for y (LS-SVR).

For SPI12, SVR achieved the highest accuracy (RMSE = 0.21), followed by
LS-SVR (RMSE = 0.38), ANN (RMSE = 1.24), and ANFIS (RMSE = 1.36). The best
ANN model consisted of three layers (input, hidden, and output) with 30, 8, and
1 neuron, respectively.

Chen et al. [75] evaluated RF and ARIMA to forecast SPI3 (short-term drought)
with a 1-month lead time and SPI12 (long-term drought). Both models were devel-
oped based on data from 1966 to 1995 (four stations in China), and predictions
(1 month or 6 months ahead) were made from 1996 to 2004. Overall, RF performed
consistently better than ARIMA. Results also suggested that RF is more robust in
predicting dry events. Finally, ARIMA lost the capacity to predict SPI12, whereas
the accuracy of RF was less affected by the longer lead time.

Agana and Homaifar [76] developed a hybrid model using a denoised empirical
mode decomposition [77] and DBN. The proposed method was applied to predict a
standardized streamflow index (SSI) across the Colorado River basin (ten stations).
The new model was compared with MLP and SVR in predicting SSI12 (1, 6, and
12 months lead time). DBN, SVR, and their hybrid versions displayed rather similar
prediction errors. However, DBN and EMD-DBN outperformed all other models for
two-step predictions at almost all stations. As in wavelets, the empirical mode
decomposition significantly improves the quality of prediction.

Finally, we want to mention two examples where ML was directly applied to
rainfall prediction.

El Shafie et al. [77] evaluated a radial basis function neural network (RBFNN) to
forecast rainfall in Alexandria City, Egypt. The model was trained using rainfall
data from 1960 to 2001 (four stations) and tested with data from 2002 to 2009 to
predict yearly and monthly (January and December) precipitation. Regarding
yearly model efficiency, R2 = 0.94 for RBFNN, whereas the control (a multiple
linear regression MR model) only reached R2 = 0.21. Regarding monthly precipita-
tion, RBFNN was very successful (R2 = 0.899 for January and R2 = 0.997 for
December) as compared to the control (R2 = 0.997 and 0.34, respectively).

Sumi et al. [78] compared ANNs, multivariate adaptive regression splines or
MARS [79], k-nearest neighbor [80], and SVR with RBF kernel to predict daily and
monthly rainfall in Fukuoka, Japan. A preprocessed training set (1975-2004) was
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used to train the algorithms with extensive parameter optimization, whereas the
test set covered from 2005 to 2009. For monthly rainfall, SVR produced the most
accurate forecast (lowest RMSE) and the best rainfall mapping (R2 = 0.93), whereas
for the daily rainfall series, the MARS method produced the best R2 value (0.99).
All the metrics were calculated based on single-step ahead forecasting.

5. Satellite precipitation products (SPPs)

There is no satellite that can reliably quantify rainfall under all circumstances.
However, ground observations, although reliable and with long-term records, do
not provide a consistent spatial representation of precipitation, particularly on
certain world regions. Therefore, satellite data become necessary, as they provide
more homogeneous data quality compared to ground observations [81, 82]. To our
knowledge, merged satellite-gauge products are becoming indispensable.

Precipitation data sets may be classified into one of four categories: gauge data
sets (e.g., CRU TS [83], APHRODITE [84]), satellite-exclusive (e.g., CHOMPS
[85]), merged satellite-gauge products (e.g., GPCP [86], TRMM3B42), and
reanalysis (e.g., NCEP1/NCEP2 [87], ERA-Interim [88]). Reanalysis implies inte-
grating irregular observations with models encompassing physical and dynamic
processes in order to generate an estimate of the state of the system across a
uniform grid and with temporal continuity [89].

Many studies show that satellite precipitation algorithms show different biases,
detection probabilities, and missing rainfall ratios in summer and winter. Sources of
error include the satellite sensor itself, the retrieval error [90], and spatial and
temporal sampling [91, 92].

Algorithms that estimate rainfall from satellite observations are based on either
thermal infrared (TIR) bands (inferring cloud-top temperature), passive micro-
wave sensors (PMW), or active microwave sensors (AMW). The TIR-based
approach takes into account cold cloud duration or CCD, that is, the time that a
cloud has a temperature below the threshold at a given pixel [93]. The PMW-based
approach takes advantage of the fact that microwaves can penetrate clouds to
explore their internal properties through the interaction of raindrops [94]. AMW is
what usually known as precipitation radar [95].

There is a plethora of validation studies of satellite-based rainfall estimates
(SREs). Normally, these SREs are compared against ground rainfall estimates
[91, 96].

Sun et al. [97] reviewed 30 currently available global precipitation (gauge-based,
satellite-related, or reanalysis) data sets. The degree of variability of the precipita-
tion estimates varies by region. Large differences in annual and seasonal estimates
were found in tropical oceans, complex mountain areas, Northern Africa, and some
high-latitude regions. Systematic errors are the main sources of errors over large
parts of Africa, northern South America, and Greenland. Random errors are the
dominant kinds of error in large regions of global land, especially at high latitudes.
Regarding satellite assessments, PERSIANN-CCS has larger systematic errors than
CMORPH, TRMM 3B42, and PERSIANN-CDR. The spatial distribution of system-
atic errors is similar for all reanalysis products [97].

Table 2 presents a comparison of several representative satellite rainfall prod-
ucts. More information regarding these and other products can be found in [97, 98].

Abbreviations: (IR) infrared satellite imagery, (MW) microwave estimates,
(GG) ground gauges, (AMSU) Advanced Microwave Sounding Unit, (AMSU-B)
Advanced Microwave Sounding Unit-B, (SSM/I) Special Sensor Microwave/Imager;
(AMSR-E) Advanced Microwave Scanning Radiometer for the Earth Observing
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Product Spatial Temporal Inputs Access
coverage coverage
CHIRPSv2.0 0.05° x 0.05°  Daily, IR + GG http://chg.geog.ucsb.
Funk et al. 50°S-50°N  pentadal edu/data/
[99] and
monthly
1981 to
near
present
PERSIANN  0.25° x 0.25° 1,3,6 hours IR https://chrsdata.eng.
Nguyen 60°S-60°N March (GOES-8, GOES-10, GMS-5, uci.edu/
etal. [100] 2000 to Metsat-6, and Metsat-7)
present corrected with MW (DMSP 7, 8,
and 9 and NOAA-15, 16, and 17)
PERSIANN-  0.25° x 0.25° Daily, IR (GRIDSAT-B1) http://chrsdata.eng.uci.
CDR 60°S-60°N  monthly +GPCP correction edu/
Ashouri 1983 to
et al. [101] 2017
CMORPH 0.25° x 0.25° 30 min SSM/I (DMSP 13, 14, and 15) http://www.cpc.ncep.
Joyce et al. 60°S-60°N 2002 to AMSU-B (NOAA-15, 16, 17, and noaa.gov/products/
[102] present 18) AMSU-E (Aqua), TMI janowiak/
(TRMM) cmorph_description.
Geostationary satellite IR html
RFE2.0 0.1° x 0.1° daily MW (SSM/1, AMSU-B) https://iridl.1deo.
Xie and 40°N-40°S 2001 to IR (GTS) columbia.edu/
Arkin [103] 20°W-55°E present SOURCES/.NOAA/.
NCEP/.CPC/.FEWS/
TRMM3B42  0.25° x 0.25° 3 hourly/ MW (TRMM, SSM/I, AMSR, https://pmm.nasa.
Huffman 50°N-50°S daily AMSU), IR gov/data-access/
et al. [104] 1998 to downloads/trmm
2015.
Table 2.

Representative satellite rainfall products.

System, (MHS) Microwave Humidity Sounder, (GPCP) Global Precipitation

Climatology Centre, (GOES) Geostationary Operational Environmental Satellite,
(Metsat) meteorological satellite, (NOAA) NASA-provided TIROS series of weather
forecasting satellite run by the National Oceanic and Atmospheric Administration,
(DMSP) Defense Meteorological Satellite Program, (GRIDSAT-B1) geostationary IR
channel brightness temperature.

6. Accessing and processing the data

The capacity to acquire information from remote sensing data has been
improved to an unprecedented level, accumulating overwhelming amounts of
information. For example, the Google Earth Engine (GEE) [105] is updated at a rate
of nearly 6000 scenes per day from active missions (a typical image 10 km by
10 km requires 50-200 million bytes of memory). Such a large amount of data
requires not only vast amounts of memory data but also higher-level services with
high-performance computing systems [106]. Successful experiences have already
been recorded [97], but the GEE is worth mentioning [105]. GGE stores a multi-
petabyte catalog of satellite imagery and geospatial data sets collected from differ-
ent resources and provides high-performance computing systems that can be
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accessed and controlled through an Internet-accessible application programming
interface (API) and an associated web-based interactive development environment
(IDE). It also possess a library with more than 800 functions, ranging from simple
mathematical functions to powerful geostatistical, machine learning, and image
processing operations [105].

In many situations, intense computing resources are required for image
processing operations [105], but more friendly solutions can be suggested to those
who do have not the necessary skills.

As mentioned before, many satellite precipitation products are freely available
(Table 1). Most of them are in network Common Data Form (netCDF) format [95].
R users can access this format using the “ncdf4” [96] or “raster” [97] packages.
These data were already processed and can be used to forecast and perform com-
plementary analyses [98]. We have already mentioned the SPEI [59] or the SPI [60]
packages used to generate, for example, the SPI index.

Regarding the ML methods discussed here, almost all of them are available in
packages deposited at the CRAN or CRAN-like repositories, for example, “Random
Forest” package [43], “rminer” [99] that implements ANN, SVR and boosting [99],
etc. A full list of packages implementing ML algorithms is available at https://cran.r-
project.org/web/views/MachineLearning.html.

Finally, also available at the repositories are plenty of packages that are really
helpful for visualizing and interpreting the results [107, 108].

7. Conclusion

Climate change is shifting global rainfall patterns and will increase the intensity
and duration of drought around the world; this produces the need to take contin-
gency actions to prevent the impact of famine. ML models, an evolving research
area, are a valuable complement to methods previously proposed for forecasting
drought. Results obtained so far for predicting meteorological indices are very
satisfactory, especially with hybrid models such as WT-ANN or WT-SVR.

Most of the work that we reported here is based on the standardized precipita-
tion index or SPI, which is a reliable measure of drought used in more than 60
countries. The leading month or the number of months over which SPI is calculated
significantly influences the prediction values.

Unfortunately, many of the examples were based on ground gauge data. The
brevity (and noise) of the records obstructs the use of many satellite products.
However, as time progresses and data retrieval improves, satellite products will be
long and accurate enough to generate reliable results.

The exponential growth of public and free satellite imagery sources and of open-
source software, as well as cheaper access to cloud-based technology, will provide
powerful forecasting tools to a greater number of researchers, allowing them to
forecast drought before it occurs.
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Chapter 2

Can Nonlinear Water Pricing Help
to Mitigate Drought Effects in
Temperate Countries?

Jean-Philippe Terreaux and Mabel Tidball

Abstract

The notion of drought is most often associated with the aridity of landscapes and
vegetation. But a green landscape can hide a frequent imbalance between water
availability and the quantity necessary to maintain rivers in a suitable state, to
satisfy different water needs. This is the case, for example, in the French region
called New Aquitaine. Regularly, "drought” crisis committees are set up there to
limit water use through administrative constraints, which is technically difficult
and costly for many, and with an overall unsatisfactory situation from rural areas to
the coast. But in summer, water consumption is mainly due to irrigation. Some
water resource managers have consequently set up an original non-linear water
pricing system for irrigation to achieve several objectives: above all, to limit water
consumption in order to respect a minimum flow rate in rivers, to anticipate water
supply-demand imbalances before agricultural plantations are made, to allocate
water to the users who value it best, to recover water supply costs, to be transparent
and sufficiently simple in its application to be acceptable. In this chapter, we
propose to describe one of such original pricing systems, as well as some of its main
mathematical properties and its practical interests.

Keywords: drought, irrigation, nonlinear pricing, environment,
mathematical economics

1. The problem of chronic droughts in France

Economic and trade developments and the growth of the world’s population are
leading to an increasing exploitation of natural resources. In addition, this global
evolution is accompanied by changes in the economic, social, and environmental
context (climate change and spread of species becoming invasive), making more
uncertain the context in which different professions work. For example, the
farmers now face a multiplicity of new climatic, market, and biotic risks. In this
context, the implementation of measures to secure various resources, including
water, helps to mitigate the negative effects of these developments. More generally,
various tools to combat hazards have been put in place at the individual level:
insurance or other risk pooling systems, diversification, etc.

But with regard to water resources, even in some areas where they were once
considered abundant, the limits of their exploitation may have been reached.

And because property rights over these resources are often poorly established,
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the “tragedy of the commons” (see [1]) is repeated. For example, in the agricultural
sector, everyone is encouraged to make the most of available water in their own
interest, while well-designed coordination of the different uses would improve
everyone’s well-being or economic performance (see, for example, [2]).

The problems thus created have repercussions on the agricultural activity itself,
which can no longer rely on a sufficient supply of water, and on the community in
general: on the environmental level (e.g., river dewatering), on the economic level
(impact on downstream sectors, such as shellfish farming or tourism, as the European
Coastal project shows, see [3]), or on the social level with farmers quite often being
accused of many wrongdoings. This is also one of the reasons for the implementation
at European Union level of the Water Framework Directive (see e.g., [4]).

Thus, a green landscape such as those frequent in the French region of New
Aquitaine can hide recurrent problems of drought, with very frequent crises in
areas such as the Charente “département.” As a result, the public authorities regu-
larly intervene, imposing different constraints to farmers or to their Water User
Associations (WUA) in charge of the resource management (e.g., restrictions on
irrigation, while crops are in place) to allocate the water shortage. The situation is
then penalizing for everyone, and especially for farmers, who too often cannot
adequately grow the crops in which they have invested. And it ultimately leads to a
perfectible situation on each of the three pillars of a sustainable development:
economic, social, and environmental.

This situation is well documented and explained in game theory, particularly in
the context of the “prisoner’s dilemma” (see [5]). But it gives few solutions, except
to seek coordination between stakeholders. The “tragedy of the commons” can
generally be resolved by privatizing the resource, but in France and in many coun-
tries, this solution cannot be applied to the water resource for legal reasons (see, for
example, [6] for their developments on this subject). This is what opponents of
water storage in reservoirs remind us, arguing that the resource must benefit all
uses and that it cannot be used by a single sector of the economy.

On the other hand, at some short distance from this Charente département, and
still in the New Aquitaine Region, an original attempt at water pricing has been
made in order to try to better coordinate farmers’ actions, by anticipating as well as
possible the annual imbalances between water supply and demand. The objective is
thus to make the best use of public information (the water level in rivers, ground-
water or reservoirs, climatic conditions, market conditions, etc.) and also private
information (importance for farmers of securing their water supply, linked, for
example, to their product sales contracts, their debt level, or more simply their risk
aversion), but without being inquisitorial (by making them reveal only what is
important for the water resource management). Of course, this does not guarantee
that there will be no crisis, but it does make it possible to anticipate them as well as
possible and to resolve a majority of possible conflicts well before the plots are
planted, that is, before the distribution of the shortage has any serious conse-
quences. This too gives the farmers the possibility to change their culture choices in
order to adapt them more precisely to the available water.

The idea, developed by the irrigators of the Compagnie d’Aménagement des
Eaux des Deux-Sévres (CAEDS), is to base the price of irrigation water paid each
year on two variables: the quantity of water reserved by each farmer (before
planting) and the quantity actually consumed. We show here that the pricing
formula used encourages the farmer to subscribe a quantity directly related to what
he expects to consume (which makes it possible to deduce very quickly what each
farmer plans to consume and the total consumption, which makes it easier, as we
saw, to resolve possible conflicts, as well as consequently to respect more easily the
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minimum flow rates in the nearby rivers). Finally, we show that it is possible to
modify the volumes consumed globally by varying the parameters.

In a way, by creating value not only from the water resources but also simulta-
neously from public and private information, this makes it easier to resolve conflicts
of use, by reducing the frequency of crises. This approach combines mechanism
design, game theory, and nonlinear pricing results.

In the rest of this chapter, we give a very short overview of some of the literature
on irrigation water resource pricing (see [7] for some aspects), as well as on
nonlinear pricing (see [8]). Then we develop a mathematical model to show differ-
ent properties of this pricing formula and in particular why volume subscription
by farmers makes it possible to anticipate their consumption.

2. Literature review: agricultural water economics
and nonlinear pricing

In France, after having built many individual or collective dams in order to
increase water-storage capacity (“supply management”), efforts are currently
focused on “demand management,” that is, the use of less irrigation water for the
same production and the search for more efficient alternatives for sharing water
among the different uses while trying to find more efficient water pricing schemes
(see [9]). The problem is similar in other parts of the world (see, e.g., [10] for China).

The aims of water management are multiple and may sometimes be understood
as contradictory ([11]): the first one is to allocate water to users who valorize it at
the best (efficiency). The second is to guarantee an access to this essential good to
everybody and to be acceptable in order to be applied (equity). Moreover, as
mentioned in [12], it may be a tool to redistribute public investment benefits. The
third is to recover costs induced by water extraction/distribution/use. The fourth is
to be transparent and simple enough to be understandable, and it is clear that a two
variable tariff, as the one presented here, is quite acceptable as shown by the fact
that it was implemented in the CAEDS area. Another nonlinear pricing scheme is
also established in the Compagnie d’Aménagement des Coteaux de Gascogne area in
the southwest of France and is compared in [13] and [14] to the one presented here
as regards the agricultural production, the farmers revenue, and the water quantity
used for irrigation in accordance with the climatic conditions.

Generally speaking, water pricing practices can be classified in two families:
volumetric and non-volumetric methods. Volumetric methods rely on the volume
and require metered water facility (see [15] or [16], for examples of the implemen-
tation of a volumetric pricing system). Non-volumetric methods are based on
output/input other than water, for example, in the agricultural sector as per area
pricing (see [17]). The last methods are widespread because of their simplicity, but
they do not encourage saving water.

When using volumetric methods, water can be priced in three main ways. The
price can be either constant whatever the level of consumed water or defined “per
block”: the cost per additional consumed unit varies when the consumption reaches
some given thresholds. The marginal pricing can either increase with the level of
consumption (increasing block tariff) or decrease (declining block rate). The appli-
cation of such a pricing is studied for domestic water use, for example, in [18].

The increasing block tariffs (IBT) can be used to impose conservation incentives
on some target group of large users. Customers facing the higher prices at the
margin will, in theory, use less water than they would under the uniform pricing;
customers facing lower prices at the margin will use more. The expectation is that
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demand in the high blocks will be more elastic than demand in the low blocks,
resulting in a net decrease in water use when compared to a uniform pricing.
Although there is widespread consensus that IBT have many advantages, this type
of tariff still deserves more careful examination since an incorrect structure of the
IBTs leads to several shortcomings as argued in [19]. Some of them are difficulties to
set the initial block; mismatch between prices and marginal costs; conflict between
revenue sufficiency and economic efficiency; absence of simplicity, transparency,
and implementation; incapacity of solving shared connections; etc.

The decreasing block tariff (DBT) is, unlike the preceding one, in accordance
with the proposition that high-value goods “should” be bought at higher price than
low-value goods. Water will be first purchased for uses with high values and then
only for uses which will lead to less welfare increases. Concerning equity, this type
of tariff is “not advisable”. “The consumers who acquire smaller amounts of the
good and/or service because of their low incomes would be bearing a higher price
than those who can afford to consume greater amounts” (see [20]). But it can be
justified in the following circumstances:

* When users have very different levels of consumption. A consumer hundred
times bigger than the average consumer does not create costs hundred times
higher, because there is only one pipe line, one billing process, etc. And, since
cost per volume is lower with large consumers, it is justifiable to propose DBT
in the case of heterogeneous users.

* In order to incite users to stay in the WUA: as we have explained above, IBT
(e.g., see [21]) might encourage users who have access to alternative water
sources to quit (partly at least) the network, stopping to contribute to the
recovery of the costs. This can lead to cost recovery problems for the water
supplier and besides might lead to negative environmental consequences. DBT
does not have this negative incentive.

A two-part tariff combines a fixed and a volumetric rate (or a mix of fixed and
variable elements). “Under this system, consumers must pay an entry charge that
entitles them to consume the good. Subsequently they will pay an additional smaller
amount for each extra unit consumed.” “Two-part tariff is easy to explain and easy
to understand” is mentioned in [20]. But in practice, it fails to reach the efficiency
objective and suffer from the fact that it does not allow to reveal information on
water demand, which may be at the origin of sudden discrepancy between water
supply and demand.

In the following sections, we study the properties of a different pricing struc-
ture, in which farmers make a water reservation (e.g., during wet period or before
planting) and then pay a water bill which is an increasing function of water reser-
vation and of real water consumption (e.g., during dry period or during peak
vegetation). This allows the WUA manager to forecast disequilibrium between
water demand and supply. The water pricing is parameterized, in order to adapt the
price to the actual WUA situation and to the available water supply.

3. The model
3.1 Notations

We consider a WUA composed of n farmers and which provides them irrigation
water at a cost. Each farmer i has a production function we note %;(C;) which is a
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function of the volume C; of the water he consumes. This production function is
private information, known only by the farmer himself.

Each year, each farmer firstly reserves a water volume S;, for example, before
choosing his planting and then consumes another volume C; for the field irrigation,
C; being either inferior or superior to S;. The pricing formula is designed in order to
take into account these two variables and to display some properties.

The notations we use are the following:

* B is the total water user association expenses.

* D is proportional to B: D = AB, with a constant 1> 0.

S; is the volume reserved by agent i during the considered year.
* C; is the volume consumed by agent i during the same year.

* h;(C;) is agent i’ s production function, which depends on the consumed
water C;.

e F =F(S;,C;) is the sum agent i must pay (his water bill).

For each agent i, the pricing formula is

1)

F(Si7 Cl) == D(dSl‘ + (1 — (,1) w)

1

witha € [0,1] and b € [0, 1].

The pricing scheme is a common knowledge for all farmers and is the same for
all of them. Parameter a represents a kind of sharing of the price between, on the
first hand, the reservation part and, on the other hand, the consumption part. As
D = B, the role of parameter A is to ensure a balanced budget, under the financial
conditions of the WUA, for example, by adjusting the value of this parameter by
trial and error year after year, if a temporary budget imbalance is permissible.

We will return to this point in Section 3.3, examining in particular the case where
a minimum of revenue each year is required. The role of parameter b is to incite to
reserve at least the forecasted consumption divided by b. For a S; given, when

C; > bS;, the C? which appears in the pricing formula incites to diminish water
consumption.

A deterministic approach, without acquisition of information between the res-
ervation date and the consumption date, is sufficient in order to study some of the
properties of this pricing. Of course other properties directly linked to stochastic
variables (as the climate) cannot be studied here and are the object of further
researches.

But we must note that since C; depends on S;, we must take this relationship into
account in optimizing the volumes reserved and consumed by the farmer i.

3.2 The maximization problem of farmer i
When choosing the values of his control variables S; and C;, the farmer must

decide of the optimal value of C; knowing the optimal value of S; previously
announced. Therefore each farmer must solve
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max | max (hi(C;) — F(S;,C;)) (2)

where the production function of farmer i, /;, is an increasing and concave
function.

3.2.1 The maximization problem in C;

We note G(S;, C;) = h;(C;) — F(S;, C;), and we calculate the solution of the
maximization of G(S;, C;) as a function of C;. We have

oC;

/ G .
9G(5,,C) _ {h,(c» —2(1-a)D S <G, 5

hl’(Q) — (1—ﬂ)bD z'bei>Ci

* For bS; < C;, we note C; (S;) the solution in C; of

Ri(C;) =2(1— a)D% (4)

With a simple derivation of this last equation, it is easy to see that

e Z(I—ﬂ)DC,'
Ci(S) = 2(1—a)DS; — k' (C;)S? >0 ©)

Therefore C; '(S;) is an increasing function of S;.
We remark by the way that when bS; < C;, we have

201 —a)D% >2(1—a)hD> (1— a)bD ©6)

e For bS; > C;, we call C; the solution in C; of

hi(Ci) = (1—a)bD @)

We note that this solution does not depend on S;.

The preceding remark, the concavity of 4;, and the definition in (4) and (7) of
C; and of C;" imply that

C; (Si)<Cf (8)
We can easily deduce that the optimal solution C of (2) for S; given depends on
the relative positions of C; (S;) < C; and of bS;:

C; (S,) if S;< C: (Si)/b
col = bS;  if C(S)/b < Si<C; /b

i 9)
ct  if $>Cf /b

Note that this formula gives a relation C*/(S;) that depends on the parameters of
the regulator and of the profit function %; of farmer i. When starting from small S;,
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Cﬁ"l (S;) is first an increasing function of S;, then it is a linear function in S;, and
finally it is a constant.

3.2.2 The maximization problem in S;
When solving the maximization of our problem in S;, knowing the optimal value
C;, which is generally, as we saw, a function of S;, we must consider the relation

between these two variables.

o If S; < C; (S;)/b, we must solve
max (h,- (c; (si)) - F(Si, on (si))) (10)

and the first-order condition gives

2C;7(S:)C7(S)S: — (CZ (Sz-))2

1

K(C; (S))Ci (Si) =D |a+ (1—a) (1)

i SZ
« If C; (S;)/b <S; <C; /b we must solve
max (hi(bS;) — D(aS; + (1 — a)b>S;)) (12)
for which the first-order condition is
bh.(bS;) = D[a + (1 - a)b’] (13)
¢ and if S; > C;' /b the maximization problem is:
max (hi(cj) —F(S, cj)) (14)

i

that does not have a solution, which means that the farmer will at least consume
bS; (as consuming less would decrease his production without decreasing his water
bill; in other words we have bS; < C)).

To obtain the optimal solution of our problem in S;, we must analyze the admis-
sibility of solutions of (11) and (13).

Theorem
The optimal strategy of farmer 7 is

1/S; =Ci\/(1—a)/aif 0< 1572 <a <1, where C; is the solution of

B,(C;) = 2D+/a(1 —a) (15)

1

2/S;=Ci/bif 0<a< 15}72 <1, where C; is the solution of

e P s (2 — b)) (16)
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Proof of the theorem
We start by introducing a Lemma.

Lemma

max {max (hi(C;) — F(S;, C,-))] = ZSVimgf [h:(C;) — F(Si, Ci)] (17)

i i

Proof of the Lemma
In Section 3.2.1 of this chapter, we have shown that the solution of

max [qu (hi(C;) — F(S;, Ci))} (18)

i i

is given either if bS; = C; (border solution) by the maximization in S; of G(S;, C;)
or if bS; < C; (interior solution) by 4(C;) = 2(1 — a)Dg—j (Eq. (4)).
Now if we solve the problem

max [hi(Ci) — E(S;, Ci)] (19)

its interior solution (with bS; < C;), knowing that (the first equivalence
being due to the fact that G(S;,C;) depends on S; only through F(S,;,C;) and
not through ;)

0G(S;, C; oF(S;, C; 1— 1=
(17 l):OQM:()@Si: aCiandb _ﬂ<1 (20)
0S; 0S; a a

is given by

dG(S;,C;) o G

which coincides with (4). Replacing this equation in (11), we obtain

Ci (1-a)2C.C, c:
2(1a)DS—iCiD<a+S—i(1a)S—? (22)

Simplifying we find Eq. (18) so that the interior solution coincides with the
solution of (2). The border solutions are also the same (i.e., bS; = C;) for (2) and for

(19). Finally, both solutions are the same.

We now return to the demonstration of the Theorem itself. Thanks to the
Lemma, we can now compute the solution of (2), by computing the solution of

gzﬂcﬁf [hl(C,) — F(Si, Cl)} (23)

o If bSl <G,

then (23) can be written as

Siy G i

max (h,-(C,-) —-D <aS,~ +(1-a) g)) 24)
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And the first order conditions give

a/a[h,-(ci)—D(fzf(l—“)%?)} :a—(l_siﬁ)c’z:() (25)

si= /2% (26)
a

We remark that this implies, as bS; < C;, that

bwl_“<1 (27)
a

which is equivalent to

and
2
ohi(C) ~D(asi + (1 -a) )] (1 - a)2C,
b/ aC. :h(Ci)—DS—izo (28)
which is equivalent to
W' (C;) =2D+/a(1—a) (29)
o If bSl > Ci,
then (23) can be written as
max (hi(C;) — D(aS; + (1 = a)bCy)) + u(bS; — i) (30)
with p the dual variable associated to the constraint bS; > C;.
The first-order conditions give here:
a/ 0hi(C;) — D(aSi + (1 —a)bCy) + u(bS: = C)] _ b =0 31)

0S;
and

a[h,‘(ci) - D(ﬂSi + (1 - a)bCi) +/4(bS,» - C,)}

b/ aC;

—KW(C)-DA-a)p—p=0 (32)

The solution of these equations is.

=15, u =5 >0andk(C) = D[(1—a)p + 7] =D

(1—a)b*+a

Y (33)

Remark 1

The optimal solution is a continuous function of parameters 4 and b. Moreover,
the regulator can choose parameters 2 and b in order to enforce an interior solution
or a border solution.
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Remark 2
Note that in 2/ of the theorem

lim (D(a +a- a)b2)> =00 (34)

b—0 b

If we choose b small enough and therefore a small enough to remain in case
2/, (20) incites the farmers to use less water, that is, C; — 0 when b — 0. But in
general we cannot draw any conclusion on the value of S;.

In conclusion the WUA manager may use these two parameters a and b in order
to decrease the water consumption, but he cannot make water decrease at discretion
since as in our example he might decrease also the reserved volume and at the end
the budget equilibrium would not be satisfied.

Note also that in 1/ of the Theorem, we cannot make the consumption C; decrease
at will, since the maximum value of h;(Cl-) is equal to D according to Eq. (15).

Figure 1 shows how S; must be tightly correlated to C; by the farmer in order to
obtain a good remuneration G;(S;, C;) = h;(C;) — F(S;, C;)for his activities. (Numeri-
cally, it is computed with the following functions and values: 4;(C;) = 2.C? Sia=1/3
b = 0.7; D = 2; negative values have been replaced by 0). A slight deviation from the
optimum value of S; at the reservation time, and of the optimal consumption C;,
once S; is chosen, will diminish considerably the value of the gain G. This means

that from the value of S;, the WUA manager is able to predict accurately the level of
the water demand.

3.3 The budget equilibrium constraint

In this section, we study the conditions in which the budget equilibrium may be
obtained, or in other terms, in which

0.5 0.8

o4

GCi.5i
oy

Figure 1.
Representation of G(C;, S;) as a function of C; and of S;. Numerical values: see text.
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Y. F(S:,C) =B (35)

The WUA manager may choose parameters a and b in such a way that

1/ either 0 < 1502 <a<1and then S; = C;+/(1 — a)/a according to the Theorem;

we know then that
C = [h;]‘l(zD a(1— a)) =g, (2D a(1— a)) (36)
and the budget equilibrium constraint (35) must be written as

2B\/(1—a)/ay,Ci = 2B\/(1—a)/aXg, (zaB\/au - a)) =B (37)

which gives

2As/(1—a)/azigi(z/lB\/a(l—aD —1 (38)

If we assume in order to facilitate the presentation of the demonstration that

hi(C;) = Ca_,-’ with 0 < &; <1, which reminds us of a Cobb-Douglas production func-
tion, this last equation becomes

f@) =2/ A= a) LM, =1 (39

aj

where M; =: ( a(l-— oz))”’Tl (40)

Noting that since -%*= <0, we have lim,_,of (1) = +o0 and also lim;_..,f (1) = 0.

a,’fl

Asf'(1) <0, we deduce that there exists a unique A which verifies (39).

2/ or0<a< % <1 and then bS; = C;, according to the Theorem.
Previously we showed that

Ci=[n)™ <D ar (- a)b2)> = k; (D(a - ﬂ)b2)) (41)

! b b

Assuming here too that /;(C;) = %, the budget equilibrium constraint (39) can
be written as

2(1)= AY AN, =1 (42)

_ 2
with A = w and N; =: (BA)#, and we obtain the same conclusion as in 1/.

So, once parameters 2 and b are chosen for considerations of water savings, the
WUA manager can force the system to be in budgetary equilibrium with the choice
of the parameter A value. Of course, not knowing the true value of a;parameters, or
more generally ignoring the precise form of the %,(C;) functions, he will not be able
to compute directly the optimal value of A, but the existence result on a unique A
value and the monotonicity of f(1) and of g(4) allows him to find the correct value
by trials and errors.
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4, Conclusion

We have shown here how it is possible with a pricing system based on two
variables, reservation and consumption, for the WUA manager to get enough
information in order to anticipate any disequilibrium between water demand and
supply, when it is always possible to change the choice of the cultures. Moreover
changing the parameters allows the WUA manager to modify the volume consumed
by the farmers, which is especially useful when searching a decrease of the water
consumption. Translated in a two-entry table, this method is simple enough to be
understood by each farmer and quite acceptable since associating the pursuit of
fairness, efficiency, and adaptability.

At last, with a judicious choice of the value for the parameters, it is possible to
incite the farmers to be more or less acute in the choice of their reservation and
consumption values. This pricing system should therefore allow a more efficient use
of the water resource by the farmers, by the way decreasing the constraints on other
economic sectors and on the environment.

The need for a better management of irrigation water is now recognized, and
the potentialities of original pricing systems (see, for example, [22]) are confirmed
by many work in economics, carried out in different contexts such as those
presented by [23] in semi-arid climates, or [24], and [25] in different European
countries.

Further researches are nevertheless needed to study how such a system keeps
or increases its advantages when we take into account the fact that in many
countries the water supply may be stochastic (see, for example, [26]). It would
also be important to study the strategic interactions between farmers, as well as the
different inter-annual dynamics that can be put in place, in order to facilitate the
development of agricultural activities, while still under budgetary constraint (see
[27]). In addition, the acquisition of information between the reservation (during
the wet vegetation season) and the peak consumption (during the dry vegetation
season) can be sequential. Taking this into account can lead to an even better
valorization of the water resources, through the implementation of an adapted
pricing policy. This leads to other refinements which are the aim of other present
researches.
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Abstract

Bioenergy is an important renewable energy option worldwide, but the industry
is susceptible to a myriad of risks including biomass supply, of which drought plays
arole. Crops yields decrease during drought, increasing year-to-year risk for the
agricultural industry. For the renewable energy industry, in particular, the effect
of drought on crops is substantial and complex. This chapter discusses the current
state of knowledge regarding how drought affects biomass destined for renewable
energy as it relates to dry biomass yields and chemistry, the latter of which heavily
impacts cost of production and final product yields. Advanced supply systems are
one option for reducing biomass supply risk. These systems lead to higher, less vari-
able crop yields during uncontrollable events like drought; however, the quality of
material supplied in a drought year may still vary as drought impacts plant chem-
istry. This chapter provides analysis for chemical composition of four bioenergy
crops observing that both carbohydrates and lignin decrease during a drought year
compared to a year with minimal to no drought. These chemical changes can impact
biochemical conversion through inhibitor formation and altering degradability
during pretreatment.

Keywords: bioenergy, drought, chemical composition, inhibitors, yield,
supply system, biorefinery

1. Introduction

Bioenergy is one of a portfolio of renewable energy options used worldwide to
support efforts to decrease use of fossil fuels and support energy security policies.
By 2050, the total world bioenergy potential is predicted to meet 25-33% of the
world’s energy demand [1]. One study estimates that in the U.S., by 2040, more
than 1 billion tons of biomass could be available for use in the bioenergy industry;
however, the water consumption necessary to support these crops is a clear concern,
and recent analyses investigate scenarios with purpose grown energy crops that
are assumed to be rain fed rather than irrigated [2]. Energy crops are an important
strategy for the emerging bioenergy industry, but erratic environmental factors
remain a risk with drought being a major factor affecting crop production, particu-
larly for crops grown without irrigation. Widespread droughts covering 30% of the
U.S. have occurred every decade since 1900, and drought frequency has increased
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in recent decades [3, 4]. To make matters worse, extreme weather events, like
drought, are predicted to become more prevalent under future climate scenarios
with corresponding decreases in gross primary productivity [5-8]. The economic
impacts of drought are exemplified by the $30 billion in losses from a recent U.S.
nationwide drought in 2012 that primarily impacted the agricultural industry as a
result of outcomes such as a 27% reduction in U.S. corn grain yields [9]. These yield
losses pose considerable risk for biomass producers and biorefineries that already
have substantial startup challenges to overcome [10].

Drought conditions lead to increased use of water resources in irrigated areas,
but in non-irrigated fields obtaining necessary crop yields is a challenge. Corn,
wheat, and barley grain yields have been shown to decrease as a result of drought
[11-13]. Of importance to bioenergy technology developers planning to use ligno-
cellulosic biomass, dry biomass yields of corn stover, switchgrass, and Miscanthus
grown in research plots were reduced in the 2012 drought when compared to yields
in 2011 and 2013 [14]. Even crops that have been reported to have some level of
drought tolerance, like sorghum and switchgrass, had significant yield reductions
during drought, 40-80% in some cases, even though the plants often survive the
drought stress [15-17].

Drought is a major risk for producers and biorefineries relying on consistent and
high crop yields; however, for the renewable energy industry the effect of drought
on crops can be even more substantial and complex. The objective of this chapter
is to discuss how biomass destined for renewable energy is affected by drought as
it relates to overall dry biomass yields and chemistry, the latter of which heavily
impacts cost of production and final product quality. The chapter proceeds with
a discussion of how drought related risks impact the supply chain and strategies
for risk reduction through thoughtful design of logistics systems for biorefineries.
Finally, the chemical analysis of a variety of bioenergy crops grown during severe
drought conditions as part of a set of long-term nationwide field trials will be
discussed along with the state of knowledge regarding how these changes impact
conversion to biofuels and products.

2. Reduction of bioenergy industry risk through supply system design

In bioenergy, the risks are as diverse as the economic agents that make up the
industry. From the beginning of the supply chain, the risks farmers face are differ-
ent from the risks aggregators face. Aggregators, the people who harvest, collect,
and transport feedstocks to the biorefinery, face different risks than owners and
managers of the biorefinery. While some risks in bioenergy apply across these
agents, e.g., the risk that a market for the finished product might not exist, the fact
that risk is perspective dependent means that one must be precise about whose risks
are under discussion. This section considers one type of risk, supply risk, which
biorefinery owners and managers face because of the role that drought and weather
variability play.

Risk is a concept to measure ‘unwanted’ events. At the biorefinery, supply risk
means that management must engage in unwanted, costly activity if the chance
of insufficient feedstock supply delivered to the biorefinery for conversion mate-
rializes; thus the plant cannot run at full capacity. Risk is the probability of an
unwanted event occurring multiplied by the consequence [18]. For management,
this means that if the feedstock supply is lower than the full capacity of the plant
then at least two undesirable events are realized [19, 20]. First, the amount of prod-
uct created at the plant is reduced meaning that the unit cost of production, and the
price necessary to cover costs, increases. The plant must utilize the same amount of
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resources to run the facility at full capacity as when it runs at less than full capacity,
thus driving up unit cost. The second is that, in order to overcome the first undesir-
able outcome, management must seek out additional sources of feedstock supply.
Because the additional supply is not placed under the contract managers have with
growers for the initial supply, making up the short fall, too, is costly [20].

Depending on the nature of the risk under analysis, different approaches for
mitigation apply [21]. Supply risk is considered non-systematic or diversifiable risk
because yield uncertainty is not correlated with risks in other parts of the economic
system. For example, crop yield does not correlate with stock market performance
but instead with climate variability. For a biorefinery manager, non-systematic risk
means that diversification is a strategy to mitigate weather variability. To illustrate
how diversifying the feedstock supply allows the manager to mitigate risk, this sec-
tion proceeds as follows. First, a description of the biomass feedstock supply chain
provides a picture of how risk enters the system through yield uncertainty. Then an
example illustrates how alternative supply system design enables mitigating supply
risk caused by weather events, such as drought.

2.1 Supply chain

Possible biomass supply system configurations are numerous, but are typically
classified in two ways: non-distributed and distributed. The non-distributed supply
systems, also termed conventional supply systems, have been the systems of choice
for the pioneer, or first-built biorefineries [22]. Non-distributed supply systems
tend to be vertically integrated with a specific user. This means the biorefinery
manages the supply chain from the time the biomass leaves the field to the time
it enters the gates of the biorefinery. The materials are delivered in a minimally
processed state and the burden of controlling and mitigating feedstock variability
is placed on the users at the biorefinery. Non-distributed systems are typically
sited in areas with an abundance of easily accessible and low-cost resources. The
location of the pioneer biorefineries, as expected, have all been developed in areas
with concentrated supplies of biomass known as supply sheds. While supply chains
developed using this design are relatively uncomplicated and inexpensive, the
biorefineries are limited to a small draw radius, due to the expenses associated with
transporting material in the available formats. The relatively small supply shed may
impact the ability for the biorefinery operators to mitigate feedstock quality issues
with the resources available and potentially not be able to meet resource demands if
there is a catastrophic event within the supply shed [23, 24].

The alternative, distributed supply system, sometimes called an advanced sup-
ply system, is a series of processing depots or terminals that are used to concentrate
material from a small geographic region, near the point of production, and prepare
it for use at a single or multiple facilities. This model is similar to how grain eleva-
tors work, the grain from local fields is aggregated and sold into a larger market.
And, similar to logistics in grain supply systems, the processing depots may be
owned by parties other than biorefinery owners. However, instead of simply
holding the material for sale, the depots produce a stable, tradable intermediate
product, which can be sold in a variety of markets. For a biorefinery, the largest
benefit of the distributed supply system is having access to a larger supply shed
for material. Biomass quality (e.g., ash and moisture content) is highly variable
both spatially and temporally [23]. Through sourcing the material from a series
of depots, biorefinery operators are able to specify the desired quality attributes
of the material, and the burden of delivering material within the specifications is
borne by the owners and operators of the depot. Although the cost of distributed
supply systems seems high compared to a non-distributed system, given the
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requirements for additional infrastructure and increased transportation, system-
wide benefits may offset costs [19]. The next section illustrates this point with an
example of risk mitigation.

2.2 Mitigating drought risk

Figure 1 illustrates both the distributed and non-distributed, stylized supply
chain configurations situated on a map of the Midwest United States. The panel on
the left shows the location of a biorefinery and 10 potential sites for biomass depots.
Multiple processing depots represent the advanced (distributed) case. The black
lines illustrate the supply shed radius, which is the geographic area from which
biorefinery management collects feedstock. In the conventional (non-distributed)
case, the supply radius is 50 miles and the supply shed consists of fields near to
the biorefinery. The dotted, black line next to the biorefinery shows the 50 miles
radius. Economically constrained by transportation costs, in the conventional case
management must contract with growers in near proximity to the biorefinery.

On the other hand, the wider, solid black line encompasses the network of depots
in the advanced supply case. Because of preprocessing, the economic constraint
pushes the supply radius out to 400 miles, thus significantly expanding the supply
shed. This enables management to contract with growers at much greater distance.
The heat-map shading shows differing levels of drought intensity; red and orange
illustrate greater drought intensity and blue a lesser amount.

The Year-A, Year-B designation in the left and right panels, respectively, shows two
possible weather outcomes, generated with historical data. In Year-A the map does
not show adverse weather events for either supply shed but in Year-B it shows adverse
weather in much of the supply shed for both cases. While in Year-A none of the growers
in the 50 miles supply shed experience detrimental impacts to crop yield from weather,
in Year-B the growers next to the biorefinery collectively face the same adverse weather.
By contrast, and looking at the 400 mile supply shed, growers in the northeast of the
supply shed do not experience the adverse weather of much of the rest of the supply
shed. A simulation model is a useful, analytic tool to understand how weather variabil-
ity under these two supply chain configurations affect supply risk at the biorefinery.

Suppose management of the biorefinery in Figure 1 contracts with growers
for residual corn stover to procure feedstock to run a biorefinery with nameplate

Biorefigery. 7

Year i Year B

Figure 1.

Comparing two supply chain options under two weather scenarios based on historical data. Year A (left) has
no adverse weather events, while year B (right) has moderate to severe drought covering much of the supply
shed for both supply chain options [25].
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Figure 2.
Histogram of simulated feedstock outcomes under two supply chain configurations [25].

capacity of 800 thousand tons per year. In the conventional case and in the advanced
case, management contracts with the same number of growers. In the conventional
case farmers face the same distribution of yield uncertainty. In the advanced case the
10 distributions of uncertainty represent 10 separate regions of the supply shed.

Figure 2 shows the histogram of potential outcomes that result from a
Monte Carlo simulation of the manager’s contract options. The simulation
utilizes parameters for yield, ash content, and dry matter loss that are repre-
sentative of corn stover in the Midwest. The conventional case shows that on
average, the manager will receive 751 thousand tons of biomass at the plant,
but the range of possibilities extends from as little as 400 thousand tons to just
over 1 million tons. In the advanced case, the histogram shows that the manager
could expect on average 955 tons of biomass with a range of 800 thousand tons
up to 1 million tons.

The results in the histogram illustrate the potential for risk reduction available to
the manager by diversifying the supply portfolio. Much like one diversifies a finan-
cial retirement portfolio to mitigate risk, advanced supply configurations enable
the same strategy. Managers at the biorefinery can mitigate drought-induced supply
risk by diversifying the biorefinery’s supply portfolio across a larger supply shed.

3. Drought impacts on chemical composition and conversion
3.1 Biomass chemical composition

The biomass supply risks related to drought are substantial and unfortunately
extend to biomass quality as well as overall yields as discussed above. Crop yields
are often reduced during drought conditions as plants do not have the water needed
for basic functions like maintaining cell turgor pressure and performing photosyn-
thesis [26]. The impact of drought conditions on yield as well as plant biochemical
functions is complex and different plant types, species, and genotypes may vary
in their tolerance and responses to drought [27, 28]. Species like Miscanthus are
reported to be more sensitive to water deficiencies [29] while crops like sorghum
[16], reed canary grass [27], and switchgrass [27, 30] display some level of drought
tolerance. In addition, plants use different survival strategies to deal with environ-
mental stressors; for example, there is less carbohydrate hydrolysis in cool-season
forbs than in cool-season grasses during osmotic stress that occurs when plants
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experience drought requiring plant cell walls to compensate for the external changes
in water with solute concentrations [31]. Soluble sugar synthesis in plants has been
shown to occur in response to water stress in order to increase osmotic potential
with significant accumulation of soluble sugars measured in switchgrass exposed to
drought conditions [32].

Complicating reductions in crop yields, plants experience compositional
changes during drought; increased extractive components, including soluble sug-
ars, and decreased structural sugars were reported for important potential bioen-
ergy crops like switchgrass, Miscanthus, mixed grasses, and corn stover [26, 32-34].
Studies have even observed reduced lignification in some cases possibly resulting
from decreased plant growth as well as changes in lignin component distribution in
plant cells impacting cell wall degradability [33-35]. These compositional changes
can greatly impact yield of bioenergy conversion products from these biomass
resources. It should also be noted that if these decreases in lignocellulosic compo-
nents are compounded with decreases in dry biomass yield the estimated product
yield can be even further reduced in drought-stressed crops [33].

To demonstrate the effect of large-scale drought on plant composition, data
collected through the Regional Feedstock Partnership (RFP) was analyzed [36]. The
RFP completed long-term field trials beginning in 2008 for potential bioenergy crops
grown across the U.S. unintentionally providing a unique snapshot of how drought
could impact the bioenergy industry when nationwide drought covered 65% of the
continental U.S. in 2012 during the field trials [36-38]. Four RFP crops—Miscanthus,
mixed grasses, switchgrass, and energycane—were selected to examine the impact
of drought on plant chemistry. Each crop field site, according the U.S. Drought
Monitor [37], experienced a year with drought conditions and a control year with
minimal to no drought (Figure 3). Miscanthus, mixed grasses, and switchgrass data
were from 2010, non-drought control year, and 2012, a year with significant drought.
Miscanthus was located in Saunders County, NE; switchgrass in Day County, SD; and
mixed grasses in Ellis County, KS each grown under three nitrogen application levels
with three to four replicates. In Tift County, GA, where the energycane field site was
located, a drought occurred in 2011 as opposed to 2012, and the non-drought control
year used was 2009 as shown in the insets in Figure 3. Five genotypes were each
grown on three replicate plots for the energycane field site.

Across four crop types, multiple energycane genotypes, and a variety of
nitrogen fertilizer treatments, it is clear that biomass from drought years had lower
lignocellulosic components than non-drought years, depicted by the differences in
glucan, xylan, and lignin greater than zero (Figure 4a—c). Glucan was as much as
10% lower for biomass produced during a drought year (Figure 4a), while lignin
was up to 5.5% lower (Figure 4c) and xylan up to 3.5% lower (Figure 4b). These
differences are hypothesized to result from less lignification during reduced plant
growth and increased synthesis of soluble components that support osmoregula-
tion, in favor of synthesis of lignocellulosic components as hypothesized in previ-
ous studies [17, 33, 39]. It should be noted that not all research plots included in
the analysis had greater lignocellulosic components in a non-drought year (differ-
ences less than zero shown by dotted lines in Figure 4), which is probably a result
of the complex agronomic and environmental factors that can simultaneously
impact plant yield and composition. Previously reported results on similar RFP
samples indicated that along with the year-to-year variability, including drought
and non-drought years, agronomic factors of nitrogen treatment and genotype
also significantly impacted biomass yields and sustainability measurements [36].
Future studies are necessary to examine the complexity of the combination of
these factors using multivariate analysis techniques that include, but are not lim-
ited to, drought. In addition, compositional changes in response to drought in the
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Figure 3.

U.S. Drought Monitor maps displaying continental U.S. drought conditions prior to the time of harvest in
October 2010, a year with minimal drought, and 2012, a year with drought conditions covering much of

the U.S. The inset displays Geovgia drought conditions for October 2009 and 2011. Blue shapes indicate the
approximate location of each biomass crop: triangles () for Miscanthus, circles (s) for mixed grasses, diamonds
(») for switchgrass, and stars (=) for energycane.
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Difference between percent glucan (a), xylan (b), and lignin (c) content for four crops grown in a year with
minimal to no drought and a year with drought conditions shown in Figure 3. Dotted lines represent no
difference. Energycane—n = 15, Miscanthus—n = 12, mixed grasses—n = 9, and switchgrass—n = 11.

literature are mixed. A number of studies report hemicellulose and lignin contents
decreasing after drought treatments [33-35, 40], and in contrast other studies
report hemicellulose and lignin contents remaining unchanged or increasing under
drought conditions [33, 39, 41]. These differences are not completely understood;
however, studies have suggested they arise from differences in drought severity
and timing [33, 34, 39], genetics [35], and species specific differences [31, 42]. In
addition, other environmental parameters like soil nutrient content and texture,
timing of precipitation, growing degree days, and optimal growing temperatures
also likely play a role.

3.2 Biochemical conversion processes

Drought-induced alterations to plant composition can significantly impact the
yield of conversion products. Changes in biomass composition were exhibited by
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RFP crops in response to drought stress, where the combined reduction of both
structural carbohydrates and biomass yield led to an average 10-15% decrease in
theoretical ethanol yield per Mg of dry biomass for Miscanthus, corn stover, and
mixed perennial grasses [33]. In the 2012 drought year, mixed grasses grown in
Kansas had only 10% of the dry biomass yield obtained in the non-drought year
and Miscanthus dry biomass yield in Nebraska was reduced by an average of 14%
[38]. These dry biomass decreases coupled with carbohydrate reductions shown

in Figure 4 severely reduce theoretical product yields. Interestingly, energycane

in Georgia and switchgrass in South Dakota did not have dramatic decreases in
above-ground biomass yield, which may be due to strong responses to other factors
like temperature in the case of energycane, and the reported drought tolerance of
switchgrass [38]. Theoretical ethanol yield is often used to demonstrate conversion
potential for bioenergy crops based on carbohydrate compositions; however, it is
just an estimate of potential yield and is based on assumptions of 100% conver-
sion of carbohydrates to ethanol. In reality, there are many other considerations
regarding biomass composition that can affect the pretreatment, enzymatic hydro-
lysis, and fermentation steps that are necessary to convert biomass to products in
biochemical conversion. Hoover et al. [34] reported that Miscanthus carbohydrate
yields from dilute-acid pretreatment and enzymatic hydrolysis were actually higher
in drought affected plants compared to those grown in a non-drought year, which
was hypothesized to be a result of higher extractable glucose and lower lignin con-
tents. It is thought that reduced lignin content, observed in some drought-stressed
plants, can decrease recalcitrance by creating better access to cell wall carbohy-
drates and increasing conversion efficiency, but changes in lignin distribution in tis-
sues may also play a role in cell wall degradability in water stressed plants [35, 43].
The increase in carbohydrate yields is not isolated to dilute-acid pretreatment and
enzymatic hydrolysis, as drought-stressed Miscanthus had increased carbohydrate
yields in mild-alkali pretreatment and enzymatic saccharification [39] and after

a mild hot water pretreatment and saccharification in nutrient rich environments
[28]; in both studies this trend was either less pronounced or not present for leaves
when compared to stems. A tall fescue mixture also had few significant increases in
carbohydrate conversion yields, thought to be a result of less severe drought grow-
ing conditions [34]. A recent report documented increased extractability of pectin
components in the cell wall ultrastructure of loblolly pine in response to low soil
moisture [44]. Increases in cell wall elasticity have been observed under moisture
stress conditions in Pinus radiata and may be related to drought tolerance [45].
Pattathil et al. [44] suggested that stress-induced alterations in cell wall elasticity
may involve cell wall loosening processes that result from rearrangement of struc-
tural cell wall components like pectins and hemicelluloses. Increased elasticity of
plant cell walls in biomass may pose further challenges to feeding, handling, and
physical/mechanical deconstruction of biomass that is requisite for biochemical
conversion. Understanding the changes in cell wall structure, chemical compo-
nents, and physical properties imparted by drought stress is critical to informing
how these properties can be exploited to improve bioprocessing of lignocellulosic
feedstocks to biofuels and co-products.

It must also be considered how drought impacts the formation of certain degra-
dation products that decrease conversion efficiencies though inhibition of enzymes
during enzymatic hydrolysis and microorganisms during the fermentation step in a
biochemical conversion process. For Miscanthus pretreated with dilute acid, enzy-
matic and fermentation inhibitors did not increase, however, this was likely a result
of the dilute-acid pretreatment temperatures being lower than those required to
form inhibitors [34]. In contrast, fermentation inhibitors were increased in drought
stressed switchgrass in a study by Ong et al. [32] where the switchgrass was
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chemically pretreated using ammonia fiber expansion (AFEX). Specifically, the
increase in soluble sugars formed during drought conditions generated pyrazines
and imidazoles in the AFEX pretreatment that inhibited growth of the fermenta-
tion organism S. cerevisiae. These two studies highlight the need to understand
drought impacts on plant biochemistry as well as intermediate and final product
yields in order to mitigate these impacts. For example, technology developers in
areas that are non-irrigated and prone to drought, either currently or in future
climate scenarios, should consider the best pretreatment options for a biochemical
conversion process based on the chemical profile of drought-stressed feedstock. In
addition, a refiner could tailor pretreatment severity to the chemical composition
of the biomass entering a facility to optimize product yields by limiting inhibitor
formation with the least reduction in carbohydrate product yields. Future research
and development activities might focus on enzyme and microorganism develop-
ment to better handle inhibitors formed as a result of increased extractive com-
ponents during uncontrollable environmental conditions. Finally, blending either
prior to pretreatment or between different steps in the conversion process could
be used to control intermediate or product yields and/or reduce concentrations of
inhibitors to tolerable levels [46].

4, Conclusions

Drought is a risk for the bioenergy industry that is likely to increase in future
years. Current knowledge and resources regarding drought impacts on crop yields,
quality of biomass, and conversion performance can be used for determining
research and development directions and mitigation strategies. Weather patterns
and water resources are important considerations early in the process of site and
feedstock selection for a facility where matching genotypes to conditions can sup-
port optimization of yields. Irrigation may be an option in certain cases, but there
are implementation costs and water resources may not be an available or sustainable
option given that a vast amount of water resources are currently consumed for
agriculture. The scenarios in this chapter examine an alternative approach demon-
strating that supply system design can reduce supply chain risk related to drought;
these advanced supply systems hold promise for future biorefineries. Supply risk
associated with drought needs to consider crop yield losses, in addition to biomass
chemical changes. Data from a RFP field study of four energy crops, representing
a variety of nitrogen application treatments and genotypes, showed how biomass
lignocellulosic components—glucan, xylan, and lignin—were lower for a drought
year compared to a non-drought year. Current literature was used to describe how
drought related chemical changes propagate from the field through the conversion
process, and planning and mitigation can be implemented throughout the system
to reduce risk to the biomass producer and biorefinery. Drought induced chemical
changes can create inhibitors during pretreatment, a step in biochemical conversion
processes, that decrease the efficiency of the conversion process, which reinforces
the need for careful selection of pretreatment methodology and severity based on
location and biomass used. In addition, research and development is necessary for
enzyme and microorganism development as well as to fully understand species’
specific response to drought and support breeding programs to produce bioenergy
cultivars with traits like increased water use efficiency. Finally, an advanced supply
system can supply a refinery with more consistent biomass amounts year to year
reducing operating risk, but a refinery may still receive feedstock with varying
quality, even in a given year. Therefore, in-line techniques to monitor biomass
chemistry entering a facility could be used to blend biomass or intermediates to
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specifications or adjust pretreatment severity to minimize degradation of soluble
components generated during drought stress.
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Notes

Chemical composition data presented in this book chapter are available in the
Bioenergy Feedstock Library (bioenergylibrary.inl.gov).
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Abstract

Droughts are common in arid areas. These cause important losses in crop pro-
duction, while the increasing population demands more food and goods. Cultivars
able to produce under drought conditions are required to avoid or reduce produc-
tion losses. Plants have evolved different mechanisms to face drought, and many
genes have been already discovered in model and cultivated plants that are involved
in this trait. Some of these genes have been successfully transformed into cultivated
plants for drought tolerance. Plants native to arid lands may possess variants of
drought tolerance mechanisms as compared to mesophytic or model plants. Also,
different drought-related genes can be revealed. Studies using high-throughput and
bioinformatic tools may allow to discover new genes and give new insights on the
mechanisms involved in drought tolerance. However, still scarce studies in plants
native to arid lands show that there are many drought-related genes that have not
been already characterized and potentially they may be novel genes. These novel
genes may be used to improve crops for drought tolerance. Therefore, more physi-
ological, transcriptomic, proteomic, and metabolomic studies are needed on plants
native to the deserts.

Keywords: abiotic stress, water stress, drought-related genes, genetic diversity,
deserts, vegetation, drought-tolerance mechanisms, oxidative stress,
osmotic adjustment, differentially expressed genes

1. Introduction

Arid lands are defined by the United Nations Environment Programme (UNEP)
based on the ratio of average annual precipitation and potential evapotranspira-
tion or aridity index (AI). Arid lands are those with an Al lower than 0.65 [1]. Arid
lands are widely spread around the world. They include around 41% of the earth’s
land surface [2]. These areas include hyperarid (1 billion ha), arid, semiarid, and
dry subhumid (5.1 billion ha) regions distributed across virtually all the continents
[3]. Arid lands are often affected by droughts, which disturb natural and managed
ecosystems and cause less biomass production, biodiversity loss, poverty, and
insecurity [2, 4].

Droughts are one of the main environmental factors that prevent plants
from reaching their full genetic potential and strongly reduce plant growth and
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productivity of native populations and in agricultural systems of arid and semiarid
areas [5, 6]. Droughts are increasing in frequency and intensity on large regions

of the world due to desertification processes. Desertification as a result of greater
world’s population, extensive agricultural practices, and the effects of the global
climate changes has become a serious problem [7]. Droughts are not unusual when
viewed from a geological or evolutionary perspective. Therefore, they represent a
permanent, strong, and increasing factor for biological, ecological, agronomic, and
economic processes [8].

Plants as sessile organisms are under strong selective pressure to adapt to their
environment. Along the entire life cycle, plants are frequently subject to a combina-
tion of different biotic and abiotic stresses [9]. Drought is one of the major environ-
mental factors that reduce the yield of crops by limiting water availability for plants’
growth [10, 11]. Water deficit is one of the most important abiotic stresses that affect
development and productivity of crop plants [12]. Water stress induces stomatal clo-
sure, restricts gas exchange, and reduces photosynthesis in plants [13]. Plants must
cope with their environment through physiological acclimation and evolutionary
adaptation. As a result, plants have evolved extraordinary mechanisms to perceive,
respond, and survive some abiotic stresses and especially with water stress [8].

Most of the cultivated plants are very sensitive to drought and water stress [14, 15].
Thus, agricultural production is seriously limited by drought, while world popula-
tion is continuously and increasingly demanding for food [16]. New cultivars that
can keep or increase yields while using less water are needed in order to reduce the
risk of grave yield losses and to reach the world food requirement [17, 18].

Some plant species have evolved morphological, physiological, and biochemi-
cal mechanisms that allow them to survive, grow, and reproduce in areas where
drought is a common event. Plants may deal with water stress through escape,
avoidance, and tolerance strategies [19, 20]. Escape is reached through plastic
shifts in phenology in such a way that critical growth periods do not coincide with
periods of water deficit. Avoidance includes adaptive responses to keep plant water
status during drought. Tolerance strategies protect plant cells, tissues, and organs
from water stress letting recovery after periods of water deficit and drought. These
strategies are not mutually exclusive and may have different functions depending
on species and duration, intensity, and timing of water stress [21, 22].

Native plants to arid lands must deal with extreme environmental factors such
as high temperatures, high evaporation, low precipitation, salinity and high light
intensity, and low soil moisture [23, 24]. These plants have evolved numerous
mechanisms to survive drought. Some of those mechanisms have been described
for model and cultivated plants [25]. However, wild populations frequently contain
large pools of genetic and phenotypic diversity that can be useful for identifying
new molecular strategies involved in drought tolerance. Detecting and understand-
ing the roles of novel genes in drought tolerance may be the basis to improve or
develop cultivars tolerant to drought [26, 27]. In this chapter we review some of the
findings about drought-responsive genes in plants native to arid lands.

2. Drought tolerance genes

Plants’ drought tolerance is a quantitative trait that is controlled by many genes with
additive effects [28, 29]. In native plants to arid areas such as Cynanchum komarovii and
Prunus mongolica Maxim, more than 3000 differentially expressed genes (DEG) under
drought stress have been found [30, 31]. These genes and/or their products participate
in at least two pathways involved in drought tolerance: ABA-dependent and ABA-
independent pathways [25, 32]. According to their roles, these genes have been grouped
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into two groups: (i) genes that code for regulatory proteins involved in signal transduc-
tion (transcription factors, protein kinases, ABA biosynthesis) and (ii) genes that code
for functional proteins such as water and ion channels, detoxification enzymes, protec-
tive proteins (late embryogenesis abundant (LEA) proteins, chaperones), proteins
involved in osmolyte biosynthesis, and proteases [25, 33].

2.1 Regulatory proteins

Plants must deal with drought by activating a complex signaling network that pro-
duces a variety of physiological responses and defense systems [34, 35]. The signaling
pathways include a group of stress sensors, cellular signal transduction, and transcrip-
tionally regulated networks. In order to respond to water stress, it must be perceived
by specific receptors which transmit the stress signal into the cell and may trigger a
series of signal transduction steps. [36]. The signal transduction in ABA-dependent
pathways increasing ABA concentrations is sensed by receptors such as GTG1, GTG2,
Mg protoporphyrin IX chelatase H subunit (CHLH/ABAR), and pyrabactin resistance
1/PYR1-like/regulatory component of ABA response 1 (PYR/PYL/RCARSs) [37]. Once
ABA binds to its receptor, ABI1 (ABA insensitive 1) phosphatase activity is blocked
causing autophosphorylation and activation of an open serine-threonine kinase
(open stomata 1, OST1). Then, transcription factors (TFs) known as ABA-responsive
element-binding proteins (ABFs/AREBPs) are phosphorylated and activated by
OST1. Besides OST1, calcium-dependent kinases (CDPKs) similarly activate SLAC1
and SLAHS3 [38]. Afterwards, ABFs bind to DNA at specific ABA-responsive elements
(ABREs). Finally, ABA-dependent gene expression is induced [39].

Gene expression at the transcriptomic level is strongly regulated by transcrip-
tion factors [40]. TFs can be grouped into several families according to their
structure and binding domains [41]. Several TFs belonging to MYB, MYC, NAC,
bZIP, HD-ZIP, DREB, and WRKY families are involved in modulation of gene
expression of plants in response to drought stress through ABA-dependent or
ABA-independent pathways [42]. Even though many TF families have been found
in several models and cultivated plants [43, 44], novel TFs are being described
from plants native to arid lands. They may be used as a powerful tool for practi-
cal approaches for engineering drought stress tolerance in plants. For example, in
the desert legume Eremosparton songoricum, a novel DREB2B (EsDREB2B) gene
was identified. The transcript of ESDREB2B was upregulated by different abiotic
stresses, among them drought stress [45]. Other novel DREBs from a desiccation
tolerant moss (Syntrichia caninervis Mitt.) were isolated and used to transform
yeast. The ScDREB enhanced stress tolerance to yeast [46]. In Larrea tridentata, a
bush native and widely distributed to Northern American deserts, the LtWRKY21
transcription factor that functions downstream of ABI1 to control ABA-dependent
expression of genes was found [47]. The PeDREB2L gene from the desert tree
Populus euphvatica Oliva was isolated and transformed into Arabidopsis thaliana.
Transgenic plants showed an improved tolerance to drought and freeze [48].
Moreover, in Sophora moorcroftiana, an endemic Leguminosae shrub species native
to arid and semiarid regions of the Qinghai-Tibet Plateau, a total of 1534 TFs were
identified. Those TFs were classified into 23 different common families. The major
group of TFs was the bZIP family (160, 10.43%), followed by MYB (115, 7.5%),
bHLH (107, 6.98%), zinc finger (103, 6.71%), and WRKY (103, 6.71%) [49].

2.2 Functional proteins

Drought stress affects many processes in the plants and cause a variety of
physiological and biochemical changes. Some of these changes include loss
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of cellular turgor, changes in membrane fluidity and composition, changes

in osmotic potential, and protein-protein interaction [10]. Cell turgor loss is
perhaps the most evident indicator of water stress which affects integrity of cells,
metabolism, and whole plant performance [50]. Maintaining cell turgor is criti-
cal for surviving and growth of plants. The changes in osmotic potential play a
relevant role for that purpose. Loss of cell turgor, among other effects, may cause
stomata closure and limitations of gas exchange which in turn decreases CO, sup-
ply for RuBisCo. Photosynthesis decreases, and the reducing power production
exceeds the rate of its use by the Calvin cycle [51]. Consequently, overproduction
and accumulation of reactive oxygen species (ROS) alter the redox status

[52, 53]. ROS damage all major cell biomolecules impairing their function [53].
Plants may respond to these effects by activating several defense mechanisms
that involve participation of numerous proteins such as late embryogenesis
abundant (LEA) proteins, osmoprotectants, chaperons, detoxifying enzymes,
and various proteases [25, 54].

2.2.1 Late embryogenesis abundant (LEA) proteins

A relatively well-known family of drought-responsive genes is the late embryo-
genesis abundant (LEA) gene family. LEAs are proteins that accumulate at late stage
of development of many plant seeds. LEA proteins also accumulate in vegetative
parts of plants as a response to water and osmotic stresses and ABA application
[55]. It has been proposed that LEA proteins have an important role protecting
cellular structures from water deficit [56]. LEA proteins have been grouped into at
least eight different groups according to their amino acid sequence similarities and
repeated sequence motifs (LEA1 to LEA6, dehydrins, and seed maturation protein).
Most LEA proteins are highly hydrophilic, glycine-rich, and low-complexity pro-
teins. They have a strongly disordered conformation in the hydrated state [57]. LEA
genes are highly diverse and have been found in a wide range of plant species [58].
Up to 242 LEA genes have been found in Gossypium hirsutum [57]. The LEA genes
have several stress-responsive cis-acting regulatory elements in the promoter region
such as ABRE, DRE/CRT, MYBS, and LTRE [59]. The expression of LEA proteins is
associated with acquisition of drought stress tolerance [60, 61]. The specific cellular
role of LEA proteins is not well known. However, different studies have shown that
LEA proteins may function in scavenging free radicals and ions; stabilization of
enzymes, proteins, and membranes; interactions with RNA and DNA; and water
retention during drought and other abiotic stresses [61].

Several novel LEA genes have been found in plants native to arid lands, and they
have been successfully applied to transform plants for drought stress tolerance. For
example, [62] cloned a LEA gene from Tamarix androssowii, a shrub that grows in
arid or saline environments. The cloned LEA gene was transformed into tobacco.
The transgenic plants showed less ion leakage and MDA content under drought
than nontransgenic plants. Also, transgenic plants had a greater growth and lower
number of wilted leaves. Also [63] use a Tamarix androssowii LEA gene (TaLEA)
to obtain transgenic lines of Populus simonii x P. nigra which were compared to
nontransgenic plants under salt and drought stress. They found that the constitutive
expression of TaLEA in transgenic poplars improved salt and drought tolerance,
which was attributed to the protection of cell membranes from damage. Moreover,
[64] transformed a dehydrin protein from the desert grass Cleistogenes songorica
(CsLEA) into alfalfa (Medicago sativa L.). Transgenic plants grew more than wild-
type plants under drought stress. Moreover, transgenic plants were able to return to
normal after rewatering. Identification of novel LEA genes in plants adapted to arid
lands may be useful for improving drought tolerance of cultivated plants.
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2.2.2 Osmoprotectants

Some plants respond to drought stress via organic and/or inorganic solute accu-
mulation. Osmolytes or compatible solutes are produced in plants under drought
or saline stress. They are small and neutral and do not affect plant metabolism
even at relatively high concentrations [21]. These compounds are also called osmo-
protectants and are included into three major chemical groups: amino acids (e.g.,
proline), polyols (e.g., mannitol, trehalose, fructans), and quaternary amines (e.g.,
glycine betaine and polyamines) [65]. Active accumulation of osmoprotectants may
help plants to endure water stress by maintaining the fluidity of cell membranes,
protecting and stabilizing proteins and macromolecular structures, detoxification
of free radicals, and osmotic adjustment. Osmotic adjustment is a mechanism that
allows plants to keep a flow of water to the cells. A greater concentration of osmo-
lytes reduces the osmotic potential of cells, which in turn produces water movement
to the cells, which allows maintenance of turgor. Osmotic adjustment also involves
lowering of toxic concentrations of Na* by limiting influx, sequestration, or exclu-
sion [66]. Therefore, cell activities take place at approximately normal speed for
better growth and development of plants [67].

Several genes associated with synthesis of osmoprotectants have been identified,
isolated, and clonated from a variety of plant species including those native to arid
lands [68]. For example, the pyrroline-5-carboxylate synthase (P5CS) gene involved
in proline synthesis was characterized in Calotropis procera from de novo assembled
transcriptome contigs of a high-throughput sequencing dataset [69]. Also, [70]
transformed wheat plants with a PSCS gene from Vigna aconitifolia a legume grown
in arid and semiarid regions of India. They found that transgenic wheat acquired
drought tolerance by proline accumulation, which may have protected plants
against oxidative stress. A betaine aldehyde dehydrogenase (BADH) gene from
Atriplex canescens, a perennial bush native to arid lands of Northern America, was
introduced into a soybean cultivar. The expression of AcBADH increased after
drought treatment of transgenic plants. Besides glycine betaine, proline content
also increased, and transgenic soybean lines yielded up to 8.8% more than control
plants under drought treatments [71]. A plasma membrane intrinsic protein (PIP)
gene (ScPIP1) from Simmondsia chinensis, a typical desert shrub, was cloned and
overexpressed in Arabidopsis thaliana. ScPIP1 conferred drought and salt tolerance
probably by reducing membrane damage and increasing osmotic adjustment [72].

2.2.3 Detoxifying enzymes

Drought as other kinds of abiotic and biotic stresses may produce oxidative
stress. The oxidative stress is caused by at least two processes: (i) an imbalance
of production and detoxification of reactive oxygen species (ROS) and (ii) de
novo ROS biosynthesis as a response for defense and adaptation to environment.
These processes produce significant variations in the general cellular redox state
[53, 73]. The term ROS includes substances with one or more activated atoms of
oxygen that can be radicals. Some free radicals do not contain oxygen atoms. The
key ROS are triplet oxygen, singlet oxygen, superoxide anion radical, hydrogen
peroxide, and hydroxyl radical [53]. Oxidative stress causes lipid peroxidation that
impairs membranes and induces loss of their barrier function, and consequently a
breakdown of organelles occurs [74]. Plants have evolved defense systems against
excess of ROS. Those systems include nonenzymatic and enzymatic responses. The
enzymatic system consists of several enzymes such as superoxide dismutase (SOD),
catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR), and oth-
ers that eliminate or scavenge ROS [75].
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Plants native to arid lands may have antioxidant defense systems to limit the
deleterious effects of ROS. For example, in Oudneya africana, a Saharan plant,
water deficit caused variations in enzymatic and nonenzymatic antioxidants,
differentially affecting the concentration of SOD and POX [76]. Transgenic poplar
expressing the eukaryote translation initiation factor 5A (TaelF5A1) from Tamarix
androssowii showed greater superoxide dismutase (SOD) and peroxidase (POD)
activities, lower electrolyte leakage, and improved tolerance to abiotic stresses [77].
Six plant species from semiarid Loess Hilly Region of China showed significant
differences in SOD and POD activities when subject to drought along 3 months.
Also there were significant interactions of SOD, CAT, and POD activities and MDA
content between months and species [78]. A transcriptomic study under drought
stress showed that Prunus mongolica Maxim, a species widely distributed in the
Gobi Desert, increased transcription of iron superoxide dismutase and manganese
superoxide dismutase which promoted drought stress tolerance [31].

3. Findings of novel genes in native plants from arid land areas

The development of high-throughput next-generation sequencing technologies
offers opportunities for genome-wide transcription analysis of non-model plants
and especially of desert plants and discovery of novel pathways and genes related
to drought tolerance. These novel genes may be useful to improve drought tolerance
in cultivated plants. Even though there are not many studies in plants native to arid
regions, the results of some of the research that different groups have carried out
allow insights over the abundance of potential novel genes for drought tolerance.

By using the analysis of subtracted expressed sequence tags (ESTs) in horse gram
(Macrotyloma uniflorum (Lam.) Verdc.), 531 unigenes were found as upregulated
by drought. Among these unigenes 366 showed significant similarity to known
sequences in the database. Approximately 30% of the ESTs had no similarity to
known proteins in the GenBank database. Those are considered as novel. Also,
according to the functional classification, the most abundant ESTs were those
related to stress responses (12%), DNA processing and nucleotide metabolism
(10%), photosynthesis and electron transport (9%), and transcription factors (5%).
There was redundancy in several known stress-responsive clones in dehydrated
sample. The most prominent were metallothionein, glutathione S-transferase,
RabGAP/TBC domain-containing protein, lipoxygenase, translationally controlled
tumor protein, chaperon, lipid transfer protein, cysteine proteinase, calmodulin,
calmodulin-binding protein, and sterol 24-C-methyltransferase [79]. Moreover,

a protein-protein interactome study carried out in M. uniflorum showed that the
highest number of PIPs occurred in shoot (416) and root (2228) tissues of a drought-
tolerant genotype as compared to shoot (136) and root (579) tissues of a sensitive
genotype. The PIPs most responsive to drought stress were kinase and transferase
activities involved in signal transduction, cellular processes, nucleocytoplasmic
transport, protein ubiquitination, and localization of molecules. These PIPs could
be enclosed in mechanisms of drought tolerance of M. uniflorum. Also, they could
provide new understandings of mechanisms involved in drought tolerance [80].

A transcriptomic analysis of the roots of Ammopiptanthus mongolicus, an endemic
species to the Gobi Desert, allowed to identify 27 drought-responsive genes. These
genes were grouped into the GO categories of response to osmotic stress, response
to oxidative stress, response to hormone stimulus, and response to light stimulus. A
total of 9771 (34%) out of 29,056 ESTs matched to known proteins recorded in the
PlantGDB database. This means that many ESTs could be novel drought-responsive
genes [81]. Another study of comprehensive transcriptome of A. mongolicus
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identified up to 6102 DEGs under drought stress at 3 points of exposure. A group of
2028 DEGs were common for the 3 points. Among them 779 DEGs were upregulated
and 1185 were downregulated by drought. The upregulated DEGs included a heavy
representation of genes encoding ripening-related proteins, LEA proteins, peroxi-
dases, transporters, enzymes of flavonoid biosynthetic pathways, protein kinases,
ethylene receptors, and transcription factors. About 17.2% of the common DEGs had
no homology to known functional proteins [82]. Similarly, Pang et al. [83] identified
1620 DEGs, including 1106 upregulated DEGs and 514 downregulated DEGs.

In Cynanchum komarovii, a xerophytic plant species, up to 3134 unigenes were
found as differentially expressed genes (DEGs) under drought stress. A total of
601 unigenes were induced, while 2533 unigenes were repressed. The most abun-
dant upregulated DEGs were into the following GO groups: “oxidation-reduction
process” with 120 DEGs, “single-organism metabolic process” with 185 DEGs, and
“oxidoreductase activity” with 113 DEGs. The most downregulated genes were
grouped into the following GO terms: “metabolic process,” “cellular component
organization or biogenesis,” “cellular response to stimulus,” “macromolecular
complex,” “cytoplasm,’, “protein binding,” and “hydrolase activity” KEGG path-
way analysis allowed to identify that DEGs involved in “cutin, suberine, and wax
biosynthesis” changed significantly, which may be due to the important role of this
pathway for this plant species protection when exposed to drought [30].

Reaumuria soongorica is an extreme xerophyte shrub from Gobi and marginal
loess of central Asia. A transcriptomic analysis identified 123 unigenes potentially
associated with drought adaptation. A total of 46 unigenes were related to drought
escape mechanisms, while 40 unigenes were potentially involved in drought avoid-
ance. Also, 32 unigenes had identity to genes involved in ABA-dependent, while 8
unigenes had homology to some genes involved in ABA-independent pathways of
drought tolerance. There was a 7.96% of unigenes that did not match any homolo-
gous genes in the known plant species [84]. Another study identified 1325 DEGs,
including 379 upregulated DEGs and 946 downregulated DEGs under drought
stress. Among DEGs, 20 genes encoded for kinases, and 14 encoded for transcrip-
tion factors such as WRKY, NAC, MYC, TCP, and bZIP. Also 13 DEGs encoding for
functional proteins such as LEA proteins, small heat shock proteins, and aquaporin
(AQP) and proline transporter were identified. Moreover, 14 DEGs were found
encoding for low-temperature-induced protein, dehydration-induced protein,
defensing precursor, resistance protein, universal stress protein, and protein
involved in protein kinase [85].

Haloxylon ammodendron (C.A.Mey) is a desert tree distributed in Middle and
Central Asia. By doing a transcriptomic analysis in this species, up to 1060 unigenes
were identified as DEGs for drought stress. Among them, 356 DEGs were upregu-
lated and 704 DEGs were downregulated. A total of 469 (44%) of DEGs did not
show homology to genes in NCBI database. Approximately 12.1% of DEGs with
homology to known genes were associated with nitrogen metabolism, starch and
sucrose metabolism, and fatty acid metabolism. Also, 35 DEGs encoded known or
putative transcription factors such as WRKY, MYB, and ethylene-responsive [86].

The expression of drought-responsive genes may depend on the stress intensity.
A study in Sophora moorcroftiana revealed that more genes were differentially
expressed under severe water stress than mild stress. Up to 5648 unigenes were dif-
ferentially expressed between control and severe stress plants. Around 601 unigenes
were common for mild and severe water stress. Eleven out of 1534 TFs were selected
for expression analysis. Among these, seven were drought-responsive. Those encod-
ing for DREB, zinc-finger protein (ZnF), zinc-finger protein kinase (ZFPK), MYB,
NAC, and WRKY were upregulated, while ERB was downregulated. Three selected
aquaporins (AQPs) and one sugar transporter (SUT) genes were upregulated by
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drought. Genes encoding for scavenging reactive oxygen species such as POD, PRX,
and GPDH were induced by drought stress [49].

Prunus mongolica is a plant native to the Gobi Desert. In this species a total of
3365 differentially expressed transcripts (DETs) for water stress were identified,
counting 1876 transcripts upregulated and 1489 transcripts downregulated. Among
these, 42 transcripts coding for 5 aquaporin subfamilies were found. Also, 15
potential plasma membrane intrinsic proteins (PIPs) were upregulated and 1 down-
regulated. Interestingly, 177 transcripts related to ROS scavenging were identified.
Approximately 28% of them were predicted as SOD. Several significant pathways
were identified to be related to drought tolerance of P. mongolica. These pathways
included transcription factors and plant hormone signal transduction, starch and
sucrose metabolism, and cysteine and methionine metabolism [31].

Artemisia sphaerocephala is a species found in sand dunes in the deserts of
Northwest China. A transcriptomic analysis in this species identified 108 unigenes
related to drought stress tolerance. These had homology to 17 kinases, 2 potential
chaperones, 52 enzymes, 6 transporters and channels, and 3 aquaporins. Even
though, transcription factor were not identified, 25 out of the 108 unigenes were
among the 1000 most highly expressed genes [87].

Zygophyllum xanthoxylum is a succulent halophythe adapted to arid environ-
ments. In this plant a total of 1723 DEGs were identified as upregulated in leaves of
plants under osmotic stress (—0.5 MPa) during 24 h. Up to 53 DEGs related to ROS
scavenging were also identified as upregulated, most of them encoded for gluta-
thione S-transferase (GST) and peroxidases (POD). Also, 31 DEGs homologous to
transporters were upregulated in the roots under salt and osmotic stress. However,
23 DEGs related to photosynthesis were downregulated under osmotic stress [88].

Cleistogenes songorica is a C4 xerophyte widely distributed in the arid regions of
Northwest China. A mining study for LEA genes identified at least 44 putative LEA
proteins. They were named CsLEA1 to CsLEA44 and classified into eight subfami-
lies. These LEAs were characterized, and two unusual LEA stress-related domains,
water stress and hypersensitive response (WHy), and LEA14-like desiccation-
related proteins were detected. Most LEAs within the same family showed similar
structures and properties. All the CsDehydrin proteins contained the YKS segments
which are essential for keeping the capacity to adjust their conformation and
maintain cellular homeostasis under stress conditions. Among the cis-regulatory
elements of the LEA genes, more than three G-Boxes were registered for each
dehydrin, LEA_2, and SMP genes and more than two MBS for dehydrin and LEA_2
subfamily gene [89].

Prosopis juliflora is a species native to arid lands of Mexico and widely distrib-
uted in arid and semiarid regions of Central and South America. In this species
6874 DEGs were found under salt and drought stress. Approximately 42.6% (2932
DEGs) had homology to genes with GO annotation. Among these, 1339 DEGs were
upregulated, while 1596 were downregulated. More DEGs under salt and drought
stress were found in roots than those of leaves. Under drought stress, there was
more upregulation than downregulation in leaves, while in roots there was more
downregulation. A total of 30 unigenes were recognized as exclusively responsive
to drought stress. One of these genes encoding for Arabidopsis ortholog ABR1 was
downregulated. Two upregulated genes encoded for transcription factors involved
in diminishing intracellular H,0, levels. Also, three highly upregulated DEGs
encoded for “pg-loop repeat family protein transmembrane family protein” which
has been assigned with a potential role in stress tolerance. Many drought-responsive
genes were tissue specific. For example, 1040 genes were specifically expressed in
root tissues. Up to 805 genes were commonly regulated by drought and salt stress
in root tissue. Upregulated genes included those coding for dehydration-responsive
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protein rd22, pectinesterase-2, LEA protein, and POD. Moreover, 74 DEGs were
commonly upregulated in leaf tissues and 16 were downregulated. The induced
genes included pectinesterase-2, non-specific lipid-transfer protein, delta-1-pyrro-
line-5-carboxylate synthase, and ras-related protein rabc2a [90].

4, Conclusions

Drought stress tolerance is a complex quantitative trait that involves several
mechanisms and multiple genes to produce the defense responses of the plants for
dealing with environmental conditions of drought. Studies in model plants have
found some of the main mechanisms, genes, and proteins that are activated upon
drought stress. However, not enough studies have been carried out in plants native
to arid lands. The new sequencing technologies and bioinformatic tools applied
to some plants native to desert areas have allowed to identify many of the already
characterized genes and proteins involved in drought stress tolerance. The most
important is that this kind of studies has shown that myriads of drought-related
transcripts are not characterized and may belong to novel genes. These may be part
of the already known pathways of plants responses to drought or may participate
in novel ways to tolerate drought, and after further studies may be used to improve
drought tolerance in crops.
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Canopy Temperature Depression
as an Effective Physiological Trait
for Drought Screening
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Abstract

Water stress is a major production constraint in agriculture worldwide. Efforts
to breed for drought tolerance are invariably hampered by the amount of time
required to phenotype a large number of individuals and poor or inconsistent cor-
relations and multiple mechanisms involved. Canopy temperature depression has
emerged as a potential surrogate in view of substantial natural variation in crops
as well as its correlation with yield. Based on the experimental findings two types
of ideotype models based on CTD have been proposed as isohydric (“water sav-
ing”) and anisohydric (“water spending”). The isohydrics have advantage in the
harsher environments, whereas the anisohydrics perform better under moderate/
mild drought situations. Water savers have a shallow root system with intermedi-
ate root growth and thin roots. They are early and have high water use efficiency,
reduced transpiration and limited leaf area and canopy biomass development and
superior photosynthate remobilization to pod and grain. Contrary to this, water
spenders have a vigorous and deep rooting system with rapid root growth and
a thicker root system. Such genotypes are early and have highly effective water
use, moderate transpiration and fast leaf area and canopy biomass development,
moderate sink strength and superior photosynthate remobilization to pod and
grain formation.

Keywords: drought stress, physiology, canopy temperature depression

1. Introduction

The world is currently experiencing the combined effect of population growth
and climate change leading to an unsustainable use of food and water resources.
The population is going to touch 9.8 billion, and demand for food and feed crops is
expected to almost double by 2050 [1]. Climate change models predict an increase in
temperatures and increased frequency of severe events such as droughts and floods
[2]. Higher temperatures may increase precipitation but also increase evaporation
from crops, land, and surface water. An increase in the frequency of droughts and
floods that invariably lead to crop failures can have a devastating effect on food
availability and consequently accessibility. As per the current IPCC projections, the
20-year extreme annual daily maximum temperature will likely increase by about
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1-3°C by the mid-twenty-first century and by about 2-5°C by the late twenty-first
century, depending on the region and emission scenario [3]. Based on historical
data collected in Africa on more than 20,000 trials between 1999 and 2007, each
“degree day” spent above 30° is likely to reduce crop yields by 1% under optimal
conditions and that penalty is going to increase up to 1.7% under water-limited con-
ditions [4]. The impact of a climate change is not only about the projected increase
in temperature, but it also affects the magnitude and distribution of rainfall, as well
as availability of water at critical times of the crop growth [5]. While as the total
amount of rain has recorded an increase in Africa over the last few years, the erratic
and unpredictable nature of the drought and floods cycle has also increased [6].

Globally, rainfed agriculture is practiced in 80% of the total agricultural area
and generates 62% of the world’s staple food (FAOSTAT, 2011). In view of the cur-
rent global water scarcity scenarios, climate change implications, and increases in
demand for nonagricultural water use, the expansion of the area under irrigation,
especially in developing countries, does not seem to be a realistic proposition to
address food security challenges. Drought is one of the major production con-
straints in agriculture worldwide. It principally affects crops cultivated under
rainfed conditions, which represent 80% of the total cultivated area worldwide. It
is estimated that cultivation on the earth is only possible on 16% of the potentially
arable area due to limited availability of water [7, 8]. Africa is strongly affected by
drought almost every 12 years, but drought intensified during the years 2009-
2011, during which, the wheat yields reduced by 45% in Kenya [9]. Similar trends
have also been reported from Australia where drought reduced wheat yields by
46% in 2006 [10]. Around 17% of the global cultivated area was affected by
drought during the period 1980-2006 [11]. Tables 1 and 2 depict the proportion
of cultivated areas implicated by drought stress and estimated yield reductions
reported in various crops.

2. Breeding for drought tolerance

Breeding for drought tolerance is a sustainable option to reduce the risk of crop
failure by improving the ability of crop plants to extract water from the deeper
soil strata through better root architecture, by decreasing the amount of crop
water demands (improving water use efficiency), or by improving a crop’s ability
to survive longer periods without water, thereby ultimately increasing yields in
rainfed environments. However, breeding for drought tolerance is complex because

Region Crop species Proportion of the cultivated area
affected by drought
Africa Wheat 80%
Eastern Asia Maize 50%
Europe Maize 60%
North America Wheat 47%
Oceania Barley 70%
South America Maize 50%
South Asia Wheat 65%
Southeast Asia Rice 65%
Table 1.

Proportion of the cultivated area affected by drought in different regions and for different crops (source: [12]).

78



Canopy Temperature Depression as an Effective Physiological Trait for Drought Screening
DOI: http://dx.doi.org/10.5772/intechopen.85966

Crop Yield reduction References
Barley 49-57% [13]
Chickpea 78% [14]
Groundnut 55-72% [15]
Maize 43-80% [16]
Oat 79% [17]
Potato 89% [17]
Rice 42-66% [18]
Brassica 39% [17]
Rye 520 [17]
Bread wheat 57% [17]
Durum wheat 74% [19]
Pigeon pea 42% [20]
Green gram 71% [20]
Black gram 74% [20]
Table 2.

Impact of drought stress on yield reduction in different crops.

it involves quantitative inheritance and environmental influence [21]. Efforts

to breed for drought tolerance are invariably hampered by the amount of time
required to phenotype a large number of individuals and poor or inconsistent cor-
relation between a phenotype and yield under drought conditions due, in part, to
multiple mechanisms involved. Various authors have investigated the genetic basis
of drought tolerance in common bean and reported that both additive and nonad-
ditive gene actions are involved in drought tolerance [22, 23]. Schneider et al. [24]
reported a strong genotype x environment interaction in the expression of identi-
fied quantitative trait locus (QTL), such that potential for marker-assisted selection
in breeding for drought tolerance was also inconclusive. Selection based solely

on yield performance confounds the complexity of breeding for drought as yield

is a highly complex trait with low heritability especially under stress conditions.
Therefore, it is imperative to identify less complex traits related to the drought that
will improve upon selection for drought tolerance and separate these traits into
major components which may help further understanding of the genetic basis.

A better understanding of the relationship between below- and aboveground traits
will contribute to improved productivity under drought stress. Root traits including
structure and their spatial distribution of root system in different soil horizons are
essential for yield improvement because of its high heritability under drought stress
[25-27] and high correlation with yield traits [28]. However, extensive use of roots as
the target traits for developing climate resilience suffers from the difficulties associ-
ated with studying roots, especially under field conditions. The shoot traits are easy to
measure and quantify; however, it has to be linked with root traits with the perspec-
tive of improving drought tolerance. In the following sections, we discuss some of the
potential aboveground traits that have been shown to be correlated with improved
drought tolerance as well as better grain yield under stress. Currently, there is a huge
shopping list of relatively unranked traits that have been proposed to be used as sur-
rogates for drought tolerance response. Canopy temperature depression has emerged
as a potential surrogate in view of substantial natural variation in crops as well as its
correlation with yield under both stress and nonstress conditions [29].
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3. Canopy temperature (CT) and canopy temperature depression (CTD)

Plant water balance is a direct measure of drought response of crops. In fact, the
transpiration is the main cause of changes in leaf temperature, and there is a direct
relationship between leaf temperature, transpiration rate, leaf porosity, and stomatal
conductance [30]. As long as the plants continue to transpire through open stomata,
the canopy temperatures could be maintained at metabolically comfortable range;
otherwise, higher temperature would slow or retard the vital enzymatic activities
and consequently the overall metabolism. The closure of stomata for a consider-
able period of time, especially during the periods of higher evaporative demands
driven by high temperature and vapor pressure deficit, is known to increase the leaf
temperature [31] and hamper plant’s ability to maintain a relatively cooler canopy
during grain filling period as an important physiological adaptation for stress [22].
Canopy temperature differences have been shown to correlate well with the transpi-
ration status in rice, potatoes, wheat, and sugar beet. Deviation of temperature of
plant canopies from the ambient temperature, also known as canopy temperature
depression = air temperature (Ta) — canopy temperature, has been recognized as
an indicator of overall plant water status [33] and facilitates in evaluation of plant
response to stresses like high temperature [34] and drought [35, 36]. CTD is positive
when the canopy is cooler than the air, and this value has been associated with yield
increase in different crops [37, 38]. The thermal imagery system is a powerful tool as
it can capture the temperature difference of plant canopies quite rapidly.

Thermal infrared imaging and infrared thermography (IRT), to measure the can-
opy or leaf temperature, are the twin approaches that measure the extent of evapora-
tive cooling occurring in a crop canopy and allow a remote sensing of the plant water
balance. Between these two approaches, thermal infrared imaging through an infrared
camera offers several benefits compared with temperature sensors, most importantly
the facility for spatial resolution and the ability to sample larger area. Most infrared
cameras currently have arrays of 320 x 240 sensor elements, which mean that >75,000
individual temperature readings are recorded in a single image. This allows more
precise measurements in a fraction of the time needed to perform several replicate
readings per plot, which is also prone to error due to changing environmental condi-
tions between measurements. Canopy temperature is one such integrative trait that
reflects the plant water status or the resultant equilibrium between root water uptake
and shoot transpiration [39]. Canopy temperature has been used successfully as selec-
tion criteria in breeding for drought-prone environments [33, 37, 40].

At ambient temperature, all objects emit far-infrared light of approximately 10 pm
wavelength [41]. Detectors sensitive in the 8-14 pm wavelength bands convert this
radiation into a temperature reading. Such detectors are the basis of non-imaging
infrared thermometers, which yield an average temperature measurement of all objects
within the field of view. Applications of these simple and affordable instruments
include forest canopy studies and irrigation scheduling in field crops [42]. There are
yet other thermometers based on infrared imaging that can capture images by adding
a scanning system, and each point of measurement is a temperature value based on a
pseudo-color value that depends on the radiation captured. The radiation is converted
to visual pseudo-color images representing different temperature levels. Both the non-
imaging and scanning image thermometers are now being routinely used to measure
the temperatures of leaves or canopy in controlled and field conditions. In case of
greenhouse or growth chamber experiments where only one or two plants are used per
replication, leaf temperatures are used, whereas in case of field experiments where
comparatively larger plots are used, canopy temperature is mostly used. Nowadays,
unmanned aerial vehicles (UAVs) or robotic equipments fitted with sensors and
cameras can be used for monitoring stress advancement in greenhouses and field trials.
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Infrared thermometry was first used for scheduling crop irrigation in the 1970s
[43], while the use of canopy temperature in drought screening began in the early
1980s [44]. The use of canopy temperature in Centro Internacional de Mejoramiento
de Maiz y Trigo or International Maize and Wheat Improvement Center (CIMMYT)
breeding research began in the early 1990s for hot, irrigated environments [45] and
has also been used as a selection criterion for isolating drought-tolerant parental
lines for initiating strategic crossing as well as for early generation selection under
drought (i.e., from F; generation onward). Canopy temperature measured by
non-imaging IR thermometer can markedly accelerate selection of drought-tolerant
genotypes given on high operational speed (~10 seconds per plot), simplicity, and
relatively economically friendly measurements. It is also integrative of the whole
canopy due to scoring many plants at once, thus reducing error associated with
plant-to-plant variation [46]. In addition, measurements of CT on plants do not
interfere with the sensitive stomata, in comparison with other methods that estimate
leaf conductance such as porometry and other gas exchange approaches. These may
include accurate estimation of the temperatures of different organs of a single plant
or the simultaneous capture of CT of all plots in a large trial [47, 48]. Besides, canopy
temperature may be related directly to the genetic potential of the root’s capacity
to explore soil moisture [49]; however, factors such as microelement deficiency or
soil-borne disease that affect root growth may confound the relationship.

Grant et al. [50] investigated the robustness and sensitivity of thermal imag-
ing for detecting changes in stomatal conductance and leaf water status in a range
of plant species (grapevine, bean, and lupin) under greenhouse or controlled
environment conditions. In particular, they compared absolute leaf temperatures
and thermal indices of plant stress with stomatal conductance and water potential.
Thermal imaging is successfully distinguished between irrigated and nonirrigated
plants of different species, with strong correlations between thermal indices and
stomatal conductance as measured with a leaf pyrometer. Factors such as leaf angle
are important and should be given due consideration when using thermal imag-
ing for indirect measurement of the level of drought stress of the tested materials
(Figure1).

Figure 1.
Infrared camera images of bean leaves (source: P. A. Sofi).
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4. CTD as an effective surrogate trait for drought screening

Canopy temperature is one of the many physiological traits that may help to
identify drought-tolerant cultivars. Canopy temperature depression is the differ-
ence between air temperature and plant canopy temperature [51]. Under drought
conditions, stomatal conductance decreases when soil moisture is not adequate to
keep up with evaporative demands; and this, in turn, increases canopy temperature
[52]. Plant morphological trait such as canopy architecture also influences canopy
temperature not only through the angle of leaves to the light source but also through
the degree of mutual shading in the canopy . Canopy temperature can provide
plant-based information on the water status of the crop [53]. Under both green-
house and field conditions, genotypes with a cooler canopy temperature (higher
CTD) under drought stress use more available soil moisture to cool the canopy by
transpiration to avoid excessive dehydration [54, 55]. In a large number of experi-
ments in diverse crops, CTD has been found to have significant correlation with
grain yield (Table 3).

Canopy temperature is also related directly to the genetic potential of the
root’s capacity to explore soil moisture [32, 56]. Canopy temperature depres-
sion can be used as effective proxy traits for the analysis of root development
and biomass partitioning under drought stress [57]. Cool canopy temperatures
are reported to be associated with enhanced plant access to water by virtue
of deeper roots [49], and the common bean genotypes with cooler canopy
temperatures reported 30% more yield associated with an increase of 40% in
root dry weight at 60-120 cm. Canopy temperature depression has been shown
to be correlated with yield under drought stress ([32, 35, 58, 59]; Table 3) and
hot irrigated conditions [32, 60]. Canopy temperatures under well-watered
conditions also indicate potential yield performance during drought and could
effectively be used as a technique to assess genotypic response to drought [61].
Blum et al. [62] used canopy temperatures of drought stress wheat genotypes
to characterize yield stability under various moisture conditions. A positive
correlation was found between a drought susceptibility index and canopy
temperature in stressed environments. Drought-susceptible genotypes which
suffered relatively greater yield loss under drought stress tended to have warmer
canopies at midday.

Crop Trait relationship with yield References

Wheat Positive association (#* = 0.45-0.89; Amani et al. [60]; Fischer et al. [37]; Balota
P <0.001) etal. [33]

Chickpea Positive association (7 = 0.40; Purushothaman et al. [59]
P <0.001)

Common bean Positive association (#* = 0.11-0.32; Asfaw et al. [25] and Polania et al. [28]
P <0.001)

Groundnut Positive association (* = 0.44; Singh et al. [67]
P <0.001)

Sorghum Positive association (* = 0.19; Mutawa [58]
P <0.001)

Triticale and Positive association (#* = 0.76; Roohi et al. [68]

barley P <0.001)

Table 3.

Correlation of CTD with grain yield in various crops.
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CTD can be affected by biological and environmental factors like water status of
soil, wind, evapotranspiration, cloudiness, conduction systems, plant metabolism,
air temperature, relative humidity, and continuous radiation [63] and has preferably
been measured in high air temperature and low relative humidity because of high
vapor pressure deficit conditions [60]. At the end of the 1980s, CIMMYT began CTD
measurements on different irrigated experiments in Northwest Mexico. Phenotypic
correlations of CTD with grain yield were occasionally positive [37]. CTD has been
used as selection criteria for tolerance to drought and high temperature stress in wheat
breeding, and the used breeding method is generally mass selection in early genera-
tions like F3. According to this method, firstly, bulks which show high CTD value
(have cool canopy) are selected in F3 generation. Later, single plants which show high
stomata conductance (g) among bulks also show cool canopy at the same selection
generation; thus, both of these traits are used at the same breeding program [63].

CTD can be a reliable indicator of crop performance under both irrigated and
drought stress conditions. Under irrigated conditions there was a linear trend of
higher yield with CTD; however, under drought stress, both negative CTD and
positive CTD could be identified, and in both classes, high-yielding genotypes were
identified. The water savers probably could sense drought stress in early phases of
growth and could trigger conservative water use that could be used in later stages
of growth [30]. However, the reduction in water use is generally achieved by plant
traits and environmental responses that could also reduce yield potential [64].
Under optimum experimental conditions provided that data are collected when the
canopy is sufficiently expanded to cover the soil, CTD can be a good predictor of
crop yield (r = 0.6-0.85; [65]). In wheat, yield progress was found to be associated
with cooler canopies [37], and significant genetic gains in yield have been reported
in response to direct selection for CTD [55, 65]. Reynolds et al. have made a com-
parative analysis of aerial and handheld IR thermometers and found that correla-
tion of CTD with grain yield was comparable (r = 0.68** and 0.73**, respectively).

5. Toward a crop ideotype based on canopy temperature depression

Blum has proposed ideotypes of crop plants based on canopy temperature
depression for use in plant breeding as per the drought types such as the isohydric
(“water saving”) model and the anisohydric (“water spending”) model. The water
saving model has a distinct advantage in the harsher environments, whereas the
water spending model is expected to perform relatively better under more moder-
ate/mild drought situations. Polania et al. [28] have proposed that the water spender
genotypes can be used for cultivation in areas exposed to intermittent drought
stress with soils that can store greater amount of available water deep in the soil
profile. However, water savers can be more suitable in semiarid to dry environments
dominated by the terminal drought stress. The water savers or isohydric genotypes
are characterized by a shallow root system with intermediate root growth and
penetration ability and thin roots. Such genotypes are early and have high water use
efficiency, reduced transpiration and limited leaf area and canopy biomass develop-
ment, reduced sink strength, and superior photosynthate remobilization to pod and
grain formation. Contrary to this, water spenders or anisohydric genotypes have
a vigorous and deep rooting system with rapid root growth rate and penetration
ability and a thicker root system. Such genotypes are early and have highly effective
water use, moderate transpiration and fast leaf area and canopy biomass develop-
ment, moderate sink strength, and superior photosynthate remobilization to pod
and grain formation.
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Our studies in beans and cowpea have also revealed that CTD measurements can be
used to build a crop ideotype for water stress response. In our studies with beans and
cowpea, we found that CTD values across stages decreased progressively on account
of rapid depletion of moisture (Figure 2). The genotypes could be grouped into water
savers and water spenders using the sign of CTD values (Figures 3 and 4). The water
spenders have higher stomatal conductance and lose water through transpiration,
whereas water savers have conservative water use on account of lower stomatal con-
ductance or early closure of stomata and as such have hotter canopies. Under irrigated
conditions also, we found a linear relationship with genotypes having higher CTD
values showing better yields, whereas under water-stressed conditions, high-yielding
genotypes could be found in both groups.

Canopy temperature can be related to the genetic potential of the root’s capacity
to explore soil moisture [32, 56] and as such can be used as effective surrogate trait
for the analysis of root development and biomass partitioning under drought stress
[57]. Cool canopies (+CTD) are reported to be associated with enhanced plant
access to water by virtue of deeper roots (Lopes and Reynolds 2010), and the geno-
types with cooler canopies have been reported to yield 30% more, with a concomi-
tant increase of 40% in root dry weight. CTD has been reported to be correlated
with yield under both drought stress [32, 35, 59] and hot irrigated conditions [32].
Drought-susceptible genotypes which suffered relatively greater yield loss under
drought stress tended to have warmer canopies at midday. Our studies have revealed
that CTD can be a reliable indicator of crop performance under both irrigated and
drought stress conditions. Under irrigated conditions, there was a linear trend of
higher yield with CTD; however, under drought stress, both negative CTD and
positive CTD could be identified, and in both classes, high-yielding genotypes were
identified. The water savers probably could sense drought stress in early phases of
growth and could trigger conservative water use that could be used in later stages
of growth [30]. However, the reduction in water use is generally achieved by plant
traits and environmental responses that could also reduce yield potential [64].

In recent years, with the availability of high-throughput phenotyping plat-
forms, canopy temperature depression has been widely used to study genotypic
response to drought. Blum et al. [62] used canopy temperatures of drought stress
wheat genotypes to characterize yield stability under various moisture conditions.

In most of the studies using CTD, a positive correlation has been found between
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Figure 2.
Mean CTD across genotypes at the second, third, and fourth week of stress imposition.
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Variation for CTD averaged over 3 stages in 20 genotypes of cowpea under irrigated conditions.
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Variation for CTD averaged over 3 stages in 20 genotypes of cowpea under drought stress.

drought susceptibility index and canopy temperature in stressed environments.
Drought-susceptible genotypes which suffered relatively greater yield loss under
stress tended to have warmer canopies at midday. Under well-watered conditions
also, CTD provides a fair indication of potential yield performance during drought
and could effectively be used as a technique to assess genotypic response to drought.
Rashid et al. [35] reported that significant correlation between canopy temperature
and yield under moisture-stress conditions and stress susceptibility index values
indicated the potential for screening wheat genotypes for drought response. Canopy
temperature depression is positive when the canopy is cooler than the air (CTD = Ta
—Tc). It has been used in various practical applications including evaluation of plant
response to environmental stress [66] and irrigation scheduling [69], to evaluate cul-
tivars for water use [70], tolerance to heat [71], and drought [35, 62]. In general, CTD
has been used to assess plant water status because it represents an overall, integrated
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physiological response to drought and high temperature [60]. Overall, the existing
literature suggests that dominant mechanisms that increase CTD vary with environ-
ment and crop species .

Canopy temperature is a useful indicator of crop water status [43] and has
the potential as a tool for indirect selection of genotypes tolerant to drought and
heat-stressed environments [55]. For field experiments in wheat, CT data is most
commonly measured on a whole-plot basis using a handheld infrared thermometer
[71], although more rapid assessment using thermal imaging [72] is growing in
popularity. CT is influenced by a number of environmental factors including the
amount of solar radiation hitting the canopy, soil moisture, wind speed, tempera-
ture, and relative humidity [73]. Genetic differences in CT result from variation in
the plant’s ability to move water through the vascular system, differences in stomata
aperture driving transpiration, root biomass and depth, metabolism, and source
sink balance [74]. As such, CT has been shown to correlate with these physiological
traits under field conditions and integrates them into a single low-cost diagnostic
measurement that has a potential for selection of tolerant parental genotypes or
early generation breeding lines [55]. CT has moderate heritability across environ-
ments in both diverse sets of germplasm [49] and in related material such as recom-
binant inbred populations [73]. Lopes and Reynolds [49] found similar broad-sense
heritability for a diverse set of 294 spring wheat lines (H2 = 0.38) and a set of 169
sister lines (H2 = 0.34) across well-watered, drought-stressed, and heat-stressed
environments in Northwest Mexico. Genetically, CT is a quantitative trait. Pierre
et al. [74] determined the gene action for CT to be mainly additive by additive in
five wheat populations with some dominant effects. Genetic mapping shows CT
to be controlled mostly by small effect loci that are pleiotropic with variation in
other traits, such as days to heading and plant height [20]. The correlation between
CT and yield is consistently negative in the literature in both drought and heat
environments such that a cooler canopy provides a yield benefit under stress [73].
Exceptions have been shown in both bread wheat [75], where CT measurements
taken in Mexico were positively correlated with yield at international sites, and in
durum wheat [76], where CT was found to increase with date of cultivar release and
increasing yield. Experiments investigating CT are often conducted with sets of
lines preselected for variation in canopy temperature or other tolerance traits [49],
international trials of elite drought and heat tolerant lines [45], or using historical
germplasm [9, 19, 21] and may not be representative of variation present in the
early stages of yield testing in a breeding program. Reynolds et al. [55] demon-
strated that advanced lines derived from “physiological crosses” targeted at one
or more adaptive traits had a definite yield advantage over “conventional crosses”
where physiological traits including CTD were not considered in parental selection.
However, there is a need to investigate the ability of CT to select high-yielding lines
within the germplasm flow of a breeding program where very little preselection for
stress tolerance per se has been done.

6. Conclusion

Both empirical breeding and analytical approaches are used for improving crop
performance under changing climate (drought, high temperature, etc.). However,
there is a strong argument evolving in support of the analytical approaches based
on indirect selection approaches using efficient surrogate traits to enhance the
scale and reliability of phenotyping. Infrared thermometry can detect small differ-
ences in leaf temperature in both field and greenhouse conditions, measurements
are fast and nondestructive, and the trait has a moderate to high heritability and
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shows positive correlation with yield [44]. Measurements should however be made
well before the crop maturity and due consideration should be given to biological
and environmental factors such as water status of soil, wind, evapotranspiration,
cloudiness, conduction systems, plant metabolism, air temperature, relative humid-
ity, and continuous radiation [55]. In light of substantial experimental evidence that
a fairly positive relationship exists between yield and CTD under both stressed and
nonstressed conditions, it is essential to incorporate CTD as effective complemen-
tary trait in selection programs aimed at developing climate resilient varieties.
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Agricultural Management
Strategies for Countering Drought
Conditions in Eastern Croatia
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Abstract

The occurrence of drought periods which last for several months is becom-
ing increasingly frequent, even in regions which have not encountered them
before. Agricultural production is very sensitive to drought, and in areas where
such conditions were rather unexpected, it is also unprepared for limited water
management. As an example, in the area of the Bid-Bosut field located in eastern
Croatia, a significant change in the agricultural soil water regime is noticed during
a long-term study (2003-2018). From 2003 to 2018, the groundwater level at 4 m
below the soil surface showed a decreasing trend of 6-10 cm annually, while this
negative trend was even more prominent from 2014 to 2018 (18-71 cm annually).
Furthermore, water level in a groundwater aquifer at 15 m below the soil surface
showed a decreasing trend of 26-77 cm during 2015-2018. In accordance with the
obtained results, this study proposes certain agro-hydrotechnical strategies which
can be used in agricultural production to alleviate the effects of drought period.
Although these management strategies are primarily described on an eastern
continental Croatia example, they can also be applied in all agricultural areas with
similar agroecological conditions.

Keywords: water availability, agricultural management, groundwater level,
irrigation, monitoring

1. Introduction

Drought is commonly defined as below-usual water availability [1-3]. Even
though drought is commonly associated with arid regions [4], it can also occur in
more humid regions [5], which has been confirmed by climate models from various
authors [6, 7]. Short-term drought periods (lasting for days or months) usually do
not cause permanent or substantial environmental issues in humid areas; however,
they can still be reflected on a seasonal agricultural production. Furthermore, if
drought periods would last longer (for years or even decades), a negative impact
on both the environment and the socioeconomic circumstances of the region can
undoubtedly be expected. Agricultural crop production is particularly dependent
on precipitation and therefore sensitive to the appearance of drought. Climate
change predictions include uncharacteristic drought periods which besides the
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limited water availability for plants can also have a detrimental effect on other soil
organisms (e.g., microbes) [8] and indirectly influence plant growth and develop-
ment by restricting nutrient availability in soil. Thus, drought periods may lead to
an overall decreased fertility of soils. Furthermore, prolonged dry conditions in soil
may increase the susceptibility of soil to wind erosion, that is, frequent and severe
drought periods can reduce the plant cover and expose the soil to wind, resulting in
erosion and desertification [9].

Although drought periods are not unusual for the coastal parts of Croatia,
in the last several decades, they have become more frequent and long-lasting,
for example [10] and recently are even recorded in the continental parts of the
country [11]. This is also confirmed by this hydrological study in the area of the
Bid-Bosut field, an area of 7200 ha of agricultural soil for which the construction
of the Bid field irrigation canal is planned (Figure 1). During the monitoring
(2003-2018), significant changes of water regime, as well as soil and water man-
agement difficulties were recorded in the agricultural part of the studied area.
For example, agricultural soils showed a noticeable lowering of groundwater
levels, and this negative trend showed a tendency of becoming even more rapid
in the future.

In the studied area, the unfavorable annual distribution of precipitation, the
absence of snow cover during winter, and the rising of air temperature, all are con-
tributing to drying conditions in agricultural soils, thus already negatively affecting
local agricultural production, that is, crop rotation is becoming more and more
simplified, the germination and sprouting of crops are impaired by the lack of pre-
cipitation, the yield is weather-dependent and unstable, and economic projections
are frequently unreliable. Understanding of the changes in the soil water regime

Figure 1.
The monitoring area (2003—2018) of the Bid-Bosut field presented with the indication of used field equipment.
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is of major importance for selecting the appropriate strategies for the drought risk
management in agricultural systems and countering the harmful effects of climate
change [12].

In this chapter, climatic and hydrological data from the Bid-Bosut field
agricultural area are presented, with a description of practical strategies which
could, at least to a certain extent, alleviate the negative impact of drought on
the agricultural production. One of such strategies is the installation of irriga-
tion systems, which imposes as a relatively obvious or a simple solution, but it
is not traditionally applied in agricultural production in the eastern continen-
tal Croatia, mostly because until recently drought was non-occurring or the
occurrence was mostly of a relatively short duration and/or of mild intensity
and because the initial cost of implementing the irrigation systems may be
considered high. However, if drought periods should occur during sensi-
tive crop developmental stages (e.g., sprouting) or extend during prolonged
periods, implementing the irrigation systems could prove to be extremely
beneficial for the local agriculture, as well as cost-effective in the aftermath
of plant production. The fundamental basis for introducing the irrigation
systems in this area was met by proceeding with the construction of the irriga-
tion canal in 2018. However, even though the use of irrigation is a possible
solution for plant production under drought conditions [13], it is by no means
the only action which should be taken, especially considering that water is not
an unlimited resource. Thus, the existing network of drainage canals, built
in the 1960s and 1970s, could with certain modifications be used to maintain
the groundwater level and contribute to the total amount of water available
for irrigation. Also, the proper selection of crops and management techniques
can help to facilitate plant production and, keeping the before-mentioned in
mind, contribute to alleviating the negative impacts of drought on agricultural
production.

2. Climate and water regime monitoring in the studied area

Climate and water regime monitoring at the Bid-Bosut field started in 2003,
with the aim of determining the impact of the irrigation canal construction on the
groundwater dynamics and the surrounding agroecosystem. From the preliminary
tracking of initial conditions, the monitoring evolved into a very valuable source
of information with the majority of relevant agroecological data regarding the
surface water, groundwater, leachate, as well as the agricultural soils in the studied
area recorded. For tracking the groundwater dynamics, 50 shallow (up to 4 m of
depth) and 5 deep (up to 15 m of depth) piezometers and 5 limnigraphs (up to 4 m
of depth) were used. Measurements using the piezometers were done manually (by
measuring tape) every 10 days, while the limnigraphs (Orpheus Mini) recorded
groundwater levels daily.

The monitoring area is located at intersect between a semiarid into a semi-
humid moderate continental climate [14]. Meteorological data were analyzed for
2003-2018 and collected from the nearest meteorological station, the national
meteorological station Gradiste (45°09’ N; 18°42’ E). Data regarding the Sava
river, to which the irrigation canal is connected, were taken from the Sava-
Slavonski Samac national measurement station for the years 2014-2018. The
values are given on a monthly basis and are also transformed into annual values
for easier following.
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2.1 Precipitation dynamics

Figure 2 shows the monthly values of precipitation during the observed period.
The monthly precipitation amounts (2003-2018) show a positive but nonsignificant
upward trend (0.010 mm per month, that is, 0.12 mm per year), which is in accor-
dance with the multiannual findings from similar studies [15]. In the last 5 years,

a mildly negative but also nonsignificant trend (—0.40 mm per year) is visible.
Moreover, the average annual sum of precipitation exhibits a mild but constant rise
(682.7 mm for 1981-2018; 688.6 mm for 2003-2018; 728.8 mm for 2014-2018). Also,
irregular precipitation extremes have been recorded (e.g., in June 2018; Figure 2).
However, it should be noted here that high amounts of precipitation in a very short
period actually have an extremely low effective value for crops (as explained in
detail in Section 3.2).

2.2 Air temperature dynamics

The trend of increased average monthly air temperatures by 0.084°C per year
(2003-2018) was recorded (Figure 3). If the determined value is used for the
prediction of an air temperature after a longer period, data suggest that an increase
of as much as 4.7°C may be expected in 50 years. The average multiannual tempera-
ture sequences also exhibit an increase (11.8°C for 1981-2018; 12.3°C for 2003-2018;
12.7°C for 2014-2018). Although these data are not sufficiently long-term in nature
for solid conclusions, it is still may be considered as indicative of a general increase
in air temperature.

2.3 Groundwater dynamics

Through detailed hydro-pedological research of the monitored area, a pedologi-
cal characterization survey was completed with five soil-systematic units defined
[16]. The classification was done according to [17], and the determined pedological
units were semigleyic, hypogleyic, humogleyic, amphygleyic, and hydromeliorated
soil. Figure 4 shows the average monthly values of groundwater levels obtained
by shallow piezometers located at 4 m from the soil surface, with a regard to the
before-mentioned soil-systematic units.

y = D.0108<+ 50335

Figure 2.
The dynamics of average monthly precipitation (mm) at the monitored area of the Bid-Bosut field.
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Figure 3.
The dynamics of average monthly air tempevatures (°C) at the monitored area of the Bid-Bosut field.

A relatively slight negative trend of groundwater levels (2003-2018) in
the agricultural soils of the monitored area was recorded (6-10 cm per year).
However, it should be noted that by observing only the last 5 years of monitoring
(2014-2018), a negative trend was much more pronounce, ranging from 18 to
71 cm per year, that is, from 200% in semigleyic soil (negative trend for period
2003-2018 = 9 cm per year; period 2014-2018 = 19 cm per year) to 700% in
hypogleyic soil (negative trend for period 2003-2018 = 10 cm per year; period
2014-2018 = 71 cm per year), depending on the soil type. Although the ground-
water level was occasionally recorded below 4 m from the soil surface during
the studied period, such occurrences were short-lasting (days) and irregular.
However, in July 2017 and 2018, the groundwater level at the entire monitoring
area lowered below 4 m from the soil surface and remained unchanged until
the end of the year. The extremely low groundwater level which occurred in the
second half of the last two research years is undoubtedly suggesting the need for
further monitoring in the studied area.

The more frequent lowering of groundwater levels below 4 m from the soil
surface was the reason for adding 5 deeper piezometers at 15 m from the soil
surface during 2014. The average monthly groundwater level data obtained
by deep piezometers are presented in Figure 5. The values were only slightly
increased in comparison to the values measured by the shallow piezometers,
which can be explained by a mild difference in pressure between the shal-
low soil aquifer and the deep water-bearing aquifer. The negative trend of a
decreased groundwater level ranged from 26 to 77 cm per year, which is in
agreement with the trends obtained by using shallow piezometers. However,
data obtained from deep piezometers are for a relatively short period (4 years),
and it is expected that after a longer research period, these values could even be
rising.

All described climatic and water regime parameters suggest that in the studied
Bid-Bosut area, the agroecosystem changes are becoming more prominent. These
changes are usually slow in progressing thus are hard to observe within shorter
periods. However, field measurements and alterations of climatic and water regime
parameters recorded during this study are contributing to the global predictions
in which these changes in the agroecosystem are increasing in importance for the
agricultural production. Finally, further continuous observation (monitoring) of
climatic, water regime, and soil parameters should result in reliable databases, thus
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providing a foundation for the selection of appropriate site-specific strategies to
counter the occurring changes and their possible negative impact on the agricul-

tural production.
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Figure 4.

The dynamics of average monthly groundwater levels in the shallow piezometers (located at 4 m from the
soil surface) at the monitored avea of the Bid-Bosut field (left, groundwater levels in period 2003-2018; right,

groundwater levels in period 2014—2018).
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Figures.
The dynamics of average monthly groundwater levels in the deep piezometers (located at 15 m from the soil
surface) at the monitored area of the Bid-Bosut field.

3. Proposed measures for alleviating the consequences of drought

The measures proposed herein primarily focus not only on the eastern con-
tinental Croatia example but can also be applied to other agroecosystems with
similar agroecological conditions [18]. Namely, according to the recent analyses for
a 50-year period (1961-2010), it confirmed an evidence of increase in drought sea-
sons (defined as consecutive dry days—CDD with daily precipitation <1-10 mm)
notably in the eastern continental Croatia (e.g., Slavonia region) by 4%/decade to
7%/decade during summer [19]. In general, the studied agricultural area in conti-
nental Croatia characterizes relatively flat arable therein (with fluvisols, gleysols,
and cambisols), positioned in between of Sava and Drava rivers, cultivated mostly
with cereals and oil crops, with average annual effective precipitation of 521
890 mm and potential evapotranspiration (ET0) of 690-820 mm, as well as high
irrigation demands, either in average (81-260 mm/annually) or dry (168-383 mm/
annually) vegetation season [20].

3.1 Construction of the appropriate irrigation systems
Frequent periods during which groundwater level lowers below 4 m from the

soil surface are imposing substantial limitations in the last decades for the agricul-
tural production which lacks an irrigation system (such is the case in the Bid-Bosut
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area). Agricultural production in the study (monitoring) area, although located

in a traditionally agricultural region, so far does not rely on irrigation as a possible
solution for alleviating occasional negative drought effects. The possible reason

for that is because local agricultural production in this area is mostly located on
hydromorphic soils, characterized by occasional or permanent moisturization by
groundwater within 1 m from the soil surface [18]. Thus, the issue of lacking soil
moisture which can last for several months has been an occurrence noted in this
area only for the last 10 or so years, while before the main problem was the opposite:
excess surface and groundwater amounts.

The completion of the irrigation canal in 2018 (Figure 6) was the main prereq-
uisite for irrigation of the surrounding agricultural soils. The canal is connected to
the Sava river, and, with the proper regulation of water levels in the canal, it could
provide necessary and sustainable amount of irrigation water. It was projected that,
during high water levels of the Sava river, water will be pumped into the meliora-
tion canal, from which it would then be channeled to the surrounding highly arable
agricultural fields during the most of vegetation season given on negative water
balance, for example [20]. More precisely, considering the amount of water in the
Sava river [18], this hydrotechnical solution could help to ensure adequate amount
of water for irrigation of the approximately 10,000 ha of surrounding agricultural
soil. As for the quality of the water, studies from various authors have made it clear
that the water from the Sava river is of ample quality to irrigate the local crops, for
example [18]. However, water quality is an important factor when considering its
use for crop irrigation; thus, if canal water is used for irrigation, it is necessary to
implement permanent water quality control.

Application of appropriate water management strategies for the usage of Sava
river water for irrigation of crops is of major importance. Such strategies include
application of the modern low-pressurized/low-energized (fert)irrigation system,
adaptation of cropping pattern (e.g., to give advantage to winter over spring cereals/
cultivars and to those with shorter vegetation period when water balance is the
most negative), modernization of conveyance systems (e.g., channel overlying or
replacing with pipelines), conduct irrigation management on real time data mea-
surements, application of conservation agriculture practices, and many others [20,
21]. Some of the most recent studies have confirmed that almost all crops cultivated
on the studied areas are exposed to water stress (negative water balance) with
significant yield losses even in normal (average) sessions. For instance, in Brodsko-
posavska County (overspread on the most of elaborated area), an average annual
(for 1963-2005 period) effective precipitation reaches 690 mm, while potential
evapotranspiration (ET0) is 718 mm, causing the negative water balance during
vegetation period for almost —200 mm [22]. According to the same study, irrigation
requirements in average climate season for the most cropped cultures yield from
82 mm (corn) up to 160 mm (sugar beet) and over 200 mm (lucerne), while in dry
seasons water requirements are higher by 1.8-1.9-fold (lucerne and sugar beet) up

lawn Rier

Figure 6.
Opening of the Bid-Bosut field irrigation canal.
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to 2.6-fold (corn). The yield reduction in the case of nonirrigated conditions on
this area is also significant for the most of crops, even in normal (from 11% in corn
and soybean up to 25% in sugar beet on texture-lighter soils) and especially in dry
seasons (from 25% in soybean up to 47% in sugar beet on texture-lighter soils).

Although Sava river can provide the required amount of water for irrigation,
excessive (unsustainable) management measures could possibly create additional
(agro)ecological issues regarding water levels of Sava river and even question the
sustainability of such practice. This possibility is confirmed by the trend of lower
levels of Sava river by 0.51 m per year for the period from 2014 to 2018 (Figure 7).
Using Sava river water for irrigation should therefore be applied with the utmost
rationality, that is, taking into consideration the optimal water regime within the
river-soil-plant-atmosphere system, for example [23]. Additionally, the educa-
tion of local farmers should be included as an important step in the planning and
implementation of any irrigation system which is depending on a natural system,
such as (Sava) river.

3.2 Using the existing irrigation infrastructure for the purpose of collecting
precipitation

During the 1960s and 1970s, the main issue for the agricultural production in the
studied region was the excess amount of surface and groundwater. That is why the
area has an abundance of drainage canal networks through which excessive water
was channeled into the recipient—the Sava river.

However, in June 2018, 257.4 mm of precipitation was recorded (Figure 2),
which exceeds the average monthly precipitation in this area by several times
(320%). These extremes were usually accompanied by storms and hail, which is
why the authorities declared a state of emergency for the years 2010, 2014, and
2018. As mentioned before, such high amount of precipitation in a very short time
has a very small effective value for crops because in such conditions water cannot
infiltrate in the soil, usually resulting in (sub) surface runoff. In the studied area,
most of the water from surface runoff streams firstly into the drainage canals, then
toward the Sava river, and finally reaching the Danube river and ultimately the
Black Sea. Thus, water from surface runoff is basically lost from this area and does
not have any effect on the water regime of the soils, although the possibilities and
sustainability of some on-farm water storage systems (e.g., surface accumulations,
public reservoirs) should be also evaluated. This was confirmed by field measure-
ments (Figures 2-5), from which it is clear that even the abundant rainfall in June
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Figure?7.
The dynamics of Sava river daily levels at the Sava-Slavonski Samac measuring station for the period from
2014 to 2018.
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2018 did not lead to a noticeable rise in groundwater levels. Moreover, for the whole
first half of 2018, the groundwater did not exceed the level of 3.7 m from the soil
surface, and in July of the same year, groundwater level lowered below 4 m from the
soil surface, remaining at stated level until the end of the year 2018.

The network of drainage canals was up until 10 years ago used exclusively
for drainage of the excess water from the area. During the last 10 or so years, the
appearance of excess water became increasingly rare, and in 2017 and 2018, no
such occurrence was recorded, except for a few days in June 2018 (data not shown).
What is more, in the last several years, the lack of moisture in soil has become
especially noticeable and culminated in 2018. One possible hydrotechnical solution
for such issue would be to modify the existing canal network by implementing the
controlled drainage canal system (where water flow is controlled and limited by
aregulating system) at the main drainage canals. This way, in cases of an extreme
precipitation, the drainage canals would preserve their primary drainage function,
but in case of lower precipitation (when no excessive water is present in soil but
before the drought conditions), by closing the canal release point, the same canals
could be used as a form of a precipitation retention system. This proposed system
of abranched-out canal network could, with an adequate regulation of canal water
release points, prove to be very useful when additional amount of water for the
agricultural plant production is necessary, that is, under drought conditions. Using
these drainage waters as a potentially valuable “resource” rather than consider-
ing them as a “waste” can contribute to the alleviation of water scarcity, thus the
negative effects of drought conditions [24], which is also in accordance with the
widely accepted and nowadays preferential concept of sustainability in agricultural
production.

Additionally, if subsurface drainage systems are installed, there is also the
possibility of implementing the subsurface drainage water regulation system which
could control the groundwater level according to the soil moisture. According to
[25], controlled drainage, also known as drainage water management, is a practice
of using the water control structure at the drainage outlet in order to raise the
groundwater level and thus retain water in soil during periods when drainage is not
needed, but a deficiency of soil water is present. The implementation of controlled
systems ($120 or $50-100 per ha if upgrading from conventional drainage systems)
is relatively inexpensive [26] and therefore should be taken into account when
designing an agricultural systems. However, considering the initial cost of installing
such system, its introduction should be accompanied by a sufficiently profitable
agricultural production that would presumably justify the additional investment.

3.3 Selection of crops and growing techniques in agricultural areas without the
irrigation systems

Agricultural production without an irrigation system is completely depending
on climate and available soil moisture (weather-dependent). In the context of
increasingly important climate change, such production will presumably encounter
more and more stressful conditions (i.e., plant water stress). In order to maintain
the productivity, drought- and heat-tolerant crops/cultivars/hybrids must become
the product of choice, as must the application of techniques to maintain the soil
moisture by reducing evaporation [27, 28]. More precisely, evaporation occurs when
moist soil is exposed to the atmosphere. In theory, to reduce the evaporation, it is
necessary to reduce the exposed soil surface as much as possible and/or to shorten
the time of the soil exposure to the atmosphere. In practice, mulching with plant
residues and/or polyethylene foils can be used for this purpose [29]. Also, certain
probiotic soil enhancers which have become available on the market recently can
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be used for the same purpose of reducing the evaporation [30]. These soil enhanc-
ers enrich the soil with beneficial microbes which accelerate decomposition of soil
organic matter into smaller compounds capable to retain more water in the soil and
further to plant-available nutrients, which increases the overall soil fertility but also
improves soil capacity to retain moisture. Additionally, if the irrigation systems are
applied in the studied area of Bid-Bosut field, the appropriate irrigation systems are
those with the localized water distribution (e.g., micro-sprinklers or drip irriga-
tion), which distribute water only alongside the crops and thus reduce water losses
and evaporation (in comparison with, e.g., irrigation boom).

At the end, the important viewpoint of the drought-alleviating management
techniques is also from the economical aspect. Generally, adequate agricultural
management includes the cost-benefit ratio regarding the crop value. Higher input
into the agricultural production should be justified by investing into profitable
crops, which will presumably pay out the initial investment. In this context, replac-
ing the less profitable crops with crops for which the market demand is higher could
be an appropriate action. However, this agricultural management strategy is not an
easy task as it is not grounded on a permanent aspect but strongly relies on the cur-
rent supply and demand market circumstances. Thus, additional economic analyses
which include supplementary perspectives such as estimations of future market
opportunities and trends may be of major importance.

4, Conclusion

Climatic and soil water regime data (2003-2018) suggest that the agroecosystem
changes are becoming more prominent in the studied Bid-Bosut area, and thus the
future agricultural production may be exposed to the greater pressures regarding
the insufficient amount of water in the soil. Also, some of the most recent midterm
climate scenarios (models) performed for the studied and wider area support our
theses. For instance, modern climate models from local to global scales employ
relatively different horizontal resolutions from 10 to 300 km [19] and predict wide
range of climate parameters, that is, scenarios. At the European scale (notably in its
central part), it is expected that average seasonal near-surface temperature (Ta) is
going to increase in the period 2011-2040 by 0.2-2°C [19]. According to the same
authors and for the same midterm period, in Croatia the largest changes in Ta can
be expected in the mid of vegetation session (summer) with an increase of Ta by
0.8-1°C in the central part of Croatia and around 0.8°C in eastern (Slavonia) region.
As regards the average precipitation, a decrease of precipitation between 2 and 8%
is predicted over the larger part of Croatia [19]. Consequently, higher evapotrans-
piration demands (over increasing average vegetation air temperature) and reduced
average effective precipitations might further exacerbate water imbalances in the
agroecosystems on the elaborated area.

Installation of the irrigation systems is a possible solution for countering the
negative impact of drought, but other management strategies should also be
implemented in order to achieve the sustainability of agricultural production. In
this context, the education of local farmers should be included as an important step
in the planning and implementation of any drought countering techniques, in order
to achieve the highest success rate by adhering the rules and instructions refer-
ring to the rational and responsible water use. Finally, this study has shown that
multiannual climate and soil water regime data may provide a good basis for the
decision-making process in creating sustainable agricultural management policies
(construction of the appropriate irrigation systems and use of the existing irriga-
tion infrastructure for the purpose of collecting precipitation, use of drought- and
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heat-tolerant crops/cultivars/hybrids, and application of techniques to maintain the
soil moisture by reducing evaporation, for example, mulching with plant residues
and/or polyethylene foils and use of probiotic soil enhancers) focused on counter-
ing the negative impact of drought on the agricultural production.
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Abstract

Drought is one of the major threats to common bean (Phaseolus vulgaris L.),
affecting its growth and productivity and, thus, contributing to considerable
losses in yield in many regions worldwide. The development of varieties tolerant
of drought stress has, therefore, become one of the primary goals in many com-
mon bean breeding programs. Plants have developed various mechanisms of their
adaptation, to a greater or lesser extent, to drought. These are expressed, on the
molecular level, by changes of gene expression and of protein content, together
with responses at physiological and morphological levels. The response of com-
mon bean to drought is still not sufficiently well characterized due to its genetic
complexity and its diverse, often ambiguous, phenotypic effects. Understanding
these mechanisms is thus of fundamental importance for developing varieties that
are better adapted to such stress conditions. In this chapter, we present research
that provides an insight into the morpho-physiological adaptation and its underly-
ing molecular changes in common bean plants exposed to drought. We include our
contribution to establishing the basis for breeding of common bean with greater
tolerance to this abiotic stress that uses molecular markers and identification of
quantitative trait loci (QTLs).

Keywords: common bean, drought, transcriptomics, proteomics,
posttranslational modifications, quantitative trait loci (QTLs), breeding

1. Introduction

Common bean (Phaseolus vulgaris L.) is cultivated worldwide and accounts for
one-third of cultivated legumes (FAOSTAT, 2014). The biggest producers are Brazil,
USA and Mexico, while millions of tons are produced annually in Africa. Its high
levels of protein and carbohydrate make common bean a staple in food, and it is an
important source of vitamins and minerals, including iron, magnesium, potassium,
zinc, selenium and calcium [1-4].

It requires a considerable amount of water during its growing season in order to
develop and produce seeds in accordance with its genetic potential [1, 5]. Exposure
to drought can thus result in diminution of fitness, quality and quantity of yield,
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depending on the timing, intensity and duration of drought, as well as on the stage
of development of the exposed plant. Exposure to drought stress can be fairly
constant throughout the season or may affect plants in a specific stage of their life
cycle, thus delaying early plant development, vegetative growth, flowering and/
or maturation [6]. In the most arid areas, annual losses of common bean yield can
exceed 60%, rising to 80% at the height of the drought [5-7].

Plants have, during evolution, acquired different modes of adaptation to harsh
environmental conditions, including drought stress [5, 8, 9]. Some plants escape the
latter by early maturation and, in consequence, more rapid development of seeds,
thus completing their life cycle before the onset of prolonged and severe drought.
Others have developed morphological, anatomical or physiological adaptations that
enable them to maintain high water potential during drought (drought avoidance),
or mechanisms directed to survival in the presence of low water potential (drought
tolerance). Adaptations leading to drought avoidance include increased density of
roots and their deeper propagation that enables more effective water absorption
from the soil, and decreased leaf area and stomata closure that control the limita-
tion of water loss through transpiration [10]. Drought tolerance is based on tis-
sue- and cell-specific physiological and molecular adaptations such as synthesis of
osmoprotective proteins like dehydrins and chaperons [11-13].

An outstanding characteristic of common bean germplasm is its particularly
high diversity. In the second part of this chapter, the general picture obtained by
commonly used screening methodology is presented. This includes phenotyping of
phenological, anatomical and morphological, as well as yield associated traits, illus-
trating this diversity with the aim of pointing out that common bean responses to
drought can differ greatly between specific genotypes. An example of this approach
is that phenotyping of American genotypes in the last decades led to the discovery
of important drought resistance sources from the Mesoamerican gene pool, largely
belonging to the race Durango, thus forming the basis for numerous subsequent
studies [5]. For such reasons, continuous efforts are devoted to screening common
bean germplasm for more drought resistant genotypes that exhibit different, and
potentially complementary, drought resistance traits that are and will be used to
study and better understand the mechanisms of resistance and for the breeding of
new varieties.

The plant response to drought results from complex and diverse adaptation.

It has, therefore, to be studied on levels ranging from morphological and physi-
ological changes observed in organs to the intricate responses on the gene expres-
sion and regulation levels and to biochemical responses on the level of cells and
organelles [12]. In the present chapter we therefore focus further on the physiology
of the response of common bean to drought, followed by a survey of research on
the influence of drought on its transcriptome, proteome and post-translational
modifications.

In the last part of this chapter the genetic level is considered, disclosing drought
response as a complex quantitative trait controlled by a number of major and
minor genes clustered on specific loci, as well as several genomics and molecular
approaches that have been utilized for their study [14]. For common bean genotyp-
ing and for subsequent mapping of quantitative trait loci (QTLs) a large variety of
genetic markers, from simple sequence repeat (SSR) to single-nucleotide polymor-
phism (SNP) markers, are now available, enabling use of this approach in identify-
ing molecular markers of tolerance to drought.

Further, identification of genes that are expressed differently under drought
conditions from that in well-watered plants, especially if contrasting tolerant and
sensitive genotypes, may also lead to the discovery of specific markers that can
be used in breeding. Similarly, protein markers can be discovered by proteome
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profiling studies by identification of differentially expressed proteins in regard
to the drought conditions or genotype sensitivity to drought [15-17]. All further
attempts at successful breeding of common beans with improved tolerance to
drought will benefit greatly from the determination of the genome sequence

of common bean that has enabled the development and identification of novel
molecular markers and completion of a comprehensive common bean consensus
map applicable to both Andean and Mesoamerican genotypes [18].

2. The diverse common bean germplasm as a potential for discovering
new drought-responsive traits

Common bean originates from Mexico and was separated in two ecologically and
geographically different Mesoamerican and Andean gene pools [19, 20]. Mesoamerican
bean genotypes can be distinguished by longer flowering times and small seeds,
while Andean genotypes have large and colorful seeds [21, 22]. Phylogenetic studies
and evaluation of common bean genotypes collected from different regions, ranging
from the Americas, Africa [23, 24] and Europe [25-28], have confirmed independent
domestication events specific to each of the gene-pools [20, 29].

Common bean was introduced in Europe centuries ago by independent domes-
tication events from both major centers of origin [25-28]. Our phylogenetic studies
shed more light on the understanding of dissemination pathways and the evolution
of this species in central Europe and have been focused on the germplasm from the
Central European, South East European and Balkan region [27, 28, 30]. Evaluations
of genetic diversity and the population structure of 167 historical and current
accessions with the different geographical origin (Slovenia, Austria, Bosnia and
Herzegovina, Croatia, Macedonia and Serbia) have revealed great allelic poly-
morphism in 14 SSR markers. The strong predominance of Andean genotypes in
Slovenia and several Western Balkan countries indicates their introduction from the
Mediterranean basin and countries such as Italy. On the other hand, a high propor-
tion of Mesoamerican genotypes in the present Austrian germplasm (44%) could
indicate their introgression from western and northern European countries driven
by historical events.

Cultivation in diverse local environments and climate areas, ranging from low-
lands to high altitude regions in equatorial and more temperate climate conditions
have contributed to the high diversity of common bean in terms of growth type, seed
properties and maturity time [31]. Consequently, the diverse common bean germ-
plasm represents an important trait pool for searching for new traits such as abiotic
stress tolerance traits [31]. The screening process is largely based on phenotyping
genotypes exposed to a form of drought, with possible subsequent rehydration in
comparison to irrigated conditions. It is usually performed in different locations,
over several seasons, either in the field or in controlled greenhouse conditions.
Screening commonly includes phenotyping of phenological traits such timing of
flowering and maturation, anatomical and morphological traits describing plant fit-
ness and yield-associated traits as a measure of the effect of drought on yield output.

In the past decades, considerable efforts have been made to characterize the
American germplasm for different traits including drought responsive traits [5].
The identified drought resistance sources of race Durango have become a corner-
stone for research of complex drought tolerance mechanism and introgression of
traits into the cultivars.

Another example is Central and East European common bean germplasm that con-
sists of thousands of collected genotypes deposited in the national and regional gene
banks and preserving this variability is an important step in preventing gene erosion,
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as well as supporting breeding programs with genotypes showing different environ-
mental adaptations. Characterization and evaluation of this germplasm are an ongoing
process and have confirmed the very broad genetic diversity of common bean in
Eastern Europe. Our recent proceedings have resulted in formation of a core collection
having applicative value for direct breeding purposes [32]. Screening for representative
genotypes for core collection included initial evaluation of basic multi-crop passport
descriptors (e.g., geographic origin, biological status, and ancestral data), phenotypic
seed characteristics and phaseolin type, as well as assessment of genetic structure by
genotyping with genetic markers. The resulting core collection encompasses 63 acces-
sions representing the global genetic diversity and 14 standard genotypes with desir-
able traits from the East European region (unpublished data) and was evaluated under
field conditions as well as for the presence of genetic markers associated with traits of
interest and biochemical analysis. Core collection was further evaluated for agronomic
traits in field conditions (response to abiotic stress), genetic markers for desirable traits
and nutritional traits of importance (multi-elemental composition, fats, proteins, and
phytic acid). These results enabled selection of superior genotypes in core collection
for further breeding applications.

3. The physiology of drought response

The observed physiological changes in plants exposed to drought can be a direct
consequence of drought, as well as of the response of the plant, in order to mitigate
the stress. Drought typically occurs as a result of low and non-frequent precipita-
tion, resulting in reduced soil water content that is first detected by plant roots [33].
Depending on drought duration and severity the water status of plants can be affected
by insufficient water absorption due to low soil water availability, as well as to increased
water loss in the process of transpiration. Water deficit in plants affects their normal
physiological processes and hinders the development, growth and yield, ultimately
resulting in wilting, senescence and plant death [33]. Drought can be potentiated by
heat stress, which propagates the water loss from the plant by increased water evapora-
tion from the leaves, and by soil salinity stress, together reducing soil water availability
as well as having an additional toxic effect on the plant [34-36].

Drought responsive traits have been studied in common bean by evaluating
various traits in field experiments as well as in more controlled environments, such
as, greenhouses [37]. Phenological and yield-associated traits have been studied
frequently because they are affected by drought stress, are an important indica-
tor of yield output and are also measurable in a large phenotyping population.
Phenological traits can also represent the adaptation of the life cycle of a plant to
specific drought conditions in the environment. Breeding for earliness is an effec-
tive strategy for increasing the yield stability in regions such as the Mediterranean,
where plants are exposed to increased drought in the summer time. Early flowering
can help in drought avoidance; however, it is not effective in mitigating the drought
stress once it occurs [9].

The response to drought in different common bean genotypes has been charac-
terized in several studies based on physiological measurements such as photosyn-
thesis and photosynthate acquisition as well as on partitioning indices [5, 38-44].
Photosynthesis and cell growth are primary processes influenced by drought due to
decreased stomata conductivity in the early drought phases that limits evaporation
and CO, diffusion in the leaf mesophyll. The surplus of energy on the thylakoids in
the photosynthesis apparatus results in photo inhibition—reduced photochemical
efficiency [45]. Stomata closure is an effective strategy for shorter drought periods
and for mild drought where photosynthesis is not affected in such a way as to reduce
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the yields [38]. When the duration of drought is longer, better drought tolerance and
yields are enabled by a specific biochemical mechanism on the cell level. High yields
of tolerant Durango genotypes, such as, ‘Pinto Saltillo, exposed to drought have
been associated with early and fine regulation of the stomata response and with CO,
assimilation with stomata closure, limiting water loss during the day, maintaining
higher relative water content (RWC) at night, with increased water use efficiency
and limitation of reactive oxygen species (ROS) accumulation [41, 42, 44].
Screening selected genotypes adapted to Central European climatic conditions
enabled us to identify genotypes with more drought tolerant traits [46, 47] thus
becoming a starting point for studies on the mechanisms of drought. They were
performed under controlled conditions with drought being induced by discontinu-
ing irrigation and assessment of drought by soil water potential measurements.
Observation of plant physiological changes, measurements of leaf water potential,
relative water content and yield were employed for determining drought toler-
ance. Among the tested cultivars adapted to the growing conditions of the Central
European region, the greatest difference in response to drought was observed
between ‘Tiber’ and ‘Starozagorski Cern, the former being the most tolerant. For
this reason these two cultivars were used in many of our studies of the response to
drought [46, 47]. Studies on the level of physiology have confirmed that the ability to
withstand drought is also related to the water consumption pattern of the plant. Some
cultivars such as ‘Starozagorski Cern’ exhibit water spending behavior that enables
them to thrive, and, when the water supply is sufficient, they produce high yields
[47]. However, when exposed to drought, their yield can be significantly reduced.
In contrast, cultivars adapted to harsher environments, regulate water more con-
servatively and their yield during drought is affected less, as is the case with ‘Tiber’
Drought tolerance in water saving cultivars has been associated with great plasticity
on the biochemical and cellular levels, being associated with stomatal conductance,
photosynthesis rate, abscisic acid (ABA) synthesis and resistance to photoinhibition
[39]. In addition, the distribution of photosynthetic products to developing pods and
seeds is an important factor in determining the yield under stress, with genotypes
with better partitioning indices expressing a higher yield [5, 40, 43].

4. Response to drought on the molecular level

Understanding the changes in metabolic pathways in plants under the influence
of drought, as well as the molecular mechanisms regulating their adaptation to
this stress, is very important in identifying key molecular markers that could help
distinguish between genotypes with different tolerance. On the molecular level,
drought affects plant cells in different ways—through changes in gene expression
and/or translation of transcripts to proteins, through posttranslational modification
leading to protein activation and by further direct action on the protein itself. It is
important to underline that these ways are interdependent and that only active key
proteins enable a response beneficial for the plant.

Screening genes with differential expression and proteins with changed abun-
dance or activity in plants exposed to drought is greatly facilitated by modern
transcriptomic and proteomic tools which have, together with other approaches,
enabled rapid development of the field. Identification of detected genes and
proteins is greatly facilitated by the recent advances in sequencing and the publica-
tion of full genome sequences of model legumes Medicago truncatula [48] and Lotus

japonicus [49] and of crop legumes, such as, common bean [50], soybean [51],
chickpea (Cicer arietinum) [52] and peanut [53]. Comprehensive lists of genes and
proteins obtained from screening studies are then classified according to their

113



Drought - Detection and Solutions

known ontologies in order to further investigate their interactions and connections,
by methods of bioinformatics and systems biology, into metabolic pathways. A
combination of these approaches has enabled the identification of thousands of
genes with differential expression and hundreds of proteins with changed abun-
dance in common bean under drought [15, 17, 54-56] as well as other model, crop
and forage legumes [57].

4.1 Transcriptomic profiling of drought response

Early transcriptomic profiling methods employed over the past decades utilized
polymerase chain reaction (PCR) and hybridization techniques and allowed for
detection of a smaller number of transcripts with a large difference in mRNA abun-
dance between compared samples [58, 59]. Today these methods are being replaced by
genome-wide profiling techniques, such as, microarrays and whole-genome mRNA
sequencing (RNA-seq). Further intricacies of gene regulation are explored by profil-
ing miRNAs, small non-coding RNAs that regulate gene expression [55, 56, 60-62].

The transcriptomic response of common bean has been investigated in vari-
ous plant organs of different genotypes with respect to different stages of drought
severity [56]. One of the first studies focused on roots, the first plant organ in which
to detect changes in soil water content [55]. Several dehydration-related genes were
identified that are associated with signaling, protein homeostasis and root growth
modulations, among which a gene PvOCT1, encoding a new type of organic cation
transporter in plants, has been reported [63]. The response in leaves is equally
important since the regulation of transpiration plays an important role in the plant
response to drought. We showed that in leaves of eight common bean genotypes at
different levels of dehydration, up-regulation of transcription factors and genes
encoding osmoprotectants, late embryogenesis abundant (LEA) proteins, protein
kinases, aldehyde dehydrogenases and cell and carbohydrate metabolism-associated
genes occurs, while several photosynthesis-related genes were down-regulated [58].
Only minor differences in expression of 15 studied genes were found between the
studied cultivars. The similarity in the gene expression of different cultivars tested
in the growth chamber and under greenhouse conditions supports the conclusion
that the genes identified in response to water withdrawal constitute a general and
intrinsic response of common bean to drought and strengthens the relevance of the
experimental results to field conditions [58]. In a study on drought tolerant ‘Long
22-0579’ and drought sensitive ‘Naihua’ Chinese common bean cultivars, de novo
assembly of transcriptome data enabled detection of more than nine thousand
drought-responsive candidate genes differentially expressed between the drought
and control treatments or between both cultivars exposed to drought [56]. Detected
genes include those associated with drought-related metabolic processes (cell
metabolism, cell wall and carbohydrate biosynthesis), osmoprotectants (proline),
transcription factors (MYB, WRKY, DREB, and NAC), plant hormone regulation,
signaling, and cell communication. The expression data enabled further character-
ization of drought responsive NAC transcription factors [64]. In the same two cul-
tivars, 49 novel and 120 known miRNA were detected, 24 of them showing either
increased or decreased expression during drought, and only four sharing the same
expression pattern between the cultivars [58]. Among the target genes were genes
encoding transcription factors, protein kinases and nuclear transcription factors.

Examples of studies aimed at identifying differences in gene expression of partic-
ular groups of genes are those focused on aquaporins (AQPs). These are membrane
proteins controlling transcellular water movement from the roots and throughout
the plant to assimilating tissues. For this reason, they are involved in controlling the
ability of plants to regulate their water supply and transport which is closely related

114



Drought Stress Response in Agricultural Plants: A Case Study of Common Bean...
DOI: http://dx.doi.org/10.5772/intechopen.86526

to their ability to tolerate or withstand drought. In higher plants, AQPs form a large
and diverse protein family with 35 homologs in Arabidopsis (Arabidopsis thaliana)
and up to 71 homologs in cotton (Gossypium hirsutum L.) [65, 66]. In common bean
AQPs with the highest mean expression during drought, as well as under normal
conditions, were identified [67]. Expression of their genes has been investigated in
genotypes with different responses to drought [47, 59, 68]. Increased expression of
PvTIP2;3 was reported in drought-stressed roots of the tolerant genotype [68] and
up-regulation of PvPIP2;5 in leaves of bean exposed to drought was correlated with
areduction in the transpiration rate [69]. In our recent study, physiological measure-
ments indicate greater prevention of water loss in more drought tolerant cultivars,
which may be associated with rapid and adequate down-regulation of AQPs in the
plasma membrane and tonoplast [47].

4.2 Proteome analysis of drought response

Although studies of drought stress at the gene expression level provide many
important data and indications, changes in the transcriptome do not necessarily
mean that they will be translated into the proteome level. Studies using proteomic
methods are therefore essential for revealing, not only the role of proteins in com-
plex mechanisms of drought response in common bean, but also for pointing out
possible molecular markers of drought tolerance. These methods not only enable
identification of proteins with abundance changed in response to environmental
stress, but also the detection of protein complexes and protein localization, as well as
of post-translational protein modifications related to a specific stress factor [70-72]
as reported later in this chapter. As underlined above, this approach has experienced
rapid development by the recent publishing of full genome sequences of many
plants, among them common bean [50].

One of the first studies of drought induced changes in common bean on the
proteome was our research focusing on leaves and stems of two cultivars differing in
their response to drought [15-17]. In ‘Tiber; we identified 58 proteins whose abun-
dance changed significantly and in ‘Starozagorski ¢ern’ 64 [15]. Most of the identified
proteins were classified into functional categories that include energy metabolism,
photosynthesis, ATP interconversion, protein synthesis and proteolysis, stress and
defense-related proteins. Significant changes in abundance were observed in large
proportion of proteins associated with photosynthesis, such as Rubisco, carbonic
anhydrase, oxygen evolving enhancer proteins and chlorophyll a/b binding proteins.
While Rubisco small subunit showed lower abundances in drought in both cultivars,
carbonic anhydrase was reduced in ‘Starozagorski ¢ern, and in ‘Tiber’ we detected
both increased and reduced abundance. Abundance of chlorophyll a/b binding
proteins increased in “Tiber’ and was reduced in ‘Starozagorski cern’ The most out-
standing contrasting abundance between the two cultivars was the oxygen evolving
enhancer proteins, OEE1 and OEE?2. Significant changes in abundance were observed
in case of a few of the proteins involved in response to stress (e.g., superoxide dis-
mutase, ascorbate peroxidase, and dehydrin) and in case of proteins associated with
proteolysis and protein folding (e.g., cysteine proteinase CP2, precursors of cysteine
proteinase, proteasome subunit beta type, peptidyl-prolyl cis-trans isomerase, and
20 kDa chaperonin). For peptidyl-prolyl cis-trans isomerase we detected higher
abundance in “Tiber’ and reduced abundance in ‘Starozagorski ¢ern’ under drought
conditions. From the category ATP interconversion, in both cultivars nucleoside
diphosphate kinase (NDPK) significantly increased under drought whereas ATP
synthase decreased in abundance. Interactions between identified proteins were dem-
onstrated by bioinformatics analysis, enabling a more complete insight into biological
pathways and molecular functions affected by drought stress.
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The further study on stem [16] carried out on cultivar ‘Tiber’ showed changed
abundances under drought of proteins that can be classified in the same categories
as leaf proteins. The proteins with increased abundance indicate the importance
of maintaining protein homeostasis to mitigate this stress. There was increased
abundance of proteins involved in protein synthesis, proteolysis and protein fold-
ing. Among them, the protein with the greatest abundance was 70 kDa heat shock
protein that chaperones the correct folding of proteins [16].

4.3 Postranslational modifications in the response to drought

The complexity of the response of plants to drought is further emphasized by
reports indicating that posttranslational modifications (PTMs) of proteins also play
an important role. These include covalent modifications of a number of cell proteins
that follow protein biosynthesis and are usually catalyzed by enzymes. There are
different types of PTMs, among them glycosylation, that are recognized as being
very important in plants and in their response to stress [73, 74]. This type of PTM
affects protein stability, interaction with other proteins, protein trafficking and, as a
consequence, protein activity.

Only a small number of the proteomic studies that have been carried out address
specifically protein glycosylation and changes in abundance of glycoproteins in
crops under abiotic stress [17]. One of them is our study of glycosylated proteins in
leaves of common bean stressed by drought [17]. ‘Tiber, previously identified as rel-
atively tolerant to drought [46, 47], was investigated. Thirty-five glycoproteins with
changed abundance were detected. Their structures showed high mannose, com-
plex and hybrid types of N-glycans, most of them being associated with the cell wall
(many cell wall-degrading enzymes, such as, f-glucosidase, a-arabinofuranosidase
and p-xylosidase, were more abundant under drought), with the stress response
(such as, ascorbate oxidase, purple acid phosphatase and reticulin oxidase-like
protein that were also more abundant) and with proteolysis and protein folding
(such as, the precursor of subtilisin-like serine protease, nicastrin, the precursor of
cysteine protease and protein disulfide isomerase that were less abundant) [17].

It follows from the studies reported above that proteome analysis of common
bean under drought has revealed the participation of proteins involved in prote-
olysis [15, 17]. Many proteins, after their synthesis, need to be activated by highly
regulated proteolytic cleavage of specific peptide bonds that removes parts of their
peptide chains. Activation of regulated proteolysis and simultaneous inhibition
of uncontrolled proteolysis are vital for cell survival under dehydration stress. All
beneficial changes in metabolism under drought require the active involvement of
controlled proteolysis that regulates the turnover rates of specific enzymes and/or
proteins involved in cell signaling, and ensures degradation of oxidatively damaged,
improperly folded and irreversibly denatured proteins [75, 76]. On the other hand
non-specific, uncontrolled proteolysis can be damaging to cells, leading to random
breakdown of the majority of cell proteins. Such protein degradation, provoked
by drought, results mainly in the disruption of cell membranes and exhibits many
features in common with plant senescence [77].

Proteolysis is catalyzed by proteases whose activity is regulated mainly by
specific plant protease inhibitors both detected by transcriptomics and/or pro-
teomics [76]. The latter are important, not only for inhibiting proteases activated on
drought, but also for osmoprotection, since many of them are highly hydrophilic.
The striking diversity of plant proteases and of their inhibitors in each species [76]
coupled with the fact that very few of their natural substrates are known [78],
complicates research in this field. In addition, it appears that the changes in abun-
dance of many proteases in plants stressed by drought have not been detected by

116



Drought Stress Response in Agricultural Plants: A Case Study of Common Bean...
DOI: http://dx.doi.org/10.5772/intechopen.86526

proteomics, due to their low abundance. A combination of proteome analysis and
measurement of activities is therefore needed. The proteases most often reported
to be involved in the response to drought are cysteine endopeptidases [79, 80],
although research on legume plants has indicated participation of other catalytic
types of protease, such as serine and aspartic endopeptidases [81, 82].

The response to drought at the level of leaf proteases has been relatively exten-
sively investigated in common bean. Different types of protease have been studied at
levels ranging from gene expression to proteolytic activity. In several cases, cultivars
with different sensitivities to water deficit have been investigated and changes in
proteolytic activity correlated with cultivar sensitivity [46, 54, 82]. In leaf extracts
from Brazilian cultivars several endoproteolytic activities with different pH optima
were higher in plants under drought. This effect correlated with the level of sensitivity
to drought of cultivars [54, 82]. Our research, carried out on cultivars of European
origin differing in sensitivity, showed the involvement in response to this stress of dif-
ferent classes of endopeptidases [46]. Increased activities with pH optima in the acid
region were observed in leaf extracts of the more sensitive cultivars and were assigned
to cysteine and serine proteases. It should be emphasized that differential analysis
of leaf proteomes indicated higher abundances of cysteine proteinase precursors in
stressed samples [15]. In addition, we have found that the activities of five aminopep-
tidases in leaves of common bean changed when plants were subjected to drought,
this response depending on the developmental stage of the leaves [83].

We have further isolated and characterized, at the protein and gene levels, a
protease from the leaves of a common bean that is influenced by drought [81]. It
has been classified as a new plant subtilisin-like serine protease. While its gene
expression did not change on water deficit, its proteolytic activity did. Further,
in common bean leaves an aspartic protease was characterized whose activity was
strongly induced on water deficit [82, 84]. It was shown that proteolytic processing
of its precursor form was induced by drought, and this, together with the effect of
stress on the level of its transcript, led to the suggestion that water deficit regulates
activity at both the transcriptional and PTM levels. This response occurs earlier and
is stronger in the cultivar more susceptible to drought.

5. Applications of QTL and molecular markers in breeding for drought
tolerance

5.1 QTL mapping

Quantitative trait locus (QTL) mapping is an established approach for detecting
loci associated with complex quantitative traits, such as, plant tolerance to drought.
In common bean multiple populations derived from crosses of susceptible and toler-
ant parental genotypes, belonging to either a single gene pool, or both Andean and
Mesoamerican gene-pools, have been genotyped and genetic linkage maps constructed
[18, 85]. Their precision and resolution have been greatly improved by novel sequenc-
ing technology and genetic markers, such as, SNPs. For instance, two inter-gene pool
populations of ‘BAT93’ x ‘JaloEEP558” and ‘DOR364’ x ‘G19833’ have been genotyped
repeatedly using a variety of marker systems, ranging from SSR and amplified frag-
ment length polymorphism (AFLP) to SNP [18, 85]. The efforts have culminated in
consensus linkage map generation joining both major inter-gene pool maps as well as
serving as a core for integration with Mesoamerican linkage map [18]. These approaches
have enabled identification of numerous QTLs, controlling resistance to various viral,
bacterial and fungal pathogens as well as multigenic traits such as tolerance to drought,
biomass production, yield partitioning, and micronutrient accumulation [86, 87].
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Drought response-associated QTLs in common bean have been reported in
association with yield, phenology, canopy biomass and biomass partitioning. A
Mesoamerican and Andean inter-gene pool genetic map with high marker coverage
was utilized to detect phenological and seed weight QTLs associated with drought
tolerance [88], while intra-gene pool Mesoamerican mapping population has been
utilized to identify drought-associated QTL for phenological and yield-related traits
[89] as well as QTL for photosynthate acquisition, accumulation and remobilization
traits in drought stress [90].

The translation of reported QTLs into practical use has, however, been
limited, due to highly variable common bean germplasm and strong influence
of the environmental conditions on the presence of minor QTLs. It would be
ideal to perform the validation of the QTL in crop production areas. Establishing
controlled and uniform growth conditions for evaluation of a large recombinant
inbred line (RIL) population, exceeding hundred genotypes, can however prove
difficult and not very practical, so a compromise approach for validation of
major QTL could consist of testing a subsample of the most diverse RILs for a
selected segregation trait in multiple trials sites [5]. Much of the work in QTL
mapping and development of drought-tolerant cultivars has been performed
based on the traits of the drought resistance sources of Mesoamerican origin,
such as those belonging to the race Durango [5].

5.2 Marker-assisted selection and breeding for drought tolerance

For decades DNA markers have been the most widely used molecular markers
in crop improvement, due to their abundance and polymorphisms. Marker-
assisted selection enables precise and effective selection of common bean
genotypes with specific traits and can greatly facilitate the selection process in
breeding [91, 92]. These markers are potentially very useful in trait selection
and breeding applications, and have been utilized in our procedures, to offer
additional informative value on the common bean genotypes included in the
breeding program (not published). The advantage of such an approach is thata
broad range of economically important traits can be covered, including disease
resistance, abiotic stress tolerance, high yield, earliness, phosphorus uptake, and
root morphology. However, the practical utilization of molecular markers is at
the beginning, also due to lacking validation across the genotypes of the diverse
common bean germplasm.

The marker-assisted selection is especially effective in selection for simple and
single gene traits, and has been applied for selection for resistance genes for vari-
ous common bean diseases of viral, bacterial and fungal origin [93, 94]. Selection
for quantitative traits such as quantitative resistance or drought tolerance presents
a great challenge as it can involve multiple major and minor QTLs controlling the
trait [91]. Improved understanding of the complex drought response mechanisms
on the level of physiology and molecular biology has enabled identification of
potential molecular markers, which could help us distinguish between drought
resistant and susceptible genotypes. Among the recently reported markers associ-
ated with the drought response in common bean are AQPs whose expression is
discussed in the present chapter under Section 4.1. On the other hand several
potentially useful molecular markers associated with drought response traits, such
as high yield under drought, have been identified using QTL mapping in a segre-
gating RIL populations [89, 90, 95].

Common strategy of common bean breeding programs for resistance to drought
is selection of best yielding genotypes that are cultivated in drought-exposed
conditions [37, 41]. In addition to that application of novel breeding approaches

118



Drought Stress Response in Agricultural Plants: A Case Study of Common Bean...
DOI: http://dx.doi.org/10.5772/intechopen.86526

not frequently used in common bean breeding has been described [5]. Recurrent
selection has been utilized for breeding for drought resistance in genotypes within
the same gene-pool, following a process of pre-breeding in which multiple potential
parental genotypes with drought resistance traits are created [40]. Another breed-
ing method, advanced backcrossing, could be potentially useful for simultaneous
transfer of multiple genes for improving drought resistance traits across genepools
[5]. These breeding approaches could greatly benefit with the future developments
in the research of plant drought response mechanisms and discovery of associated
molecular markers.

6. Conclusion

Drought tolerance is gaining importance in the breeding of common bean for
higher yields under the changing environmental conditions. Studying drought
tolerance is thus important in order to understand the underlying mechanisms
and to identify markers that could help distinguish the more tolerant common
bean genotypes. A highly diverse common bean germplasm, adapted to various
growth and climatic conditions, constitutes a valuable pool of traits including
potential drought tolerance traits. On the other hand, the great complexity of the
common bean response to drought on physiological and molecular levels presents
a great problem for more effective breeding. The challenge for the future will be
to integrate the data obtained by various approaches that include screening of the
transcriptome, proteome and metabolome, using advanced bioinformatics and
systems biology, identifying molecular markers and QTLs and elucidating the
underlying pathways.
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Abstract

The analysis and understanding of drought phenomenon are essential for the
management of hydrological resources. Drought indices are commonly used to
predict these extreme events, being their suitability partly due to the use of climate
fields at an adequate spatiotemporal resolution. This work aims to examine spa-
tiotemporal patterns of drought over the Iberian Peninsula (IP), which is a region
especially vulnerable to drought phenomenon. For this, climate data from a simula-
tion completed with the Weather Research and Forecasting (WRF) model have
been used. The spatiotemporal patterns of drought over the period 1980-2014 were
examined using the Standardized Precipitation Evapotranspiration Index (SPEI) at
the 3- and the 12-month time scales, and they were compared with other drought-
related variables such as the surface evapotranspiration (SFCEVP), soil moisture
(SM), and runoff. The results evidence that WRF is a valuable tool for character-
izing droughts over the IP, providing large amounts of climate data at an adequate
spatial resolution. Drought events seem to be more severe in regard to their duration
over southern IP. Moreover, a good agreement between the SPEI at 3-month time
scale with the SM and the SFCEVP is found. Additionally, the annual runoff evolves
similarly to the SPEI at 12-month time scale.

Keywords: Weather Research and Forecasting model, regional climate models,
drought indices, Standardized Precipitation Evapotranspiration Index,
Iberian Peninsula

1. Introduction

Drought phenomenon has been considered as one of the major natural hazards
causing numerous economic, social, and environmental losses [1]. In the context
of ongoing global warming, an increase in frequency and intensity of this kind of
extreme event is expected [2-4], and therefore, its accurate characterization is of
high relevance for both mitigation and adaptation. In broad terms, drought is usually
characterized as the scarcity of precipitation over a prolonged time period, but it is
difficult to define and identify due to the great number of variables involved as well as
the variety of sectors affected. Moreover, the characterization of the spatiotemporal
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patterns of drought is very complex since it is very variable in space and time, this
being particularly true in transitional zones such as the Iberian Peninsula (IP) [5].

In recent years, drought indices have been commonly used to identify, analyze,
and monitor the occurrence of droughts. As indicated in [6], drought indices are
variables based on climate information (e.g., precipitation, evapotranspiration,
soil moisture, or runoff). They are used to analyze the effects of drought, allowing
the definition of different drought characteristics (i.e., the duration and severity of
droughts as well as the spatial extent). However, their accuracy strongly depends on
long-term consistent climate data, and unfortunately, spatially and temporally regu-
lar climate observations are rare. In this context, the regional climate models (RCMs)
are valuable tools providing climate information at an adequate spatiotemporal
resolution to characterize regional drought patterns. In fact, drought phenomena are
spatially complex, so detailed spatial scales are required in the study of droughts [7].
Additionally, Abatzoglou et al. [8] investigated the sensibility of drought indicators
to the spatial resolution and found that the indices computed with the highest resolu-
tion explained over 10% more variability than those from coarser datasets.

Among different drought indices developed in recent years, the Standardized
Precipitation Evapotranspiration Index (SPEI) [9] was proposed as an alternative to
the Standardized Precipitation Index (SPI) [10]. Contrariwise to the SPI, the SPEI
takes into account the effect of temperature for detecting droughts, and therefore, it
seems to be more accurate in the context of global warming [11]. In fact, the increased
global temperature trend is expected to increase the atmospheric evaporative demand,
so regions, where the precipitation is normal in a given period (or even higher than
normal), could be considered to suffer droughts. For instance, the role of the tempera-
ture is clear for the event occurred during summer 2003, which had devastating effects
in central Europe mainly because of the anomalous temperatures in this period [9].
Furthermore, taking into account temperature data, this drought indicator has shown
better performance than others based solely on precipitation (e.g., the SPI) for detect-
ing droughts during summer, when the related impacts may become stronger [11].

This work investigates spatiotemporal patterns of drought through the SPEI to
understand the drought temporal behavior over the IP, identifying those periods
especially accused. This is of major relevance because the IP is characterized by
highly variable and scarce precipitation leading to recurrent drought occurrences
[12]. For this purpose, a 35-year climate simulation has been completed using the
Weather Research and Forecasting (WRF) model [13] with the purpose of obtain-
ing high-resolution climate data.

The chapter is structured as follows: Section 2 is devoted to detail the WRF
model configuration as well as the statistical method applied to characterize the
spatiotemporal patterns of droughts over the study region. Section 3 presents the
main results regarding the temporal evolution of drought for the 35-year period
(1980-2014), the identification of drought characteristics as well as the analysis of
the relationships of the SPEI with other drought-related variables, such as the sur-
face (actual) evapotranspiration, the soil moisture content, and the runoff. Finally,
Section 4 summarizes the main conclusions obtained in this study.

2. Methodology
2.1 Climate input data
Hydroclimate variables at high spatiotemporal resolution were obtained by

using the WRF-ARW model version 3.6.1. This RCM was run to simulate current
climate characteristics over the IP and Balearic Islands (Figure 1a). The WRF model

130



Understanding the Drought Phenomenon in the Iberian Peninsula
DOI: http://dx.doi.org/10.5772/intechopen.85472

was driven by the ECMWF ERA-Interim reanalysis data [14]. Table 1 summarizes
the main model setup used in this study. This configuration has been successfully
used to represent the spatiotemporal patterns of droughts in the study region [15].
In [15], the authors analyzed the added value of using downscaled climate data to
detect drought through the comparison with observational data and found that
WREF provided a benefit with respect to its driving data in this regard.

(a) :

(b) _ _ o
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B North Atlantic (NA) B Tajo (TJ)
 Mdido Sil (MS) B Southeastern Basin (SE)
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N Ehro (EB) R Cuadalguivir (GO}
B MNortheastern Boasin (NE) e Southern Basin (SB)
B Portugal Basins (PB) Balearie Islands (BI)

Figure 1.
(a) WRF domains: the EURO-CORDEX region (do1) at 0.44° of spatial resolution and the IP region (do2)
with a spatial resolution of 0.088°, and (b) the main river basins over the IP.
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Parameters Description

Spatial Two “one-way” nested domains: (d01) EURO-CORDEX region at 0.44° (~50 km)
configuration of spatial resolution, and (d02) the IP at a spatial resolution of 0.088° (~10 km)
Temporal period Period 1980-2014 with 11 months of spin-up

Vertical layer 41 vertical levels set the top of the atmosphere at 10 hPa

Nudging and sponge Spectral nudging for waves above 600 km, only over the coarser domain and above
zone the planetary boundary (PBL)

Sponge zone: the 10 outer grid points of each domain

Physics schemes Microphysics: WRF single-moment-3-class [16]
Convection: Betts-Miller-Janjic [17, 18]
PBL: convective asymmetric model version 2 [19]
Land surface model: Noah LSM [20]
Radiation: community atmosphere model 3.0 [21]

See [15] for more details.

Table 1.
The main model configuration.

In this study, the 3-hourly outputs in their native grid resolution have been used
as climatic input data to analyze drought occurrences. In this way, the outputs of the
WRF model at 10 km of spatial resolution (i.e., those from the inner domain d02,
Figure 1a) were temporally aggregated at monthly scale, obtaining thus gridded long-
term monthly climate data over land for the entire study region, for the period 1980-
2014. The monthly variables used here are the averaged maximum and minimum
temperature (Tmax and Tmin, respectively), the accumulated precipitation (pr), the
accumulated surface evapotranspiration (SFCEVP), the mean soil moisture contained
in the upper 1 m (SM), and the runoff. The WRF model, through the coupled Noah
LSM scheme, contemplates two different runoff components, the surface and subsur-
face runoff. Here, the runoff was understood as the sum of these two components.

2.2 Defining drought occurrences over the Iberian Peninsula
2.2.1 The Standardized Precipitation Evapotranspivation Index (SPEI)

The SPEI has been widely used in recent years to characterize droughts, showing
a good ability to detect, monitor, and analyze drought events [22-24]. This drought
indicator is based on the SPI and differs in that it uses a simple “climatic water
balance” instead of precipitation data in determining droughts. The temperature
effect is indeed considered through the difference between the precipitation and the
reference evapotranspiration (ET,), this being aggregated at a range of time scales
(1-48 months). Then, the aggregated climatic water balance is fitted to a statisti-
cal distribution, and subsequently, its probability density function is transformed
into a random normal variable Z with mean of 0 and variance of 1. This latter
assumption enables the comparison across regions by determining the probability
of occurrence of a given drought event (Table 2). Thus, Z is the corresponding SPEI
and indicates the number of standard deviations from the climatological mean.
Therefore, and similar to the SPI, the SPEI is statistically robust, simple to compute
and easily interpretable. Even more, the option to compute it at different time
aggregations makes this index suitable for assessing different drought types (i.e.,
meteorological, agricultural, or hydrological droughts) [9].

In this study, the SPEI was computed at two different time aggregations: the 3- and
12-month time scales (hereinafter SPEI-03 and SPEI-12, respectively) using the SPEI
R-package [25]. These time scales were chosen with the purpose of characterizing
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SPEI value Category Probability (%)
SPEI >2 Extremely wet 23
2>SPEI>15 Severely wet 44
15> SPEI>1 Moderately wet 9.2
1>SPEI>0.5 Mildly wet 15.0
0.5> SPEL> —-0.5 Nearly normal 38.2
—0.5>SPEI > -1.0 Mild drought 15.0
-1>SPEI> -1.5 Moderate drought 9.2
—1.5>SPEI > -2 Severe drought 44
SPEI < -2 Extreme drought 23
Table 2.

Drought categories and their probability of occurrence.

agricultural and hydrological droughts [6], respectively. Temporal series of the
climatic water balance were obtained for the entire IP using the pr and the Tmax and
Tmin from WRF at monthly scale. To approximate the ETy, the Hargreaves equation
[26] was used. Studies such as [27] evidenced that the Hargreaves method is able

to approximate the ET, showing similar results to the Penman-Monteith equation
[28] with the advantage that only temperature data are required to calculate it. The
climatic water balance, here, is assumed to follow a log-logistic distribution [27].
This distribution has been used in many studies (e.g., [10, 27]) to fit the SPEL, mostly
because it is a three-parameter distribution (i.e., negative values are permitted),
which has been proved to better estimate the climatic water balance [27].

Then, the temporal series of SPEI at both 3- and 12-month time scales for each grid
point were spatially averaged obtaining the SPEI evolution for each main river basin over
the IP. Twelve main river basins were considered, as the result of aggregating smaller
watersheds. They are North Atlantic (NA; composed by the Galician coast, the Western
Cantabrian, and the Eastern Cantabrian watersheds), Mifio-Sil (MS; the Mifio-Sil, the
Cavado, the Ave, and the Leca watersheds), Duero (DU), Ebro (EB), Northeastern
Basins (NE), Portugal Basins (PB; the Vouga, Mondego, Lis, and Ribeiras do Oeste),
Tajo (TJ), Southeastern Basins (SE), Guadiana (GU; Guadiana, Sado, Mira, and Ribeiras
do Algarve), Guadalquivir (GQ; Guadalquivir, Tinto, Odiel, Piedras, Guadalete, and
Barbate), Southern Basins (SB), and the Balearic Islands (BI) (Figure 1b).

In order to explore the severity of droughts, different drought characteristics
have also been analyzed. For this, the established condition is that a dry event is
occurring when at least two consecutive months are under the defined drought con-
ditions. Therefore, a dry event was considered to begin when the SPEI falls below
zero, and it ends when recovering positive values. Moreover, such a dry period is
defined as drought if at least 1 month within the period reaches mild drought condi-
tions (i.e., SPEI below —0.5 [29]). Then, the duration of droughts is understood as
the number of months in each drought event. The intensity is the averaged value of
the SPEI within the period expressed in absolute value. Additionally, the severity
of the event (or minimum value reached) was also explored, which is expressed in
terms of absolute value of the SPEI.

2.2.2 Temporal evolution of drought-velated variables

Time series for each river basin from other drought-related variables were also
examined. In this regard, the SM and SFCEVP were examined because they directly
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affect the agricultural droughts. In fact, soil water availability is the major driver

of the plant transpiration. To do this, the monthly time series of SM and SFCEVP
were used to compute the standardized anomalies of such variables. These anoma-
lies were computed with two purposes: (1) to remove seasonality and (2) to make
the temporal evolutions comparable across regions. The SFCEVP was previously
accumulated using 3-month time slices to also compare it with the SPEI-03, which is
the time scale here used to characterize agricultural droughts.

On the other hand, to further investigate hydrological droughts, the temporal
series of runoff, previously aggregated at annual scale, were used to compute the
standardized anomalies series. This variable allows us to incorporate hydrological
processes in drought characterization [6]. Hydrological droughts are developed
slowly and persist longer than other forms of drought [30], so relationships between
temporal series of runoff and the SPEI-12 must occur.

The relationship between such drought-related variables with the SPEI was
investigated by computing temporal correlation coefficients for all river basins.
Additionally, a t-test at the 95% confidence level was used to determine the signifi-
cance of the correlation coefficients, previously considering the effect of the serial
correlation by following the methodology proposed by Bretherton et al. [31].

3. Spatiotemporal patterns of droughts
3.1 Temporal evolution of the SPEI

This study begins with the analysis of the temporal evolution of the SPEI-03
and the SPEI-12 for all river basins over the entire study period (Figure 2). In the
interest of clarity, SPEI evolution is represented according to the different drought
categories (see Table 2). Concerning the SPEI-03 evolution (Figure 2a), the results
showed a high temporal variability, which is a characteristic of meteorological
droughts. That is, the SPEI changes frequently between drought and wet conditions.
Furthermore, these results evidence the complexity of drought phenomena and
therefore its characterization since very different conditions may be found in the
different watersheds in a given moment (i.e., while certain river basins are affected
by drought conditions, others presented normal or wet conditions). Several drought
events were recorded over the study period. For instance, moderate to extreme
drought conditions appeared during the years 1985, 1994-1995, 2005, and 2012
across a large part of the IP. Contrariwise, the years 1984, 1996-1998, 2003-2004
2010, and 2013 showed wet conditions over a large part of the IP.

Looking at the longest time scale (Figure 2b), the results presented a less vari-
able behavior. In fact, for 12 months, the SPEI is less sensitive to variations from
a given month, and hence, the changes between wet and dry conditions are less
frequent and these are also longer. Moreover, the results display that, in general, dry
and wet conditions are allocated in the same periods than those from the 3-month
time scale, with the most severe droughts happening during 1995, 1999, 2005, and
2012. For these years, many watersheds were affected by severe drought conditions
(i.e., SPEI below —2). Conversely, wet periods also appeared over many river basins
during the years 1984, 1997, 2010, and 2013. Note the extreme wet conditions occur-
ring during 2001 in the PB and the MS river basins.

3.2 Climatological characteristics of droughts

In order to further explore drought phenomenon, the duration distributions
of drought events were explored for all river basins. Figure 3 displays the box
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Figure 2.

Temporal evolution of the SPEI in all viver basins between 1980 and 2014 at (a) 3- and (b) 12-month time
scales. The color code is established according to the drought categories. Nomenclature: North Atlantic (NA),
Mifio-Sil (MS), Duero (DU), Ebro (EB), Northeastern Basins (NE), Portugal Basins (PB), Tajo (T]),
Southeastern Basins (SE), Guadiana (GU), Guadalquivir (GQ ), Southern Basins (SB), and the Balearic
Islands (BI).

plots of the duration of droughts for both the SPEI-03 and the SPEI-12 and for
all river basins. This representation shows the scores of duration (in months) as
well as their distributional characteristics. At 3 months (Figure 3a), the median
was between 3 and 4 months, and the mean was around 4 months. Therefore,
the mean was slightly higher than the median in all river basins, showing that the
distributions are skewed to the right. The 97.5th percentile (limits of the upper
whiskers) ranges from about 7.5 to 14.5 months, with the shortest and the longest
durations occurring for the NE and the GQ river basins, respectively. On the
other hand, the spread of the distribution is a signal of high variability in drought
events, and it is marked by the size of the box (i.e., the interquartile range). In
this regard, southern river basins (i.e., the TJ, SE, GU, GQ, and SB river basins)
showed larger interquartile range than the northern ones (i.e., the NA, MS, DU,
NE, and PB river basins).

For the SPEI-12 (Figure 3b), longer durations appeared for the period 1980-
2014 in general, showing also more spread in their distributions. The median was
between 5 and 14 months, reaching the maximum values again over the southern
river basins. The mean duration of droughts was around 12 months, indicating
that the mean was higher than the median in many cases. The 97.5th percentile was
between 12 and 53 months with the highest one over the BI river basin. The major
variability in terms of interquartile range seems to appear again over the BI river
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Figure 3.

Box plots of duration of drought events for all river basins, (a) for the SPEI-03 and (b) for the SPEI-12. The
lower and upper parts of the boxes represent the 25th and the 75th percentiles, vespectively; the line in the
middle of each box is the median and the upper and lower whiskers indicate the 2.5th and 97.5th percentiles,
respectively. The mean is displayed with black dots.

basin, which presented a large difference between the median and the third quartile
(a difference of about 27 months). This latter feature reveals that most of the events
for this period were short, but a longer event also occurred. The same behavior also
appears in the SE river basins, but here the distribution is more homogenous, show-
ing shorter events.

The box plots for the intensity of the drought events were also examined. In
fact, the effects of drought phenomenon are stronger for longer events, but they
are also the results of strong intensities. Hence, the distribution of the intensity
has to be analyzed. In general, both time scales presented distributions with a
low spread, particularly for those events from the SPEI-12. For the 3-month time
scale (Figure 4a), the median was around 1 for all river basins, indicating that
the events were, on average, moderate. As for duration, the mean was slightly
higher than the median, reaching values of around 1.1. Concerning the extreme
values, the 97.5th percentile was around 1.5 in general and reached a maximum
above 1.7 (severe drought) over the EB and the PB river basins. Slightly lower
medians are presented for events computed at 12 months (Figure 4b), where
median intensities rise to values between 0.86 and 1.17 (i.e., from mild to moder-
ate droughts). The mean values were around 1, and these were slightly higher
than the median values in most of them. Some basins as MS, EB, or PB presented
the opposite behavior. Concerning the extreme values in terms of intensity, the
97.5th percentile was also slightly lower than for the previous time scale (values
around 1.45), reaching values above 1.5 over the GQ, the SB, and the PB river
basins.

In addition, to examine trends of drought occurrences along the study period,
the duration, intensity, and severity of drought events were analyzed by computing
such parameters in two different periods: 1980-1999 and 2000-2014. Then, the
median changes between both periods in the three parameters were used to develop
a categorical classification.
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Figure 5 displays the trends for the main river basins and for both time scales.
At 3 months (left map), different behaviors were shown. The DU river basin hasa
positive trend in the three parameters, and the EB presented the opposite behavior.
Intermediate trends appeared in the rest of the IP, showing watersheds where a posi-
tive trend occurred only in the median severity (i.e., the MS and the SE river basins).
In other watersheds, the positive trend only appeared in the median intensity (i.e.,
the NE, the BI, and GQ river basins), but there were also watersheds with an increase
in two of the characteristics analyzed. However, for the 12-month time scale (right
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Figure 4.

Box plots of intensity of drought events for all river basins, (a) for the SPEI-03 and (b) for the SPEI-12. The
lower and upper parts of the boxes represent the 25th and the 75th percentiles, vespectively; the line in the

middle of each box is the median and the upper and lower whiskers indicate the 2.5th and 97.5th percentiles,
respectively. The mean is displayed with black dots.
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Categorical classification of droughts for the SPEI-03 (left) and the SPEI-12 (vight) based on the changes in
severity (AS), intensity (Al), and duration (AD) between the periods 1980-1999 and 2000-2014.
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map), the positive trends are less frequent, showing an increased trend in more than
one parameter only for the PB, the DU, and the EB river basins. In these three basins,
the results showed an increase in both severity and duration of drought events.

4. Temporal evolution of drought-related variables

Finally, we investigated the relationship between the SPEI and other drought-
related variables. Figure 6 shows the temporal evolution of the standardized anoma-
lies of SFCEVP accumulated at 3 months as well as of the monthly mean SM for all
river basins. The SPEI-03 was also displayed with comparative purposes. In broad
terms, the SM evolves similar to the SPEI-03, showing correlations above 0.7 in
all river basins (second column in Table 3). However, the SFCEVP presents more

1980 18983 1986 16939 1962 1995 1603 2001 2004 2007 2000 2013
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Figure 6.
Standardized anomalies of the 3 months accumulated SM (blue line) and SFCEVP (orange line), SPEI-03
(gray area) evolutions for the NA, MS, DU, EB, NE, PB, T], SE, GU, GQ, SB, and BI river basins.

River basins SPEI-SM SPEI-SFCEVP SPEI-runoff
NA 0.85 0.24 091
MS 0.84° 0.49' 091
DU 0.82 0.56" 0.80°
EB 0.81 0.53' 0.80°
NE 0.81 067 0.80°
PB 0.84° 0.60° 087
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River basins SPEI-SM SPEI-SFCEVP SPEI-runoff
TJ 079" 0.56" 0.84
SE 0.80" 0.70’ 0.80°
GU 0.76 0.60° 0.80°
GQ 077 0.61 0.81
SB 075 067 0.81
BI 0.76' 063 077

Significant corvelations at 95% confidence level.

Table 3.
Pearson’s temporal corvelation (r) between the SPEI-03 and the soil moisture content (SPEI-SM) and SFCEVP
(SPEI-SFCEVP), and between the SPEI-12 and the 12 months' accumulated runoff (SPEI-runoff).
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Figure7.
Standardized anomalies of the 12 months accumulated runoff (blue line) and the SPEI-12 (gray area)
temporal series for NA, MS, DU, EB, NE, PB, T], SE, GU, GQ, SB, and BI river basins.

discrepancies, especially for the NA and the MS river basins. This latter is probably
produced because wet zones such as the northwestern IP are characterized by a
SFCEVP less sensitive to changes in SM, being energy-limited regions. Here, only
under very long periods of precipitation scarcity, the SFCEVP is strongly affected
by the water availability. Contrariwise, in transitional zones (i.e., southern IP), the
SFCEVP is usually limited, and then, the SM, and consequently the precipitation,
largely controls the SFCEVP. In this region (e.g., the GQ or the SE river basins), the
SFCEVP agrees really well with the SPEI-03. This behavior is reflected in the tem-
poral correlations between the SFCEVP and the SPEI-03 (third column in Table 3),
which tends to be higher over the southern river basins. In broad terms, the Pearson’s
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correlations also show that the SPEI-03 correlates well in general with the SFCEVP,
showing significant correlations at the 95% confidence level for all river basins,
except over the NA river basins.

The hydrological droughts are represented in Figure 7. Here, the temporal evolution
of the runoff, which was obtained by aggregated standardized anomalies at 12 months,
was displayed, as well as the SPEI-12. As for the previous analysis, different periods
with positive and negative anomalies were recorded in all river basins, reproducing wet
and dry periods similar to the SPEI-12. In fact, the SPEI-12 reflects long-term precipi-
tation patterns, being thus useful to determine streamflow and reservoir levels. For
instance, a marked wet period clearly appeared during 2001 over the NA, the MS, the
DU, the PB, and the TJ river basins in both the runoff and the SPEI-12 temporal series.
In the same way, certain river basins presented marked negative standardized anoma-
lies of runoff during 2005, which also showed important negative values of SPEI-12. As
expected, r between the SPEI-12 and the runoff was really high showing values around
0.85, with the highest ones over the NA and the MS river basins (r values of 0.91).

5. Conclusions

This chapter is devoted to analyzing spatiotemporal patterns of droughts
over the IP, a region particularly vulnerable to this extreme event [7] for the
period 1980-2014. To do this, a regional climate simulation using the WRF model
was completed, obtaining thus high spatiotemporal resolution climate data.
Temperature and precipitation data from WRF were used to compute the SPEI at 3-
and 12-month time scales with the purpose of analyzing different drought applica-
tions (e.g., agricultural and hydrological). This index has proved to be adequate to
analyze droughts in the context of global warming.

Firstly, the regional performance of the SPEI was assessed. The most general
evolution in droughts is consistent with other studies that allocated the main
drought episodes occurred over the IP (e.g., [27]). The results evidenced that
WREF appears as a promising tool for analyzing droughts since they provide a great
number of climate variables at adequate spatial and temporal resolutions, which are
unusually obtained from observations. In fact, climate data from regional simula-
tions may be useful to determine where and when drought is occurring, providing
valuable information to compute different drought indices using different drought-
related variables.

These results also show that the SPEI-03 represents more frequent and shorter
episodes, with the median duration and intensity of about 3-4 months and 1,
respectively. In this regard, the largest events occurred over the southern IP, which
is especially vulnerable due to its aridity conditions. In fact, this region is arid and
then major damages may be produced under the occurrence of severe drought
events.

On the other hand, the SPEI-12 presented longer drought episodes, showing, in
general, more spread in its duration distributions, with the median values ranging
from 5 to 17 months. However, in regard to the intensity, droughts presented similar
behavior for both time scales.

Concerning the existence of the trends in droughts along the analyzed period,
the results indicate that, in general, an increase in at least one of the drought prop-
erties occurred over the period 2000-2014 with respect to the period 1980-1999 in
most of the river basins, more evident for the SPEI-03.

In the comparison between the SM and the SPEI-03, the results show that this
variable presents a good agreement with the SPEI, which is an index based on a
balance between water supply and potential demand at 3 months, which suggests
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that the 3-month time scale is adequate to study agricultural drought in general over
the IP. In fact, it is well known that variations in the SM are the result of changes

in precipitation, SFCEVP, and runoff. Therefore, it is an accumulated measure of
water availability, and thus, it can be used to detect dry and wet periods [32]. On
the other hand, the SFCEVP also affects the agricultural systems, but its relation-
ship with droughts is more complex. That is, the SFCEVP is the actual loss of

water, which depends on the water demand by plants and the atmosphere (i.e., the
potential evapotranspiration and consequently the temperature), but also on the
water availability. This is clearly shown in arid regions, in which the SM largely
controls the SFCEVP. Therefore, the actual water balance can be used as a proxy of
drought occurrences, but it must be interpreted with caution in regions in which the
SECEVP is not a limiting factor such as the northwestern IP.

Hydrological droughts can be defined as the scarcity of surface and subsurface
water resources that leads to negative effects in water resources management system.
In this regard, our results indicate that the annual runoff seems to be a good variable to
identify hydrological droughts, showing an especial good agreement with the SPEI-12.

The agreement between variables shown here also evidences that the SPEI is an
adequate index to investigate drought conditions over the IP, reproducing these in
a similar way than other drought-related variables over the study period. This is of
high relevance to adequately develop strategies to mitigate the effects of droughts in
the future.
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Abstract

Developing and least developed countries are particularly vulnerable to the
impact of climate change and climate extremes, including drought. In Papua New
Guinea (PNG), severe drought caused by the strong El Nifio in 2015-2016 affected
about 40% of the population, with almost half a million people impacted by food
shortages. Recognizing the urgency of enhancing early warning systems to assist
vulnerable countries with climate change adaptation, the Climate Risk and Early
Warning Systems (CREWS) international initiative has been established. In this
chapter, the CREWS-PNG project is described. The CREWS-PNG project aims to
develop an improved drought monitoring and early warning system, running oper-
ationally through a collaboration between PNG National Weather Services (NWS),
the Australian Bureau of Meteorology and the World Meteorological Organization
that will enable better strategic decision-making for agriculture, water manage-
ment, health and other climate-sensitive sectors. It is shown that current dynamical
climate models can provide skillful predictions of regional rainfall at least 3 months
in advance. Dynamical climate model-based forecast products are disseminated
through a range of Web-based information tools. It is demonstrated that seasonal
climate prediction is an effective solution to assist governments and local communi-
ties with informed decision-making in adaptation to climate variability and change.

Keywords: drought, climate risk, early warning systems,
seasonal climate prediction, Papua New Guinea

1. Introduction

Climate has been changing on a global scale since the beginning of the Industrial
Revolution; particularly rapid climate change including changes in many extreme
weather and climate events has been observed since about the 1950s [1]. The
increase in the frequency and severity of extreme weather and climate events has
resulted in an increased number of natural disasters impacting on the wellbeing of
society. Asia-Pacific is one of the world’s most disaster-prone regions, according
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to the “Asia-Pacific Disaster Report 2012” prepared by the United Nations (UN)
Economic and Social Commission for Asia and the Pacific and the UN Office for
Disaster Risk Reduction: “almost 2 million people were killed in disasters between
1970 and 2011, representing 75% of all disaster fatalities globally; the most frequent
hazards in the region are hydro-meteorological, which affect the most people; since
2000, more than 1.2 billion people have been exposed to hydro-meteorological
hazards alone, through 1215 disaster events” [2].

Economic losses in Asia and the Pacific in 1970-2016 attributed to disasters includ-
ing droughts, floods, storms, earthquakes and tsunamis total to about $1.3 trillion [3].
Economic losses have been rising over the past decades, and it is projected that losses
will continue to increase. UN assessment indicates that increase in frequency and
magnitude of disasters combined with the increased vulnerability of society could
cost the Asia-Pacific region $160 billion per year by 2030 [4].

Developing countries, least developed countries (LDCs) and Small Island
Developing States (SIDS) are particularly vulnerable to impact of climate change and
climate extremes, including drought, which could lead to water crisis or severe food
shortage. For example, a prolonged drought episode related to the strong 2010-2011 La
Nifia event affected multiple SIDS in the Pacific, including Samoa, Tokelau, Tonga and
Tuvalu. The impact of the drought was particularly severe in Tuvalu resulting in water
crisis [5]. The Government of Tuvalu declared a state of emergency due to critically low
water supplies, and households were rationed to about 40 L of freshwater per family
per day [6]. In Papua New Guinea, severe drought caused by strong El Nifio event in
2015-2016 affected about 40% of the population, with almost half a million people
experiencing food shortages [7].

The Climate Risk and Early Warning Systems international initiative was estab-
lished in 2015 [8] to enhance early warning systems (EWSs) for vulnerable coun-
tries dealing with climate change. CREWS presently operates in countries in Africa,
the Pacific and the Caribbean, providing EWS to protect the most vulnerable popu-
lations against hydrometeorological hazards like tropical cyclones, droughts and
floods [9]. In most of those countries, meteorological observation networks are cur-
rently barely adequate, and EWS are basic. The World Meteorological Organization
(WMO), working in partnership with the national governments and hydrometeo-
rological agencies of LDCs and SIDS through the projects of the CREWS initiative,
strives to improve decision-making around climate change adaptation, disaster risk
reduction and sustainable development.

In Africa—in the Democratic Republic of the Congo, Burkina Faso, Mali and
Niger—CREWS supports the improvement of operational hydrometeorological
forecasts and early warnings for agriculture and food security related to flood
and drought risks. In the Caribbean, CREWS assists countries in the region to
strengthen regional and national systems and capacity related to weather forecast-
ing, hydrological services, multi-hazard impact-based warnings and service deliv-
ery, including tropical cyclones, for enhanced decision-making. In the Pacific—in
Fiji, Cook Islands, Kiribati, Niue, Tuvalu, the Federated States of Micronesia,
Samoa, Solomon Islands, Tonga, Palau, Nauru, the Marshall Islands, Tokelau and
Vanuatu—CREWS projects strengthen the capacity of SIDS in hydrometeorological
services and EWS. In Papua New Guinea, CREWS improves the existing drought
monitoring network, as well as early warnings for the agriculture sector and emer-
gency service managers.

In this chapter, the CREWS project for PNG and its implementation strategy are
described; synergies with the International Climate Change Adaptation Initiative,
the PNG Capacity Development Program and the Space-Based Weather and Climate
Extremes Monitoring Demonstration Project (SEMDP) are outlined; and the
project’s preliminary results are presented.
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2. CREWS-PNG

The CREWS-PNG project develops improved drought monitoring and subsea-
sonal-to-seasonal prediction that can foster better decision-making for agriculture,
water management and other climate-sensitive sectors by creating an end-to-end
EWS aimed at reducing the impacts of drought. In this section, a brief overview
of climate impacts on PNG climate-sensitive sectors is presented, providing the
rational for CREWS-PNG project and its implementation strategy.

2.1 Climate impacts on PNG climate-sensitive sectors

PNG is a country in the Southwest Pacific with a population of almost 7 million
people, with agriculture providing a subsistence livelihood for 85% of the popula-
tion. PNG, the largest of the Pacific Island Countries, faces multiple climate change-
related challenges. Climate-related natural disasters, as well as gradual shifts in
climatic and oceanic conditions, already pose significant risks to PNG, disrupting
daily life, causing damage to assets and infrastructure, destroying livelihoods and
killing or injuring people.

The El Nifio-Southern Oscillation (ENSO) is one of the key drivers of interannual
climate variability around the globe, with substantial impacts felt in PNG. During
the warm phase of ENSO (El Nifio), ocean surface waters in the central and western
Pacific Ocean cool, causing a shift in weather patterns and associated rainfall towards
the eastern Pacific. This often results in severe rainfall deficits in the western Pacific,
leading to significant drought conditions across PNG. However during the cool phase
of ENSO (La Nifia), warmer than average ocean surface waters and enhanced con-
vection and rainfall occur over the Maritime Continent, which can result in extreme
precipitation, flooding and landslides in PNG. These climate extremes take a severe
toll on both the population and economy of PNG people. For instance, the 2015-2016
El Nifio, which was one of the three strongest El Nifio events since the 1950s, had
significant impacts on PNG agriculture and energy and mining sectors.

For agriculture, the 2015-2016 El Nifio-induced drought and frost led to crop
failures which affected almost 2.5 million people (approximately 40% of the popu-
lation) with almost half a million people suffering severe food shortages [7]. Staple
sweet potato crops in the highlands were severely damaged by frosts in August
2015—the result of reduced night-time cloud cover—which also destroyed wild
plants that are usually eaten as a supplement source of food.

For energy, the hydropower plant at Yonki Dam, which supplies the entire
highlands and the Momase regions with electricity, and the Sirinumu Dam, which
supplies the nation’s capital Port Moresby, were not able to adequately meet the
expected energy demands due to low water levels. As a result, energy suppliers were
forced to switch to diesel power generation which was both costly and environmen-
tally unfriendly.

For mining, Ok Tedi, one of PNG’s major mining operations, closed down its
operations due to very low water levels in the Fly River which prevented cooper ore
and other minerals from being shipped out.

It is expected that climate change will exacerbate those hazards already impact-
ing on agricultural yields and the productivity of other economy sectors, further
reducing the financial and social wellbeing of PNG population. Addressing
these issues, the government of PNG through the Office of Climate Change and
Development has put its emphasis on combating natural hazards in the country,
including food insecurity caused by crop failures due to droughts and inland frosts.

The CREWS-PNG project aims to address this government priority through
enhancing EWS and strengthening resilience to climate change by providing
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accurate and timely information about the current state of the climate and increas-
ing the use of subseasonal-to-seasonal climate predictions. This will have a primary
focus on drought- and food security-related impacts while providing benefits in
other priority areas, e.g. climate change mitigation and adaptation, water and
sanitation impacts of drought, etc.

2.2 CREWS-PNG key areas of activity

The main objective of the CREWS-PNG project is to build the capacity of the
PNG National Weather Service and strengthen its cooperation with key business
sectors, government departments and other stakeholders, in order to put in place
complete systems that deliver warnings and relevant information to end-users.
The following key components of the project—improvement of observations and
databases, weather and climate monitoring and forecasts and support for EWS
development—are designed in order to achieve this objective.

2.2.1 Improvement of observations and databases

Meteorological observations (i.e. collecting instrumental data about atmo-
spheric pressure, temperature, moisture, precipitations, wind, solar radiation,
ocean temperature and many other weather and climate essential variables which
describe state of the environment) are one of the mandatory functions of National
Meteorological and Hydrological Services (NMHSs) around the world. The PNG
NWS currently has an observation network of 13 weather and climate stations, 7
rain gauge stations and 5 agrometeorological stations.

Given PNG’s total area is about 462,840 sq. km with rugged terrain and many
remote microclimates, the existing meteorological observation network is not
adequate to provide a comprehensive spatial coverage. Improvement of meteo-
rological observations is an essential part of the project and is addressed through
increased station network reliability and sustainability and improved control and
maintenance procedures as well as through augmenting data from the existing
surface-based observation stations with the data from additional automatic weather
stations (AWSs) that will be established in partnership with the PNG Capacity
Development Program (PNG-CDP) (see Section 2.3 for detail).

Collecting meteorological observations over a substantial period of time (e.g.
the WMO standard for deriving climatology is 30 years of records) is vital for
understanding the current climatic conditions as well as deriving trends in environ-
mental variables. In some countries, NMHSs have long-term climate records going
back to the nineteenth century. Historically, meteorological observations were kept
as paper records. In modern times, these paper records have been digitized and
stored electronically in computerized database management systems, and new data
are archived in digital form.

In PNG, early historical records of rainfall for Port Moresby are available from
the 1890s and are largely complete from 1905. Rainfall data from other meteoro-
logical stations located across the country are also available, typically from the
1950s to 1960s. Some historical climate records have been digitized as part of the
International Climate Change Adaptation Initiative (ICCAI). However, substan-
tial climate records are still stored in paper form and required digitization. One of
the key areas of activities for CREWS-PNG is to continue the implementation of
climate data rescue activities. Data digitizing is conducted at the climate sec-
tion of the PNG NWS under supervision of experienced climatologists. Quality
control procedures are in place to ensure that this invaluable historical climate
record is preserved for future analysis. The improvement of historical databases,
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including data homogenization, is essential for deriving accurate climatology and
trends. This important task is addressed by the CREWS-PNG project.

Once digitized, the records are archived in a modern climate database manage-
ment system Climate Data for the Environment (CliDE) which has been used by
the PNG NWS operationally for almost a decade. CliDE was developed as part of
the ICCAI and implemented at 15 NMHSs across the Pacific, including PNG. CliDE
is one of the WMO recommended climate database management systems and is
included in the Climate Services Toolkit. CliDE is undergoing continuous develop-
ment; further tailoring of the database to better suit requirements of the PNG NWS
is undertaken as part of this project.

2.2.2 Weather and climate monitoring and forecasts

Currently, nationwide weather forecasts issued by the PNG NWS and provided
to the media have lead times of 24 h, while seasonal climate predictions are pro-
duced at longer lead times of 3 months and limited to site-specific locations. While
weather forecasts and seasonal climate predictions are currently recognized by
users as useful products produced by PNG NWS, stakeholders from various eco-
nomic sectors have noted that there is a need to enhance and expand these services.

To enhance the availability of numerical weather prediction (NWP) products,
the CREWS-PNG project is increasing the availability of NWP limited area model
guidance from the WMO Regional Specialised Meteorological Centre (RSMC) for
use in short-range weather forecasts (up to 7 days).

Another valuable improvement of climate services is the transition to seamless
forecasting, i.e. providing forecasts and early warnings on time scales from days right
to weeks and months. For sub-seasonal to seasonal forecasts (i.e. at lead times of
1-4 weeks and 1-3 months), products from the WMO Global Producing Centres for
Long-Range Forecasts (GPCLRFs) and Regional Climate Centres (RCCs) are used.

Development of an objective seasonal forecasting scheme for PNG, with skill
measures that will be communicated to users accompanying the forecasts, is under-
way. This is partly based on the WMO Sub-Seasonal to Seasonal Project to provide
daily forecasts for the next 60-90 days. National forecasts will add value to, and
be based on, outputs from an objective regional forecasting scheme for the region.
The regional seasonal forecasting model will similarly benefit other countries in the
Asia-Pacific region.

2.2.3 Support for EWS development

While EWSs are currently in place, they have limited capacity for providing
disaster- and food security-related warnings that can trigger effective action.

To address this issue, this project will initiate the following activities focused on
developing improved products for drought monitoring and prediction.

Currently, PNG NWS provides drought monitoring based on the analysis of
rainfall observations from surface-based rain gauge stations, which currently con-
sists of an observation network of 13 weather and climate stations and 7 rain gauge
stations. This number of stations is considered inadequate to accurately capture the
complex spatial distribution and variability of rainfall across the country.

A modern-day technology—satellite remote sensing—is an approach which will
be used by CREWS-PNG to improve drought monitoring for PNG. Space-based
observations not only provide global coverage but are now used by NMHSs around
the world for weather monitoring and input to weather forecasting models. Space-
based observations are a particularly valuable source of information for countries
with a low density of surface-based meteorological stations like PNG. Recently, WMO

151



Drought - Detection and Solutions

established the SEMDP to assist NMHSs in the Asia-Pacific region with precipitation
monitoring (for detail, see Section 2.3). SEMDP drought monitoring products avail-
able from NOAA and JAXA will be used by the PNG NWS to enhance its service.

In terms of drought forecasts, the PNG NWS currently produces outlooks
based on a statistical model (Seasonal Climate Outlooks in Pacific Island Countries
(SCOPIC)), which needs to be updated.

SCOPIC is a seasonal climate prediction tool used operationally by NMHS in 15
Pacific Island Countries for more than a decade [10]. In the past, statistical models
demonstrated skill in predicting seasonal rainfall in Australia [11] and countries in the
Pacific [10]. However, statistical models are based on long-term historical records and
developed under the assumption that climate is stationary. A hindcast validation study
which examined the forecast skill of SCOPIC in the Pacific revealed that the model
demonstrated reasonable skill using a number of selected predictors, but the model’s
skill varied depending on the location and the season (e.g. the model’s highest rainfall
predictive skill was for the austral summer and lowest for the austral winter) [10].

In a warming climate, the underlying assumption about the stationarity of cli-
mate is no longer valid, and skill of statistical models deteriorates. Modern seasonal
climate prediction models use dynamical climate modelling techniques, which are
based on the laws of physics and account for natural climate variability and climate
change not captured by historical data. Under the CREWS-PNG project, outputs of
state-of-the-art dynamical climate model are used to strengthen the capability of
the PNG NWS to perform skilful drought forecasts (see Section 3 for detail).

Based on improved drought monitoring and prediction capabilities at the PNG
NWS, the national drought EWS will be enhanced. Drought EWS weather and cli-
mate information will be translated into drought early warning alerts and advisories
for various sectors, with these trigger points set by a series of stakeholder consulta-
tions. Overall, the key project activities aim to provide impact-based forecasts and
risk-informed warnings to assist decision-making by the users. To reach “the last
mile” and ensure that no one is left behind, multichannel weather forecast and
warning communication systems will be developed or enhanced, providing com-
munities with actionable information and alerts.

2.3 Partnership with SEMDP and PNG-CDP

CREWS-PNG is implemented in partnership with the SEMDP and the PNG-
CDP, to assist the PNG NWS with enhancing drought monitoring, observation
network and weather forecasting. Synergies between the projects are briefly
outlined in this section.

2.3.1 SEMDP

Recognizing a need to assist members to better utilize and improve their ability
to monitor extreme weather and climate events from space, WMO established the
SEMDP—a demonstration project for space-based weather and climate extremes
monitoring, with focus on operational monitoring of extreme precipitation, notably
drought and accumulated rainfall over 5-7 days [12]. In the first stage of the dem-
onstration project (2018-2019), drought monitoring products will be available from
satellite providers NOAA and JAXA for the Asia-Pacific region (SEMDP geographi-
cal domain is between 40°N-45°S and 50°E-160°W), with future expansion of the
domain to other WMO regions and eventually globally, at subsequent stages of
the project. The availability of SEMDP satellite-derived data and products over the
Asia-Pacific domain allows them to be utilized by CREWS-PNG, through the PNG
NWS, to provide an enhanced drought monitoring service for PNG.
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NOAA satellite products for the SEMDP (gauge-based, satellite-estimated and
gauge-satellite blended products of precipitation) are produced at the Climate
Prediction Center (CPC). To construct a high-quality, high-resolution precipitation
analysis over the globe through integrating information from satellite observations as
well as in situ measurements and model simulations, the CPC morphing technique—
CMORPH—is used (see [13] for detail). CMORPH products start from 1998 and are
updated by CPC/NOAA on a quasi-real-time basis. JAXA products for the SEMDP
are produced at the Earth Observation Research Centre (EORC). They are based on
Global Satellite Mapping of Precipitation (GSMaP) data [14], with GSMaP version 6
(GSMaP_GNRT®6) data reprocessed from March 2000.

The SEMDP products available from CPC/NOAA and EORC/JAXA include
precipitation estimates at various time scales, e.g. hourly, daily, pentad (5 days),
weekly, 10 days and monthly, as well as derived products, e.g. the standardized
precipitation index (SPI), the normalized difference vegetation index (NDVI),
the vegetation health index (VHI), etc. Here we present a few examples of these
SEMDP products in the context of the CREWS-PNG project.

Prior to CREWS-PNG, the climate service team of the PNG NWS used only
surface-based station rainfall data and statistics based on rain gauge observations.
Utilizing SEMDP products, maps of precipitation on various time scales are now
available to assist the PNG NWS with spatial analysis of precipitation. In Figure 1, a
map of monthly average precipitation over the SEMDP domain for July 2018, derived
from CPC/NOAA CMORPH data, is presented. Examining closely the PNG area, it
can be seen that in some parts of PNG, only 2 mm/day or less of rain was received
in that month compared to the long-term July climatological mean of 5-10 mm/day
(Figure 2). Another valuable SEMDP product for operational rainfall monitoring is
the weekly rainfall statistics, which includes both precipitation anomaly and percent-
age of normal rainfall (Figure 3).

The standardized precipitation index is widely used to characterize and monitor
meteorological drought, i.e. drought that occurs when below average precipita-
tion occurs for a prolonged period of time [15]. Standardized precipitation is the

[

Figure 1.
CPC/NOAA CMORPH monthly average precipitation over the SEMIDP domain for July 2018.
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Figure 2.
CPC/NOAA CMORPH monthly mean precipitation (climatology) for July (1998—2017 base period).

difference of precipitation from the mean for a specified time (e.g. 30, 60 and

90 days or longer time period) divided by the standard deviation; the mean and the
standard deviation are both determined from the climatological record. The SPI
values are interpreted as follows: 2.0 < SPI, extremely wet; 1.5 < SPI < 2.0, very wet;
1.0 < SPI < 1.5, moderately wet; —1.0 < SPI <1.0, near normal; —1.5 < SPI < -1.0,
moderately dry; —2.0 < SPI < —1.5, severely dry; and SPI < —2.0, extremely dry. The
60-day and 90-day SPI ending at 2 December 2018 is presented in Figure 4, top and
bottom panels respectively, indicating severely dry (—1.5 and below) and extremely
dry (2.0 and below) conditions in most parts of the eastern and southern provinces
of PNG during September, October and November 2018.

The impact of the 2015-2016 El Nifio on the agricultural sector of PNG was
discussed earlier. Here we demonstrate the value of space-based observations for
drought monitoring utilizing the vegetation health index [16]. The VHI is computed
using observations from Advanced Very High Resolution Radiometer (AVHRR),
instrument onboard the NOAA polar orbiting satellites, in the visible, infrared and
near-infrared bands, and used to identify stress on vegetation related to drought.
Maps of the VHI for the first week of January 2015 and the first week of December
2015 are presented in Figure 5, top and bottom panels respectively. These maps
clearly demonstrate the difference between relatively healthy vegetation over PNG
in January and stressed vegetation in December when the impact of El Nifio was
very strong [the 3-month average of the Oceanic Nifio Index (3-month running
mean of sea surface temperature anomalies in Nifio 3.4 region; for detail, see [17])
from November 2015 to January 2016 had peaked at +2.6°C. Overall, the 2015-2016
El Nifio event was classified as one of the three strongest events since the 1950s].

In addition to the impact on vegetation due to drought caused in PNG by
the El Nifio event in 2015, frost also occurred in highlands. Frost was caused by the
reduced night-time cloud coverage allowing increased loss of heat to space during
the night, resulting in severe damage to the staple sweet potato crops leading to food
shortages. Cloud coverage could be estimated using AVHRR space-based observa-
tions to measure the amount of outgoing longwave radiation (OLR). Negative OLR
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Figure 3.

CPC/NOAA CMORPH weekly summary: mean precipitation, mm/day (top panel); precipitation anomaly,
mm/day (middle panel); and precipitation percentage of normal, % (bottom panel) for a week from
November 26, 2018 to December 2, 2018.

anomalies indicate enhanced convection and hence increased cloudiness, while
positive OLR anomalies indicate suppressed convection and decreased cloudiness.
In Figures 6 and 7, maps of AVHRR OLR and OLR anomalies for 6-10 January 2015
(pentad 2) and 15-19 August 2015 (pentad 45), respectively, are presented. Large
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Figure 4.
CPC/NOAA CMORPH 60-day (top panel) and 90-day (bottom panel) SPI ending at December 2, 2018.

negative OLR anomaly is evident over PNG in January 2015 indicating more cloud
coverage (Figure 6, bottom panel), while in August 2015 it is the opposite—OLR
anomaly is strongly positive indicating reduced cloud coverage over the country
(Figure 7, bottom panel).

In summary, the introduction of SEMDP drought monitoring products is signifi-
cantly strengthening the capacity of the PNG NWS to provide users in agriculture
and other sectors with valuable information for decision-making which was not
available prior to implementing CREWS-PNG project.
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Figures.
CPC/NOAA CMORPH VHI for January 1-7, 2015 (top panel) and December 3-9, 2015 (bottom panel).

2.3.2 PNG-CDP

The CREWS-PNG project partners with the PNG-CDP—a project which is
focused on enhancing the meteorological observation network in the country.
Meteorological observations are critical for the operations of national meteorologi-
cal services of all 192 WMO Members. The quality of meteorological observations
from each country directly affects the accuracy of national as well as global weather
forecasts, and the free exchange of these observations and other relevant data is
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Figure 6.
AVHRR OLR for January 6-10, 2015, i.e. pentad 2 (top panel) and pentad OLR anomaly (bottom panel), W/m®.

critical to each forecasting service. The international nature of many sectors, e.g.
transport sector (aviation, shipping, road transport, etc.) and tourism, means that
forecasts and warnings issued by any country can directly affect the lives of citizens
of other countries and the security environment of each region is also influenced
by how well weather-related natural disasters are warned for and managed. It is
therefore in the global interest that all NMHSs are able to participate fully in the
international effort to provide high-quality meteorological observations, weather
and climate monitoring and prediction services.

A high functioning weather service is imperative to the transport sector in any
country, to allow transport agencies such as air traffic management, maritime
regulatory agencies and search and rescue agencies to provide a reliable service
to the public. PNG is a nation with intense transport challenges. The topography,
multi-island nature, population make-up and tropical climate pose issues for avia-
tion, land and maritime transport. All transport sectors are vulnerable to weather.
PNG has a monsoonal climate with intense summer rainfall and a large variation in
climate across the country.
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Figure7.
AVHRR OLR for August 15-19, 2015, i.e. pentad 45 (top panel) and pentad OLR anomaly (bottom panel), W/m’.

The PNG NWS is positioned within the Technical Services Division of the PNG
Department of Transport (DoT) and operates within a highly challenging physical
and social environment, providing critical warning, weather and climate services
to a diverse community of marine, aviation and road transport users, emergency
service organizations, agricultural users and the general public.

In 2014 the PNG DoT, supported by the Australian Government Transport
Sector Support Program (TSSP) and the Australian Department of Infrastructure,
Regional Development and Cities (DIRDC), commissioned a “mini-diagnostic” of
the PNG NWS. The Australian Bureau of Meteorology and the International Civil
Aviation Organization contributed subject matter experts to conduct this assess-
ment. The mini-diagnostic concluded that the current capacity of the PNG NWS is
not sufficient to provide high-quality observations and forecasts and there is a need
to enhance capacity of PNG weather and climate services.

In response to the findings and recommendations of the mini-diagnostic, PNG
and Australia agreed to add meteorology as a field of cooperation under an annex to
the memorandum of understanding (MOU) between the Government of PNG and
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the Government of Australia on Cooperation in the Transport Sector. The PNG-
CDP was established under this MOU in 2017, and initial activities were focused

on two key areas: (i) the establishment of a strategic planning process for the PNG
NWS and (ii) the provision of training to support the delivery of improved weather
services and forecasting support for APEC 2018.

As part of the initial strategic evaluation, the WMO provided a meteorological
observations expert to work with Bureau staff in examining the state of the obser-
vation network in more detail. The resultant report again underlined the very real
challenges facing the PNG NWS but also outlined practical and useful steps for-
ward to enhance the meteorological observation network in the country. Based on
the WMO recommendations, the scope of the PNG-CDP has broadened to include
provision and ongoing management of a third-party AWS observation network.

CREWS-PNG and the PNG-CDP collaborate on enhancing the meteorological
observation network. Working in partnership with the PNG Remote Sensing Center
(RSC), the PNG-CDP supports the PNG NWS to supplement their government-
owned observation network with an existing third-party AWS network. The
intention is to address the immediate need for the provision of observational data
across PNG, while in parallel efforts are made to restore the existing surface-based
station network to its full capacity. Over the past 10 years, the PNG RSC has created
and maintained a climate monitoring network across PNG through the installation
of AWSs on mobile phone towers. The network density has incrementally increased
to include 37 AWSs distributed across all the climatic zones of PNG, including the
majority of towns and airports. These stations have been inspected by a WMO
representative to ensure that they record meteorological observations which meet
the minimum threshold requirements for predictive weather and aviation purposes.
A number of AWSs also support web camera technology. Figure 8 depicts the AWS
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Figure 8.

Schematic map of Papua New Guinea depicting topographic extremes and the observations received from the
NWS surface network on the morning of September 18, 2017, the NWS historically active upper air station sites
(not curvently functioning) and the location of 37 PNG Remote Sensing Centre Ltd. automated weather station
sites (third party privately owned).
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locations of the third-party AWS network (PNG RSC) together with the location of
an existing PNG NWS surface-based stations (currently reporting) and PNG NWS
upper air stations (not currently reporting).

The PNG RSC AWS data are delivered using the mobile network and a variety
of web-based platforms. The PNG-CDP works with the PNG RSC to quality control
the data and formats, utilize new and innovative approaches for addressing com-
munication and Internet connectivity issues for data extraction (i.e. Amazon Web
Services) and integrate the data with the PNG NWS systems to ensure it is useful,
usable and used by PNG meteorologists.

A strategy for collaboration between the CREWS-PNG, the SEMDP and
the PNG-CDP was discussed in detail during a workshop held in Port Moresby
in February 2019. Extensive consultations with key PNG stakeholders were
undertaken. Users of weather and climate information from the Department of
Agriculture and Livestock, National Agriculture Research Institute, National
Disaster Centre, Climate Change Development Authority, Fresh Produce
Development Authority, Conservation and Environment Protection Agency, Cocoa
and Coconut Research Institute, Coffee Research Institute, members of the PNG
Disaster Management team and other stakeholders contributed to the development
of the workshop’s recommendations focusing on strengthening the capacity of the
PNG NWS to provide high-quality meteorological observations, drought monitor-
ing and prediction services addressing directly the users’ needs.

Together, the CREWS-PNG, the SEMDP and the PNG-CDP, working in conjunc-
tion with the PNG NWS, will significantly strengthen capacity of the PNG NWS
to provide users with valuable drought monitoring information, high-accuracy
weather forecasts and subseasonal-to-seasonal climate prediction.

3. ICCAI: seasonal climate prediction for the Pacific Island nations

CREWS-PNG is building on the success of earlier Pacific projects such as the
Pacific Adaptation Strategy Assistance Program (PASAP) and the Pacific-Australia
Climate Change Science Adaptation Planning (PACCSAP) program undertaken under
the Australian’s Government International Climate Change Adaptation Initiative.
Under those Pacific projects, a number of regional consolidated databases and web-
based information tools were developed, to assist 15 partner countries in the Pacific
with decision-making in climate change adaptation and disaster risk reduction.

It has been demonstrated that seasonal climate prediction tools are a valuable
means to assist with climate change adaptation and disaster risk reduction [18]. For
decades, seasonal climate prediction in Australia and the Pacific Island Countries
was based on statistical models [10]. However, in a rapidly changing environment,
the skill of statistical models which are solely based on past records is expected to
deteriorate. Hence dynamical climate models, which are based on laws of physics
rather than past relationships, are preferable for forecasting climate on time scales
from weeks to months and beyond.

It has been shown that using the outputs of the dynamical climate model
Predictive Ocean and Atmosphere Model for Australia (POAMA), skilful predic-
tions of regional rainfall could be provided 2-3 months in advance [19, 20]. POAMA
was developed [21] and used by the Bureau of Meteorology operationally to produce
its seasonal climate outlooks from 2013. It is a state-of-the-art dynamical (physics-
based) forecast model which used ocean, atmosphere, ice and land observations to
initiate the model and produce outlooks for the season ahead.

Recently, a new higher resolution model—the Australian Community Climate
and Earth-System Simulator (ACCESS)—has succeeded POAMA to further
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enhance the Bureau’s capability in weather and climate prediction. Since August
2018 the Bureau’s operational climate forecast system for multi-week, monthly,
seasonal and longer-range climate outlooks is ACCESS-Seasonal (ACCESS-S). The
atmosphere and land model components of ACCESS-S operate at an approximate
global resolution of 60 km, providing far greater detail than POAMA which had
an approximate resolution of 250 km. The multi-week and seasonal performance
of ACCESS-S has been evaluated for Australia based on a 23-year hindcast set and
compared to the previous operational system, POAMA [22]. However, hindcast
skill and calibration have not been assessed for other countries in the region includ-
ing PNG. One of the key tasks for CREWS-PNG is to assess and utilize outputs of
ACCESS-S in order to produce accurate multi-week and seasonal climate outlooks
that will improve drought prediction for the country.

4. Web-based information tools to disseminate climate monitoring and
seasonal prediction products

CREWS-PNG is a successor of the Pacific projects of the ICCAI, and its imple-
mentation strategy is based on similar approaches to develop climate monitoring
and seasonal prediction products as well as means of disseminating information.

It is important to ensure that climate monitoring and subseasonal-to-seasonal
prediction products are not only of high accuracy but also are delivered to users in
atimely manner and in a way that can be utilized in their decision-making. As part
of the PASAP and PACCSAP activities, the Pacific Seasonal Prediction Portal was
developed to disseminate climate data and dynamical climate model-based forecast
products through a range of web-based information tools (Figure 9). This portal
could be accessed through the Australian Bureau of Meteorology’s website: http://
www.bom.gov.au/climate/pacific/projects.shtml.
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Figure 9.
Home page of the Pacific Seasonal Prediction Portal.
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The Pacific Seasonal Prediction Portal provides users with access to a range of
products for monitoring and prediction of weather and climate extremes. Here
we briefly introduce some of these products, including key features of the tropical
cyclone (TC) and seasonal prediction portals, including extreme ocean tempera-
tures and potential coral bleaching.

TCs are severe weather events which affects Pacific Island Countries every year,
causing loss of life land property. Damage caused by TCs is not only caused by destruc-
tive winds but also torrential rain, high ocean waves and storm surge. To be prepared
for the multi-hazards associated with TCs, knowledge about regional historical cyclone
tracks are important. Meteorological agencies of the Pacific Island Countries as well as
numerous other users utilize the portal to access such information for areas of interest.
As an example, tracks of 80 tropical cyclones which passed through exclusive economic
zone of PNG between the 1969-1970 and 2016-2017 tropical cyclone seasons retrieved
through the Southern Hemisphere Tropical Cyclone Data Portal are presented in
Figure 10. A comprehensive description of the Southern Hemisphere Tropical Cyclone
Data Portal could be found in [23], which also provides readers with the users’ guide to
the web-based information tool to select, retrieve, display and analyse TC data.

The importance of seasonal climate prediction to assist with decision-making
is recognized by users from climate-sensitive sectors around the world. Seasonal
climate outlooks at various levels—national, regional and global—are operationally
produced by NMHSs, Regional Climate Centres (RCCs) and the WMO providing
users with vital information about state of the El Nifio-Southern Oscillation and its
expected development, plus seasonal climate outlooks for temperatures, rainfall and
a variety of other variables. Climate outlooks at the global scale are disseminated by
the WMO, while at a regional level, WMO GPC LRFs and RCCs play a leading role
in this task. In the Pacific, WMO GPC LRF Melbourne is tasked with disseminating
outputs from the dynamical climate model POAMA to RCCs and NMHSs in the
region. As an example, the seasonal prediction of sea surface temperature in the
Pacific for January to March 2019 is presented in Figure 11, demonstrating a signifi-
cant oceanic warming in equatorial central Pacific—a possible precursor to El Nifio.

The livelihood of many people in Pacific Island Countries is highly dependent on
the productivity of the oceans including coral reefs which surrounds the islands. A

Taiis cpicnan: I ¢ 1

Saaaos TSN 1200 I

Amnnan 17 1T

=~ Naason 18700 ATE

: ree St stzmet et e S0SK
| o 1], lgetieng oo Camciptsicoss’ sorms

Figure 10.

Tracks of 8o tropical cyclones from the Southern Hemisphere Tropical Cyclone Data Portal which passed
through the exclusive economic zone (EEZ) of PNG between the 1969—1970 and 20162017 tropical cyclone
seasons.
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dramatic impact of climate change on the health of coral reefs has been observed in
recent decades due to the increase in ocean acidification and especially due to increase
in frequency and intensity of extreme ocean temperatures which led to severe coral
bleaching events and impacts on marine life [24]. Disseminating early warnings

Figure 11.

Seasonal prediction of sea surface temperature in the Pacific for January—March 2019 based on outputs
of POAMA retrieved through the Pacific Seasonal Prediction Portal—WMO GPC LRF Pacific Seasonal
Prediction.

Figure 12.
Seasonal prediction of sea surface temperatures around Kiribati based on outputs of POAMA retrieved through
the Pacific Seasonal Prediction Portal—extreme ocean temperatures and coval bleaching.
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about possible extreme ocean temperatures, e.g. because of a coming El Nifio
event, is essential—it provides local government authorities with vital information
2-3 months in advance allowing them to implement protective measures. For exam-
ple, the spatial distribution of predicted sea surface temperatures around Kiribati is
presented in Figure 12 (the forecast for January 2019 is based on outputs of POAMA;
model was initialized on December 02, 2018). Extreme ocean temperatures in some
areas of exclusive economic zone of Kiribati are expected to exceed 1.3°C compared
to climatology (1982-2010), potentially leading to coral bleaching in those areas.
CREWS-PNG is taking the outlined above approach to disseminate climate
information based on outputs of the new ACCESS-S dynamical climate model as
part of its implementation strategy. The introduction of impact-based drought fore-
casts and associated risk-based warnings for improved decision-making is planned
to be delivered through a specialized web-based information tool which will be an
integral part of the Pacific Seasonal Prediction Portal. Products and climate services
will be developed and implemented based on close consultation with stakeholders
to understand their decision-making requirements.

5. Conclusions

Climate monitoring combined with skilful subseasonal-to-seasonal climate
prediction enables NMHS to provide their governments, industry sectors and local
communities with accurate information to assist in their decisions around how to
adapt to climate variability and change. CREWS-PNG will contribute significantly
to enhance EWS in PNG, and it is envisaged that cutting edge weather and climate
monitoring and prediction products developed for PNG under this project could
be expanded to include NMHS across the Asia-Pacific region. The result would be
a significant advance for climate services provided by meteorological agencies of
LDCs and SIDS in the region.
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Chapter 10

Benetits of Arbuscular
Mycorrhizal Fungi Application
to Crop Production under Water
Scarcity

Katalin Posta and Nguyen Hong Duc

Abstract

Water deficit is one of the most severe abiotic stresses threatening crop growth and
production on the globe. Water stress causes a series of morphological, biochemical,
physiological, and molecular alterations that negatively influence plant productivity.
However, in nature, plants are often associated with microbes that can modulate plant
responses to water scarcity. Among beneficial microbes, arbuscular mycorrhizal fungi
(AMF) are one of the most widespread symbiotic fungi colonizing the majority of agri-
cultural plants. Besides an enhancement in plant nutrition, AMF have been reported to
improve plant performance under water restrictions. In this chapter, we emphasize the
benefits of AMF inoculation to crop production under water deficit based on related
laboratory and field experiments. Variable outcomes and challenges of AMF applica-
tion are also discussed for practical use in crop production under water scarcity.

Keywords: arbuscular mycorrhizal fungi, drought stress, water relations,
crop productivity, plant tolerance, drought mitigation

1. Introduction

Water scarcity jeopardizes not only originally arid, semi-arid regions but
also agricultural areas in which farmers obtain flourishing horticulture based on
adequate water resources. Nonetheless, ongoing climate change supposed to amplify
the frequency and severity of drought in different regions of the globe [1] can wipe
out the so far achievements. Drought is the most devastating stress that remarkably
diminishes crop productivity more than any other stress factor [2]. Water constraints
provoke stomatal closure with a subsequent reduction of CO, influx resulting in a
decrease in photosynthetic activity and carbon partitioning [3]. Also, water scarcity
has a negative influence on nutrient supply, reducing phosphate availability. Severe
drought profoundly affects plant physiology, growth, development, and reproduc-
tion, and exerts substantial losses in crop yield as well as reduces crop quality. In fact,
over the past 35 years, worldwide drought inflicted yield decrease by 40% in maize
and 21% in wheat production [4]. Thus, there is an urgent need to develop strate-
gies to make agriculture more resilient and to alleviate the adverse impacts of water
scarcity on crop yield. Among these strategies, there has been an increasing interest
in beneficial soil microbes including arbuscular mycorrhizal (AM) fungi.
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Notably, under natural conditions, plants frequently interact with microbes,
which directly mediate plant responses to environmental adversities. Some microbe-
plant interactions lead to a mitigation of stress-related damages and improvement
of plant tolerance to stressful conditions [5]. As a crucial element of soils, microbes
are an integral part of the agricultural ecosystem. Arbuscular mycorrhizal fungi
(AMF) are ubiquitous soil microorganisms, which can form a symbiotic association
with most terrestrial plants. These beneficial microbes have been proved to offer
an array of benefits to host plants [6]. During mycorrhization, besides significant
improvement of plant nutritional status, AMF can enhance plant performance and
tolerance against several stresses, particularly drought stress [7]. The exploitation of
AMF is considered as one of the most efficient practices to increase plant tolerance
to environmental stresses [8]. Previous studies illustrate the substantial contribu-
tion of AM symbiosis to improved stress plant tolerance to water deficit by various
mycorrhizal benefits such as strengthened water and nutrient uptake, alterations in
host physiology, for example, photosynthesis, osmotic adjustment, phytohormones,
and more efficient antioxidative systems [9-11]. This chapter presents the current
knowledge on AMF application to crop production under water deficit. Variable
benefits of AMF are also discussed to explain the reason why positive outcomes of
AM colonization are not always the case. Finally, challenges of the fungal symbiont
application are highlighted for practical use in crop production.

2. General features of AMF

AMF are obligate root symbionts inhabiting almost all terrestrial ecosystems.
They can form a symbiotic association with around 80% of vascular plants and
with approximately 90% of agricultural plants [12]. In this mutual association, the
fungus receives 10-20% of total photosynthates [13] and lipids [14] from the host
plant, whereas the plant is enhanced through uptake of water and mineral nutrient
by the mycorrhizal partner [12]. AMF are the most common fungi in soils and rep-
resent 9-55% of the soil microbe biomass and 5-36% of the total soil biomass [15].
These fungi play a vital role in agricultural ecosystems, since they can improve plant
nutrient, water status, and plant growth [12], enhance survival rate and develop-
ment of seedlings, crop uniformity, and reproductive capacity [16], decrease the
input of P and N fertilizer, and increase resistance or tolerance to environmental
adversities [8, 17].

Currently, AMF are classified as a member of phylum Glomeromycota including
four orders (Archaeosporales, Diversisporales, Glomerales, and Paraglomerales),
with 11 families, 25 genera, and nearly 250 species [18]. However, data based on
next-generation sequencing of root samples [19] and recent results [20] suggest that
its number may be an order of magnitude higher. Spores of AMF which are the major
survival units of AMF have multi-nucleate, heterokaryotic structures [21], and are
formed singly, in clusters or sporocarps in the soil, and within root tissue in some
mycorrhiza species as well (Figure 1A-C). The development of AM symbiosis starts
with signaling taking place before physical contact between the plant and the fungus.
Both partners produce molecular signals triggering preparative responses in the other
[22]. The mycorrhization process can be divided into distinct steps, consisting of ger-
minating spores, hyphae differentiation, appressorium formation, penetration of the
host root, intraradical hyphae formation, intercellular growth along with developed
external mycelium (extraradical hyphae), and arbuscule formation, subsequently
exchanging nutrients and carbohydrates between the host and fungus [23].

The primary structures of AMF consist of coenocytic hyphae with unlimited
growth in the rhizosphere called external hyphae, which penetrate the cortex
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Figure 1.

Tomato roots without (A) and with (B-D) staining showing AM fungal structures. The presence of arbuscular
mycorrhiza (AM) structures (arbuscules, vesicles, intraradical hyphae, and spove) was assessed by means of an
Olympus BX51 light microscope with Nomarski interference contrast optics, using an objective of 40x. Scale Bar
representing 20 pm.

layer of roots and form different organs. The extraradical hyphae merely in some
species of Diversisporales [18] producing auxiliary cells could have functions in
reproduction or nutrition and storage [24]. Mycelium outside the roots absorb
mineral nutrients and water and subsequently transport them to the host plant via
intraradical hyphae (Figure 1C, D) growing inside root cells [6]. Hyphae growing
within roots form either the Paris-type or the Arum-type. The Paris-type is featured
by intracellular mycelium development to shape coils, whereas the Arum-type is
characterized by intercellular hyphae growth forming arbuscules [12] (Figure 1D),
thereby establishing the nutrient exchange sites between AMF and the host plant
[25]. Vesicles containing high quantity of lipids and glycogen are formed from
intraradical hyphae at intercalary position (their terminal) in the root, functioning
as nutrient storage, and propagules [23] but not all AMF produce vesicles.

AMF species isolates differ in the ability to spread mycelia, the viability, struc-
ture, and possibility of anastomosis [26, 27]. Taxonomic variation in mycelium
structure among AMF families was also observed [28]. Gigasporaceae are prone to
possess vigorous, thickly aggregated mycelium with densities from 6 to 9 m cm™,
while Acaulosporaceae and Glomeraceae show a tendency to maintain thinly dis-

persed mycelium with densities from 1to 2 m cm™.

3. Variable crop responses to AMF

Although a majority of plants are responsive to AMF, plant species in fami-
lies Amaranthaceae, Brassicaceae, Caryophyllaceae, Chenopodiaceae, Cyperaceae,
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Juncaceae, and Urticaceae are rarely or never colonized by the symbiotic fungus
[29]. How AMF evaluate the AM host and nonhost status of plant species is not well
known. The current hypothesis proposes that nonmycorrhizal plant species lost
orthologs of important putative genes, required for symbioses [30], and/or cannot
synthesize or degrade strigolactones, essential signals for symbiosis establishment
[31], and/or their root exudates constitute antifungal products [29]. Under certain
conditions, some nonhost species develop rudimentary AM phenotypes described
by Cosme et al. [30] giving a more in-depth explanation of this question.

Utilization of AMF has become an appealing tool for sustainable agriculture due
to the positive attributes of mycorrhizal symbiosis. Nevertheless, the opposite or
neutral influence of AMF has also been found [32]. The obligate biotrophic life cycle
of AMF which relies on photosynthates supplied by a nurturing autotrophic host is
the key point; therefore, choosing the right partner (target plant) is crucial. Even
though this widespread symbiont is thought to be a generalist due to low host speci-
ficity, each AMF species highly varies in the responsiveness to the host plant. Hence,
the variable benefits of AM symbiosis exist among mycorrhiza species [10, 33].
The interaction between the host plant and AMF could range from mutualism to
parasitism in which colonized plants exhibit a decrease in growth [34] owing to
the carbon drainage in the host inflicted by the fungus [35]. Many factors that can
affect the AM benefits to target plants include host plant genotypes, AMF species,
and environmental conditions. Dissimilar plant responses to different AMF species
under environmental adversities have been observed [11, 36]. Fascinatingly, AM
benefits for plant fitness augment with adversity, supporting the concept of AM
colonization as a ‘health insurance’ for host plants, in which the beneficial effects
of AMF become more obvious under stressful environments [36]. Metabolites
differentially accumulated in roots colonized by different fungal symbionts
(Rhizophagus irregularis, Funneliformis mosseae, and Claroideoglomus etunicatum)
under abiotic stresses, which may underlie their enhanced stress tolerance in host
plants [36]. Cultivar differences in response to mycorrhizas have been reported in
many crops such as tomato [37], pepper [38], wheat [39], maize [40], and some
other crops [41]. For chickpea, only three of thirteen varieties with different
genotypes and phenotypes were more positively responsive to AM mixed inocula-
tion with Diversispora eburnea, Claroideoglomus etunicatum, and Glomus sp. [42].
More recently, twenty geographically different barrel clover (Medicago truncatula)
accessions showed differences in their growth, stomatal conductance (g;), and AM
colonization in response to Funneliformis mosseae treatment [43]. Also, root hydrau-
lic conductivity, expression of the mycorrhiza-induced phosphate transporter
gene (MtPT4), and five aquaporin genes (MtAQP1, MtPIP1, MtPIP2, MtNIP1, and
MtNIP4) vary with mycorrhizal treatment during further analysis of five acces-
sions. In the case of wheat, old accessions have been shown to be more responsive to
AMF than new ones [39].

Selection and breeding programs generally tend to maximize plant performance
and crop yield under high-input production systems, which could cause the loss
of genes, phytochemicals, and/or other plant traits which are necessary for the
establishment of efficient symbioses. Modern cultivars could absorb phosphate
without the AM assistance in soils with high phosphorus availability, decreasing
the degree of AM dependence. As a consequence, AMF are less responsive to new
lines. Recent research has proved that domestication decreased AM benefits for
domesticated crops in exposure to high P supply [44]. However, in maize, which
is highly mycorrhizal-dependent, modern breeding programs do not necessarily
result in the less mycorrhizal colonization. Replicated field experiments with 225
genotypes consisting of hybrids, inbred lines, and landraces originating from dif-
ferent locations were conducted for two consecutive years to explore the variation in
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mycorrhizal colonization [40]. The findings showed that AM colonization differed
profoundly and continuously among genotypes, with substantially greater values in
modern hybrids than old landraces and inbred lines.

4. Mechanisms of AMF mitigate drought stress in host plants

It is well known that AMF offer indispensable advantages to the host plant
subjected to water shortage, with two major strategies that mycorrhizal plants
use to deal with water deficit: drought mitigation and drought tolerance. Drought
mitigation strategy is involved in indirect AM benefits and enhanced water uptake
through the extensive hyphae network, enabling host plants to suffer less stress than
non-AM plants, whereas drought tolerance includes a combination of direct AM
benefits that improve plant’s innate ability to cope with the stress (Figure 2).
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Figure 2.

Stfategies of mycorvhizal plants to cope with water scarcity, that is, drought mitigation and drought tolevance.
Multiple benefits/mechanisms could be simultaneously induced by arbuscular mycorrhizal fungi in the host
plant exposed to water deficit. The blue arrows show increase/up-vegulation, whereas the ovange arrows
indicate decvease/down-vegulation, relative to control non-mycorrhizal plants. Italic words indicate genes.
ABA, abscisic acid; AQP, aquaporin; Car, carotenoids; Chl,, chlorophyll a; Chly, chlovophyll b; F,/F,,
maximum quantum efficiency of PSII; g, stomatal conductance; IAA, indole-3-acetic acid; iWUE, intrinsic
water use efficiency; JAs, jasmonates; LWP, leaf water potential; MDA, malondialdehyde; MeJA, methyl
Jjasmonate; Py, net photosynthesis rate; ROS, reactive oxygen species; RWC, relative water content; SLs,
strigolactones.
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4.1 Direct benefits of AM symbiosis for host plants under water deficit
4.1.1 Improved water and nutrient uptake through the hyphal network of AMF

An important benefit of AM colonization to the host plant under drought stress
is a superior water allocation mediated by the fungal hyphal network, facilitat-
ing the colonized root access to water in a lower soil water potential [45]. Indeed,
the host root system is extended by widespread extraradical mycelia, enabling
colonized roots to reach more water and nutrient pools unavailable to uncolonized
roots. Fungal hyphae diameters (3-7 pm) are much smaller than those of fine root
hairs (5-20 pm); nevertheless, hyphal densities are ten-hundred times higher than
root densities [46]. Hence, the absorption surface of mycorrhizal roots is improved
substantially. It is calculated that the rate of water transport from external hyphae
to the root ranged from 0.1 [47] to 0.76 pl H,O h™" per hyphal infection point [48],
which is adequate to alter plant water relations [47]. Lettuce plants pretreated by
Rhizophagus irregularis, Funneliformis mosseae, Funneliformis coronatum (formerly
Glomus coronatum), and Claroideoglomus claroideum (G. claroideum) obtained
3-4.75 ml H,0 plant ™" day ™" higher than uncolonized plants, which might be related
to the amount of extraradical mycelium and root colonization frequency [45].
Furthermore, AMF contribute approximately 20% to total plant water uptake [49],
highlighting the role of the symbiosis in the water status of host plants.

The widespread extraradical mycelia also enhance the absorption of mineral
nutrients in soils, which is more critical for host plants under water-stress condi-
tions where nutrient mobility is limited. As soon as external hyphae transport
water to the host, mineral nutrients also follow the water flow to the plant from the
soil-root interface [50]. AM colonization is well known to improve phosphorus (P)
nutrient into the host plants particularly under low-nutrient conditions, increas-
ing stress tolerance in plants. Interestingly, plants possess a symbiotic inorganic
phosphate (Pi) uptake pathway, and AM symbiosis has been proved to specifically
induce the expression of genes encoding plant Pi transporters to enhance P acqui-
sition, for instance, LjPT4 in Lotus japonicus and MtPT4 in Medicago truncatula
[51], recently LbPT3, LbPT4, and LbPT5 in Lycium barbarum [52]. Under water
restrictions (moderate and severe), different expressions of five tomato PT genes
(LePT1-LePT5) in the absence/presence of Rhizophagus irregularis or F. mosseae
were observed [53]. LePT4 was overexpressed in R. irregularis-colonized plants
exposed to both water-stress levels, while this upregulation was in
F. mosseae-infected plants subjected to severe water stress. A role of PT4 genes in
root tips, creating a connection among root branching, Pi-signaling mechanisms,
and Pi-perception has been proposed [51]. In addition, on the fungal side, R.
irregularis PT gene was up-regulated under moderate drought conditions [53].
Phosphate is taken up by mycorrhizal phosphate transporters and assimilated to
polyphosphate translocated toward the plant. This process is facilitated by the
activation of fungal aquaporins [54].

Apart from that, AM colonization enhances the rate of nitrogen
(N)-assimilation of plants under drought [55] as a result of the direct uptake of
NO;™ or NH,4" by fungal hyphae [56]. Several NO;™ and NH," transporters and metal
transporters in AMF [57, 58] while mycorrhiza-inducible ammonium transporters
in some plants have been identified [59, 60]; therefore, AMF considerably contrib-
ute to the total N uptake of the host. Increased N nutrient could promote protein
synthesis and higher levels of compatible osmolytes in stressed AM plants. Other
studies also confirmed that inadequacy of necessary macro- and micro-nutrients
could be alleviated in mycorrhizal plants under water deficit [61, 62]. Hydraulic
conductivity of colonized roots was enhanced to absorb more N, P, and K, leading
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to a higher protein concentration in host plants under drought stress [63]. Thus,
more vigorous uptake of water and nutrients may provide adequate necessary
substances for better growth of mycorrhizal plants under such stress.

4.1.2 AMF-induced changes in expression of aquaporin genes, transcriptional
profiles

The negative water potential in dried soils exerts the problem for plants to
obtain adequate water amount, a process where aquaporins (AQPs) get involved in
[64]. AQPs belonging to the large major intrinsic protein family of transmembrane
proteins functioning as water channels are crucial in osmoregulation [64]. On top
of that, their regulation of transcellular movement of many molecules such as small
alcohols, boron, and osmolytes has been reported [65]. In AMF, the first AQP gene
GintAQP1 of Rhizophagus irregularis was cloned, with evidence of a compensatory
mechanism between GintAQP1 expressions and the host aquaporins under drought
stress [66]. Furthermore, two AQP genes GintAQPF1 and GintAQPF2 present in
Rhizophagus irregularis were upregulated under osmotic stress, assisting the fun-
gus survival and contributing to the host plant tolerance to water stress [67, 68].
Upregulation of RIAQPF2 in Rhizophagus irregularis was also found under water
deficit [10], suggesting its putative involvement in host plant tolerance in response
to drought.

On the plant side, AMF could induce changes in the expression of various AQP
genes in the host in order to strengthen root hydraulic conductivity and host toler-
ance under water-stress conditions in several plants, such as maize [69-71], tomato
[10, 11], black locust [72], trifoliate orange [73], olive [74], and Populus x canadensis
plants [75]. AM-induced alterations in expression of plant AQPs could depend on
stress duration as the observation in maize plants [69]. Under short-term water
deficit, the AM symbiosis upregulated ten AQP genes with diverse aquaporin classes
in roots inoculated with Rhizophagus intraradices, stimulating more water uptake in
the host [69]. By contrast, under sustained water-stress conditions, AM-mediated
downregulation of 6 different AQP genes was found, restricting plant water loss
[69]. Intriguingly, drought-sensitive cultivars may gain higher physiological benefit
from AM inoculation than drought-tolerant cultivars [71]. Downregulation of
genes TIP1;1, TIP2;3, PIP1;1, PIP1;3, PIP1;4, PIP1;6, PIP2;2, and PIP2;4 whereas
only upregulation of TIP4;1 were observed in drought-sensitive cultivar colonized
by Rhizophagus irregularis, supporting the decrease in water loss in host plants
subjected to drought stress [71]. Recent research also revealed a significant shift in
the transcriptional regulation profiles with AQP genes as potential targets in mycor-
rhizal roots, in comparison to non-AM ones during a water stress event, which
may influence some key metabolic pathways linked with drought response [76]. In
parallel, it has been proposed that during drought stress a controlled mechanism
mediated by the presence of arbuscules at cortical cells in roots fine-tuned the gene
expression regulation in the host plant [76].

In general, fungal and plant AQPs work together in mycorrhizal plants under
water restrictions. The simultaneous induction of both fungal and plant AQP genes
together with differential regulation of drought-responsive genes in host plant
indicates that AMF mediate colonized plant responses to drought stress.

4.1.3 Increased photosynthetic efficiency
Numerous reports illustrate that AMF could increase photosynthetic activity or

protect the photosynthetic apparatus under water stress conditions [77, 78]. In fact,
AM colonization considerably influences the stomatal behavior in the leaves of host
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plants, determining the water vapor efflux, CO, gas exchange, and thus photosyn-
thetic activity [79]. Stomatal conductance changed by AM inoculation is closely con-
nected to leaf water potential and relative water content in host plants. Under water
restrictions, the first response of plants is stomatal closure to limit water loss through
transpiration. Additionally, reduction of CO, uptake and carbon assimilation whereas
favoring photorespiration may occur in plants [80]. Upregulation of LeEPFL9
involved in the regulation of stomatal development together with greater stomatal
density was found in tomato plants colonized by R. irregularis [10]. Inoculation of
Septoglomus deserticola or S. constrictum sustained stomatal opening in host plants
under drought conditions, substantially contributing to the carbon assimilation [11].
Improvement of stomatal conductance (g;) in mycorrhizal castor bean [78], black
locust [72], and strawberry [81] plants exposed to water stress has been detected.

One of the widely known benefits of mycorrhizal inoculation is the improve-
ment of host water status under drought stress. Leaf water potential (LWP) and
relative water content (RWC) of plants were substantially higher in the presence
of mycorrhiza [11, 81]. Several studies illustrated a higher water use efficiency
or intrinsic water use efficiency in AM plants during water stress [10, 81, 82]. It
is believed that photosynthetic activity correlates with chlorophyll content and
stomatal conductance, which have been enhanced by AMF. Drought stress changes
photosynthetic pigments and damages chloroplasts. Nonetheless, AM inoculation
alleviates the damage of these parameters caused by the stress [77]. Rhizophagus
irregularis-colonized castor bean plants subjected to water restriction increased
contents of chlorophyll a (by 26%), b (30%), carotenoid (by 28.5%), and total
chlorophyll (25.5%) in comparison to counterparts of non-AM plants [78]. These
increases in AM plants may be attributed to the improved nutrient uptake, particu-
larly N and Mg that are structural components of chlorophyll.

Mycorrhizal colonization has been found to alleviate the adverse impacts of
drought stress on photochemical efficiency and photosystem II (PSII) reaction cen-
ter [77, 83]. Under water deficit, application of AMF promoted a higher maximum
quantum efficiency of PSII (F,/F,) [11], greater photosynthetic efficiency [84],
transpiration rate, and net photosynthesis rate (Py) [10, 81]. Although mycorrhizal
plants usually have higher photosynthetic capacities, environmental factors such
as high atmospheric drought or low radiation can decide the beneficial effects of
mycorrhiza on photosynthesis [85].

4.1.4 Phytohormonal changes

Phytohormones not only modulate a plethora of events during plant develop-
ment but also are essential signaling molecules for interaction between plants
and AMF [86]. Changes in plant hormone homeostasis also affect plant tolerance
against abiotic stresses [87, 88]. During mycorrhization, changes in levels of several
plant hormones have been reported [86], hence may contribute to the improved
host plant tolerance to subsequent stresses.

Abscisic acid (ABA) is the most fundamental stress hormonal signal, modulat-
ing transpiration rate, root hydraulic conductivity, and aquaporin expression [89].
The concentration of ABA is heightened in plant tissues under drought stress to
induce stomatal closure for reduction of water loss and activate different stress-
responsive genes, increasing plant tolerance to drought [90]. A lower ABA concen-
tration was found in roots and leaves of mycorrhizal plants versus nonmycorrhizal
plants under drought stress [9, 10, 91]. Downregulation of SINCED gene, a critical
ABA biosynthetic gene, in Septoglomus constrictum-infected roots under water stress
concurred with the greater g and higher water status of tomato plants, indicating
a higher stress tolerance in colonized plants compared to uninoculated plants [11].
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Nonetheless, an increase in ABA concentration in trifoliate orange plants colonized
by F. mosseae was also observed under drought stress [73]. The reason for this
remains poorly understood, which requires further research.

The role of jasmonate (JA) in water uptake and transport, exerting influence
on stomatal conductance, root hydraulic conductance, and regulating the expres-
sion and abundance of aquaporins in tomato plants has been revealed [91]. Tomato
plants defective in JA synthesis altered the AM impacts on the host plant, interfer-
ing phytohormones and expression of AM-induced aquaporin genes. The content
of JA and its precursors was higher in leaves of Digitaria eriantha plants infected by
Rhizophagus irregularis under water deficit, relative to noninfected plants, which
could enhance plant tolerance to the stress [92]. Likewise, mycorrhizal inoculation
substantially increased methyl jasmonate (MeJA) in trifoliate orange plants exposed
to drought stress [93]. Under water-stress conditions, significantly higher expres-
sion levels of JA-biosynthetic gene SILOXD in roots and leaves of colonized tomato
plants were detected, supporting plant response to drought stress by triggering a
LOXD-mediated pathway [10, 11].

Strigolactones (SLs), as phytohormones, not only modulate the coordinated
development of plants exposed to nutrient shortages but are also host detec-
tion signals for AM establishment in the host plant [94]. Upregulation of the
SL-biosynthesis gene SICCD7 together with a greater content of SLs was found in
Rhizophagus irregularis-inoculated tomato roots subjected to water-stress condi-
tions, correlated with the increase in AM colonization rate [9]. The stimulated
production of SLs promoting symbiosis establishment as a strategy of plants to cope
with drought stress has been proposed.

Auxin is a key regulator in root-hair initiation, growth, and developmental processes
[95, 96]. In a recent study, an increased content of indole-3-acetic acid (IAA) which
is the dominant naturally occurring auxin was found in mycorrhizal tomato plants
exposed to drought [91]. Similarly, stimulation of biosynthesis and transport of IAA
in roots of trifoliate orange under water restrictions were demonstrated [97]. Under
drought conditions, AM colonization overexpressed PtYUC3 and PtYUCS involved in
IAA biosynthesis, and downregulated auxin efflux carriers (PtPINI and PtPIN3), while
up-regulated auxin-species influx carriers (PtABCB19 and PtLAX?) in roots, leading
to significantly higher IAA accumulation in mycorrhizal roots versus non-AM roots
[97]. Together with higher IAA, colonized trifoliate orange plants showed a significant
increase in MeJA, nitric oxide, and calmodulin in roots, supporting greater root adapta-
tion of morphology as a crucial strategy for drought adaptation [93].

Although important roles of phytohormones are irrefragable in plant responses
to water stress, little attention has been paid to them in mycorrhizal plants. Previous
studies have just revealed changes in concentrations and expression of genes
encoding biosynthesis of few hormones in colonized plants during drought stress;
thereby, further research is required to understand it.

4.1.5 Osmotic adjustment

In response to drought stress, plants accumulate compatible solute compounds
or osmolytes functioning for osmotic adjustment to maintain a favorable gradient
for water uptake [98]. Osmotic adjustment is essential for water influx, turgor
maintenance, sustaining physiological activity in plants such as stomatal opening,
photosynthesis, cellular expansion, and growth during the stress [98]. Compatible
solutes include a variety of sugars, proline, glycine betaine, polyamines, and organic
acids such as oxalate and malate [99]. Interestingly, discrepant observations in
osmolyte accumulation have been reported in a wide range of mycorrhizal plants
[10, 83, 100, 101].
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Proline, an amino acid, plays a crucial role in osmoregulation and acts as an effi-
cient scavenger of reactive oxygen species (ROS) [102] (discussed in Section 4.1.7).
Enhanced drought tolerance with a higher proline concentration in mycorrhizal plants
has been shown in many studies [10, 78, 100]; nevertheless, opposite results have
also been reported [81, 83]. Inoculation of either E mosseae or Paraglomus occultum in
trifoliate orange plants substantially reduced leaf proline content but improved the
host plant growth under water deficit [103]. These results suggest that AMF strongly
altered leaf proline metabolism through regulating proline-metabolized enzymes,
which is important for osmotic adjustment of the host plants.

Sugars are osmoprotectants, which contribute up to 50% of osmotic potential in
plants [104, 105]. In general, under water stress, the higher accumulation of total
soluble sugars offers a defense mechanism in mycorrhizal plants such as watermelon
[100] and flax [106]. Concentrations of sucrose, glucose, and fructose were signifi-
cantly heightened in leaves of mycorrhizal trifoliate orange seedlings exposed to
drought, which could function as osmolytes to stabilize and protect structures and
macromolecules in plants from the stress, therefore improving host plant tolerance
[103]. AMF-mediated increases in leaf sugar metabolism by modulating sugar-
metabolized enzymes notably contribute to the osmotic adjustment of colonized
plants. However, contrast observations have been shown in olive trees [101] and
maize [107] colonized by AMF, which may be due to the fact that host plants suffer
less stress. Noticeably, under severe drought inoculation with Rhizophagus clarus
significantly reduced soluble sugars in leaves of strawberry plants, but this param-
eter was remarkably enhanced in roots in response to mild and severe water stress
[81]. These changes together with an improved water status and plant biomass
suggest different strategies for the enhanced water status triggered by AMF in roots
and leaves of strawberry.

In summary, increased accumulation of compatible solutes in AM-inoculated
plants in exposure to water deficit is supposed to protect plants from the stress and
curtail the plant osmotic potential, whereas the lower osmolyte accumulation in
host plants is thought to be due to colonized plants successfully gaining drought
mitigation.

4.1.6 Enhanced plant tolevance to oxidative stress

One of the consequences of water stress is the overproduction of reactive oxygen
species (ROS) such as hydroxyl radicals (‘OH), superoxide radicals (O, "), singlet
oxygen (0,), and hydrogen peroxide (H,0,) mainly in chloroplasts and mitochon-
dria. The excessive ROS results in unbalanced cellular homeostasis and then oxida-
tive stress, damaging membrane lipids, proteins, and nucleic acids and even causing
the death of cells [108]. To cope with oxidative stress, plants have evolved ROS
scavengers in both nonenzymatic and enzymatic defense systems. Nonenzymatic
antioxidants comprise phenolic compounds, glutathione, ascorbic acid, alkaloids,
carotenoids, and tocopherol [109], which not only play a direct role in ROS removal
but also serve as a substrate for the antioxidant enzymes in scavenging ROS [110].
Under water deficit, AMF ameliorate oxidative damage through augmented produc-
tion of phenolic compounds and secondary metabolites detoxifying ROS in various
plants [111-113]. AM inoculation also significantly increased the concentrations of
anthocyanins and carotenoids [106] and ascorbic acid [82, 106] in plants in expo-
sure to water constraints.

Another important ROS scavenger system is enzymatic antioxidants which
could be enhanced in mycorrhizal plants including superoxide dismutase (SOD),
catalase (CAT), peroxidase (POD), guaiacol peroxidase, ascorbate peroxidase
(APX), glutathione reductase (GR), dehydroascorbate reductase (DHAR), and
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monodehydroascorbate reductase (MDHAR) [110]. The AM symbiosis has been
reported to improve plant protection against oxidative stress by decreasing the level
of lipid peroxidation (MDA) and H,0, accumulation by strengthening significantly
antioxidative enzymes SOD, POD, and CAT in roots and leaves under mild and
severe drought [11, 81]. SOD and CAT are the most important ROS scavenging
enzymes among the enzymatic antioxidants. These enzymes together with the
cooperative enzymes (GR, MDHAR, DHAR, and APX) in the ascorbate-glutathione
(ASA-GSH) cycle play pivotal roles in controlling overproduced ROS to maintain
cellular homeostasis [114-116]. Remarkable increases in SOD, CAT, GR, APX, and
MDHAR at transcription and enzymatic level correlated with lower O, ", H,0,, and
MDA have been revealed in drought-stressed mycorrhizal plants versus counter-
parts of non-AM plants, improving host protection against oxidative damage [101].

Higher nonenzymatic and enzymatic antioxidants in colonized plants help for
the rapid and efficient elimination of excess ROS. Nevertheless, discrepant results,
no change or decrease in ROS scavengers, have also been demonstrated [70, 117].
Results are not entirely consistent with all reports because of different ages of host
plants [118] and/or the specific combination of mycorrhizal strains and plant spe-
cies, even cultivars [11] (as discussed in Section 3) or successful drought mitigation
in colonized plants.

4.2 Indirect benefits of AM symbiosis for host plants under water deficit

The hyphal network of AMF is believed to improve soil water retention proper-
ties in the mycorrhizosphere through its physical, biological, and chemical influ-
ences. It has been reported that AMF produce polysaccharides, glomalin, mucilages,
and hydrophobins that act to bind soil particles, leading to soil aggregation with
enhanced water-holding capacity in soil [119]. Glomalin, a stable glycoprotein,
highly persists in the soil, defined as glomalin-related soil protein (GRSP) [120].
The higher amounts of GRSP in the soil, the more enhanced capacity of water reten-
tion was found since soil aggregation increased protection of C-rich debris from the
decomposition of soil microbes [120, 121]. Indeed, fungal hyphae coated by GRSP
sharp a hydrophobic layer into the aggregate surface, hence decreasing water loss
within soil aggregates [122]. When the fungal hyphae form branching structures
with glomalin, they physically stick micro-aggregates with macro-aggregates [119].
The physical interaction of external hyphae on soil particles forms stable aggregates
[123] in general and under water deficit [124]. Moreover, mycorrhizosphere also
influences soil aggregation through alterations in the soil microbial food web,
habitats for soil microbes, and biological activities in the host rhizosphere, which
could result in an enhancement in microaggregate soil structure [125]. Thus, soils
possess well-structured property in the presence of AMF, maintaining relatively
higher available water than poorly structured soils without mycorrhizal presence
under water stress [126]. Notably, in artificial substrates, an enhancement in water
retention and water transport within substrates inoculated with AMF was observed
under severe drought, suggesting that host plants perceive less stress at the root
surface as reducing substrate moisture [127]. Hence, AMF postponed the physi-
ological stress response in host plants.

5. Altered plant growth, yield, and quality
It is often found that AM symbiosis can improve plant growth in numerous

plants, such as lettuce [9], tomato [9, 11], strawberry [81], maize [128], black locust
[72], digitgrass (Digitaria eviantha), a source of forage [92], and damask rose [129].
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The substantial improvement in the growth of mycorrhizal plants could be a result

of a combination of AMF-induced mechanisms of plant tolerance under drought
conditions, notably enhanced water and nutrient uptake in host plants [60, 117], and
increased photosynthetic activity (as discussed in Section 4.1.3) since plant size closely
links with measured physiological parameters [11]. It is important because nutrient
supply may improve plant drought tolerance for better plant establishment. The
increased plant biomass and nutrient uptake in AM plants could be more pronounced
during seedling growth stages and in a longer stress duration. For instance, significant
increases in shoot dry weight (by 128-242%) and root dry weight (185-328%) in
French lavender (Lavandula dentata) plants treated by either single autochthonous
AMF (Septoglomus contrictum, Diversispora aunantia, Archaespora trappei, Glomus
versiforme, and Paraglomus occultum) or their mixture were recorded, compared to
uninoculated plants after 6 months of growth under drought conditions [60].

Besides positive mycorrhizal effects on plant growth, discrepant observations have
also been reported. Four tomato recombinant inbred lines (RIL 20, 40, 66 and 100)
and one commercial cultivar inoculated with Rhizophagus irregularis showed vari-
able results under water stress [37]. AM application remarkably increased shoot dry
weight of RIL 40 and RIL 60 lines under drought conditions while no changes were
recognized in plants colonized by other AMF. Similar results were found in soybean
using single isolates of Septoglomus constrictum, Glomus sp., Glomus aggregatum, or
their mixture [130]. Taken together, the benefits of AMF application under water
deficit are dependent on the specific combination of plant genotypes and AM isolates.

Another significant benefit of mycorrhizal inoculation is to increase crop yield
in exposure to water constraints compared to nonmycorrhizal plants. An array of
observations shows a significantly higher yield, importantly marketable yield in
mycorrhizal plants subjected to water scarcity in maize [128], tomato [82], flax
[131], cowpea [132], and damask rose [129]. Furthermore, AM symbiosis has shown
to accelerate flowering and fruit development [133]. Interestingly, re-inoculation of
AMF after transplanting seedlings in the field appears to be necessary to strengthen
mycorrhizal benefits. This could be seen in the field investigation which with twice
application of AMF considerably heightened the marketable fruit yield (by 51-71%)
in plants subjected to 50% water supply regime in comparison with those with
mycorrhizal inoculation once at sowing and uninoculated ones [82]. The beneficial
effect of AMF application on relative water content and nutritional status in plants
as well as enhanced shoot accumulation of photoassimilates through higher photo-
synthetic activity, and improved stress tolerance in the presence of drought could
result in higher productivity in colonized plants. Also, fruits are often the main sink
for P; therefore, enhanced P nutrient in host plants promotes higher fruit yield.

As a result of physiological changes during mycorrhization, both transcriptional
and metabolic changes occur in host plants influencing crop quality as well. AM
symbiosis not only modulates gene expression in tomato fruit, through a systemic
impact, but also changes the phenology of flowering and fruit ripening as well as
in the amino acid profile [133]. Under water shortage, AMF treatment has been
explored to improve quality attributes including antioxidant compounds, carot-
enoids and anthocyanins [82, 134], essential oils [135], and alteration in seed qual-
ity of flax [131], hence highlighting the potential of using AMF in crop production,
producing industrial and oil plants.

6. Challenges of AMF application

Microbial symbionts of plants such as AMF represent a huge, but an unreal-
ized resource for improving yields, especially in the tropics [136]; however, lower
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benefits to plants than the potential of these microorganisms are often found. To
predict real benefits as well as all potentials of the fungal inoculation, implementa-
tion of field trials before AMF application on a large scale is indispensable in order
to choose suitable inoculum or appropriately tune the best AM combination for
target crop production systems. Moreover, various environmental factors influence
the success of AMF application into the field.

Another critical issue is whether generic or tuned AM products should be
utilized in sustainable crop production. One of the challenges of AMF inoculation
under open field conditions is the native populations of AMF in soils, which are able
to remarkably compete colonization niche with the introduced symbionts. Despite
the fact that commercial AMF inoculants are usually advertised as compatible for
a variety of host plants and field-cultivation conditions, the AM-induced benefits
for crops are not always as expected [137]. The bridge between research and AM
suppliers should be strengthened to recommend appropriate AM inocula for most
benefits. Due to the specificity of AMF-host plant interaction as described in several
places in the chapter, an attempt to exploit advantageous combinations is necessary.
Fine-tuning commercial mycorrhizal products is vital to obtain optimum beneficial
effects from mycorrhizal inoculation.

Even in some circumstances, the symbiotic effectiveness and adaptability of
the indigenous fungi are more dominant than non-native ones [138, 139]; there-
fore, introduced AMF isolates could be less profitable than native ones [140].
Besides, there is an existence of functional diversity among different AMF species
[36]. Remarkable differences in performance even among different geographical
isolates belonging to the same mycorrhizal species have been described [141].

In such cases, isolation of indigenous mycorrhizal strains for inoculum produc-
tion, then large-scale reintroduction of these native fungi in the field could be a
feasible solution for a useful AMF application [142]. It is worth mentioning that
selection of specific AM taxa for particular crops is the best approach to improve
crop growth, and there is no ‘one-size-fits-all’ AMF [143]. In controlled environ-
ments, application of a single AMF is more effective than using a mixture of
different AM taxa [143].

During the last decades, several molecular techniques have been used to
characterize entire communities of mycorrhiza in soil [144, 145] and AMF
inocula [146-148]. These techniques enable to monitor the introduced fungal
symbiont both inside and outside the host during plant growth [149, 150].
Tracing the introduced AMF temporally and spatially could be implemented by
high-throughput next-generation sequencing, which possibly verifies whether
the introduced fungi favor substantial levels of colonization and explores how
the inoculated AMF coexist and interact with the local community of AMF [136].
Advances in molecular techniques can further assist the adjustment or tuning of
commercial inoculants to specific AMF combinations with host plants under crop
production systems.

Another major limitation of mycorrhizal inoculation in horticulture and
agriculture is farmer’s awareness and acceptance and the relatively high cost
of it. Furthermore, conventional breeding programs have overlooked plant
characteristics facilitating mycorrhizal association, and plant breeders have
selected varieties in favor of acquiring nutrients in high-input crop production
systems without respect to the AMF role in soil nutrient management [151],
resulting in the primary challenge to AMF application. Hence, modern breeding
programs should consider AMF as an essential component of breeding traits in
new cultivars, particularly those cultivated under environmental adversities such
as drought stress in which AMF application has been proved to stimulate higher
crop tolerance.
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7. Conclusion and future perspectives

AM inoculation can offer multiple advantages to host plants in exposure to water
scarcity, which could enable inoculated plants to avoid drought stress or tolerate
water deficit better than nonmycorrhizal plants. Indeed, various direct and indirect
AM-induced mechanisms in mycorrhizal plants could contribute to drought mitiga-
tion or tolerance. More importantly, improved crop yield and quality attribute in
colonized plants under drought stress highlight the importance of AMF applica-
tion in crop production as one of the promising practices under water constraints.
However, variable plant responses to AMF and the discussed major challenges
hinder possible fruitful outcomes of AM inoculation. Identification of the most
appropriate combination of fungal inoculants and a given variety, cultivar, or acces-
sion grown under water scarcity, and understanding environmental factors decid-
ing the positive results of the inoculation are crucial determinants for successful
AMF application. Compatible combination of AMF with other beneficial microbes
such as plant growth-promoting bacteria and/or Trichoderma offering synergistic
effects on plant tolerance to stressful environments including drought stress is also a
bright perspective [38, 106]. Besides that, further research is necessary to shed light
on the specific functions of genes mediated by mycorrhiza, which could explore the
exact AM-triggered mechanisms of plant adaptation under water deficit. Studies
on quantitative trait loci (QTL) involved in mycorrhizal plant responses to drought
stress are needed for breeding programs to create new cultivars with a combination
of drought-tolerant traits and AM benefits.
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Physiological Features of Red
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and High Air Temperatures
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Abstract

An important requirement for varieties is adaptation to growing conditions. The
main indicators of water regime, photosynthesis, and productivity of representa-
tives of different species of Ribesia (Berl.) Jancz. subgenus to drought and high
temperatures have been studied. Quantitative and qualitative changes of the photo-
synthetic apparatus are the response to drought and high temperatures. The ratio of
chlorophylls to carotenoids is considered to be one of the indicators of adaptability.
The total water potential in red currant leaves depends on shoot growth, leaf age,
berry formation, variety, and weather conditions, and it is not the main indication of
drought resistance. The ratio of bound and free water and water-holding capacity of
the leaves is considered to be a determining sign of resistance to hyperthermia. Red
currant genotypes do not possess high indicators of heat resistance. The prospects of
using physiological rapid diagnostic methods in breeding for adaptability to destruc-
tive factors of the growing season are shown. The representatives of Ribes petraeum
Wulf. (“Hollandische Rote”) and R. multiflorum Kit. (1426-21-80) have high levels
of drought resistance, making them highly potential for wider growing in (semi)arid
agroecological condition.

Keywords: Ribesia (Berl.) Jancz. subgenus, genotypes, drought resistance,
heat hardiness, water regime

1. Introduction

The ecological factors of the environment play an important role in the resistance
of fruit plants, their productivity, and crop quality [1, 2]. Global climate change is now
threatening. Air and soil summer droughts reduce the quality and quantity of horticul-
tural products. Weather anomalies lead to an imbalance of the protective mechanisms
of fruit and berry crops and adversely affect the physiological processes occurring in
plants [3, 4]. Recently, the task to obtain new high-yielding, precocious genotypes with
an amplitude of adaptation to different conditions, with a high content of nutrients
and biologically active substances in the fruit, is faced by scientists from different
countries [5]. The search of express methods of plant diagnostics to destructive factors
of the environment is a priority direction. It is known that the temperature increase
causes morphological and anatomical, physiological, and biochemical changes, which
affect the growth and development of plants and can lead to large economic losses

195 IntechOpen



Drought - Detection and Solutions

[6, 7]. The study of morphological features, structure of photosynthetic apparatus,
and water exchange of plants in connection with the area of growth is the main condi-
tion for solving fundamental and applied problems in the biology of the culture. The
use of physiological and biochemical rapid methods of diagnostics of plant resistance
to adverse weather and climatic factors can significantly optimize the long breeding
process, minimize crop losses, and obtain genotypes resistant to the destructive effects
of climatic anomalies [8-10]. Plant organisms have different mechanisms of adapta-
tion to stressors [9, 11]. Xeromorphic structure of a plant leaf, changes in a pigment
complex, and water balance are important diagnostic signs of drought resistance

and heat resistance [12-14]. Issues of adaptation of berry crops to drought and high
temperatures are poorly studied. Red currant is one of the valuable berry crops due to
the high content of vitamins, microelements, sugars, and organic acids. It is valued as
a source of healthy nutrition [15-18]. Vitamin and the healing properties of the berries
of this culture are also preserved in processed products [19]. Introduction is considered
to be an important link in the distribution and production of new red currant geno-
types. The success of the introduction is determined by the nature of the interaction of
hereditary biological characteristics of plants with specific environmental conditions
[18]. Red currants belong to the Ribes L. genus and Ribesia (Berl.) Jancz. subgenus. As
a culture, it was developed on the basis of four species, i.e., Ribes vulgare Lam., Ribes
petraeum Wulf., Ribes multiflorum Kit., and Ribes rubrum L., and their hybrids [20].
The world assortment of the Ribes L. genus includes more than 200 varieties; however,
the genetic resources of the Ribesia (Berti.) Jancz. subgenus are poorly studied, since
there are a number of wild species that exceed the existing varieties by a number of
economic and biological characteristics [21].

2. Anatomical, morphological, and physiological changes of a red currant
leaf due to drought and high temperature

The study of the assimilation apparatus in red currants gives a complete picture
of the plasticity of the genotype in relation to the ecological factors of the environ-
ment [11, 22-24]. The investigation of the anatomical and morphological features of
red currant leaf structure showed that some morphological features, such as shape
and venation, depend on the biological characteristics of the variety and the ana-
tomical structure is more influenced by the growing conditions. During the periods
with insufficient water supply, the leaf surface area decreased in all studied currant
samples compared to optimal conditions. A positive relationship between leaf area
and hydrothermal coefficient (r = +0.99) and a negative relationship between leaf
area and ambient temperature (r = —0.97) were identified [10]. Rezanova [14],
Patzukova [25], Tokhtar [18], and Panfilova [2] studied the anatomical structure
of currant leaves and described the structure of the stomatal apparatus and the
conduction system of Ribes rubrum L. and Ribes American L. According to anatomi-
cal studies, the red currant leaf had a mesomorphic structure characteristic of
the Ribesia (Berl.) Jancz. subgenus. Spongy parenchyma prevailed over palisade
parenchyma, epidermal cells were large enough, and on the upper side of the leaf,
they were larger than on the lower one (Figure 1) [10]. It is shown that stomata are
formed on the lower side of the leaf rarely and unevenly, at the level of the epider-
mis. There are varietal species differences in the size and number of stomata per
1 mm? of leaf area, in the length of the closing cells, and in their shape. The size of
stomata and the degree of their openness depend on the temperature and humidity
of the air. During the drought, the degree of stomata opening decreases sharply.

The index of leaf mesostructure is labile in red currant genotypes of different
ecological and genetic origins, including Ribes petraeum Wulf. (“Hollandische Rote”
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Figure1.
Anatomical structure of a ved currant leaf (cross sectional view, x40), R. vulgare Lam. Bar represents 10 pm.
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Figure 2.
The average size (£S.E.) of the cells of adaxial epidermis of a leaf in ved currant varieties and selected genotypes
of the Russian Research Institute of Fruit Crop Breeding, Orel [10].

and 1518-37-14), Ribes vulgare Lam. (“Jonkheer Van Tets,” “Niva” and “Rosa”), and
Ribes multiflorum Kit. (“Dana,” 1426-21-80 and 1432-29-98), depending on the
genotypes and phase of plant development.

High temperature and drought had different effects on cell size of adaxial
epidermis and leaf mesostructure. In drought periods (2012, 2013) at the stages
of active growth of shoots and formation of berries, the main cells of the adaxial
epidermis in “Hollandische Rote” (Ribes petraeum Wulf) and 1426-21-80 (Ribes
multiflorum Kit.) under the action of high temperatures (up to +31.2 ... +28.6°C in
May and +32.2 ... +31.5°C in July) were somewhat stretched due to the decrease in
turgor of the cells. The remaining samples showed cell compression in the tangent
direction (parallel to the stem surface) (Figure 2).

Increased temperature and drought lead to the growth of parenchymal cells and
increase of the overall thickness of the leaf (Table 1). The growth of mesophyll cells
occurs mainly due to the increase in the volume of air-bearing cavities of the spongy
parenchyma, which contributes to the improvement of gas exchange between the
leaf and the environment (Figure 3).

In some previous studies [2, 26, 27], it was confirmed that significantly greater
growth of spongy parenchyma cells and leaf blade thickness in dry periods were
found in most samples of Ribesia (Berl.) Jancz. (with the exception of “Niva”).

The largest increase in the thickness of the leaf was noted in “Hollandische Rote”
and 1426-21-80. The authors consider these changes as a manifestation of high
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Variety name/code (B) Year (A)
2011 2012 2013

PP SP TLT PP SP TLT PP SP TLT
1426-21-80 10.29 13.62 26.94 12.00 20.00 37.30 9.75 1580 2991
“Hollandische Rote” 9.56 15.24 2770 11.25 18.45 3535 9.55 1695 3140
“Niva” 9.28 12.65 24.63 10.15 15.35 29.60 10.35 1530 2910
“Dana” 8.10 12.00 2270  10.05 1630 2992 9.10 14.85 2770
1432-29-98 790 12.35 23.25 11.65 1755 33.65 10.15 1510 2910
1518-37-14 7.70 1468 2538 915 1815  30.80 8.55 16.90 2915
“Jonkheer Van Tets” 730 10.10 20.33 10.50 15.90 30.05 9.00 1230 2480
“Rosa” 6.80 1123  20.53 795 1385 2560 8.10 13.80 2510

Notes: PP—palisade parenchyma, pm; SP—sponge parenchyma, um; TLT—total leaf thickness, ym. LSDos for
palisade parenchyma A = 1.57, B = 2.56, and AB = 4.42; LSDs for sponge parenchyma A = 1.92, B = 3.14, and
AB = 5.43; LSD;s for total leaf thickness A = 1.39, B = 2.27, and AB = 3.93.

Table 1.
Leaf mesostructural parameters in ved currant varieties from the Russian Research Institute of
Fruit Crop Breeding, Orel, in 2011—2013 vegetation period [10].

Spongy
parenchyma Parenchyma

palisade

Figure 3.
The leaf mesophyll cells in a red currant exposed to drought ((cross sectional view, x40), R. multiflorum Kit.). Bar
represents 10 pm.

adaptability of the anatomical structure of the leaf to stressors (high temperature)
during the growing season (Table1).

Knowledge of the anatomical structure of the leaves helps to fully reveal the
biological characteristics of the variety and species as well as the flow of the most
important physiological processes [28]. In the process of evolution, many currant
species have acquired a high potential of photosynthetic productivity, and, for the
most part, in the real environment, this potential is not fully used [29, 30].

Drought is one of the reasons for the decrease in the intensity of photosynthesis,
respiration, and changes in the hormonal status of plants. Violation of hormonal
metabolism significantly increases the process of natural fall of the ovaries of red
currants, as well as the appearance of necrotic points on the leaves and a decrease in
the number of laid generative buds; leads to a decrease in yield, during both current
and subsequent years; and also reduces the stability of plants in winter [31-33].
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The process of photosynthesis largely depends on the quantitative and
qualitative composition of pigments. Changes in the pigment complex can be
considered as important mechanisms of culture adaptation to environmental
conditions. The impact of high temperatures and low soil moisture leads to a
decrease in the concentration of chlorophyll [22, 34-36]. Studies of different red
currant species have confirmed the impact of air and soil drought on the work of
the assimilation apparatus.

In the dry period (in the Orel region it was 2012), there was a decrease in the
content of chlorophyll 2 and chlorophylls 2 +b in the leaves of all red currant geno-
types in comparison with the favorable weather conditions (2011) (Figure 4).

A sharp (maximum) decrease in the number of pigments was observed in all
derivatives of R. vulgare Lam. in 2012; the minimum decrease was observed in the
representatives of R. petraeum Wulf. and R. multiflorum Kit. A slight decrease in
drought in 2013 contributed to a slight increase in pigment content.

Drought at high temperatures stimulates the formation of carotenoids in the
cell, which is consistent with the literature data on the protective function of this
group of pigments under stress [5, 37, 38]. In the representatives of Ribesia (Berl.)
Jancz. subgenus, the content of carotenoids in drought conditions increased by
2-3 times compared to a favorable period. A positive correlation in red currants
was found between the carotenoid content and temperature (r = +0.77) [2, 10].
An indirect indicator of drought resistance and high temperature is the ratio of the
sum of chlorophylls to carotenoids [23, 39, 40]. In stressful conditions, the high
value of this indicator was observed in the variety “Hollandische Rote” (the value
of the coefficient 5.14) and the selected form 1426-21-80 (the value of the coef-
ficient 5.51), which may indicate the stability of these samples to drought and high
summer temperatures. Hydrothermal regime affects productivity by affecting the
functional state of plants, which was confirmed by high correlations between the
amount of chlorophyll 2 and yield (r = +0.85) and the sum of chlorophylls and
yield (r = +0.78) [10].
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Content of chlorophyll a and sum of chlorophylls a+b in red currant varieties and selected genotypes of the
Russian Research Institute of Fruit Crop Breeding, Orel [10].
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3. Features of water regime in red currants (drought resistance, heat
hardiness)

Changes in the hydration of tissues and their water balance under the influence of
adverse environmental conditions are reflected in the level, direction, and relationship
of physiological processes that determine the formation of the crop and its quality. The
ability to retain and economically consume water in arid conditions is a protective and
adaptive reaction of resistant plants, which is due to a number of internal factors [33, 43].

It is established that the increase of water-holding capacity of leaves in extreme
conditions of water supply allows stable red currant plants to regulate water metabo-
lism [33, 41]. High water-holding capacity against the background of low water
potential (61-67%) was observed in the varieties “Jonkheer Van Tets,” “Hollandische
Weisse,” and “Englische Grosse Weisse.” It is noted that the water potential of red
currant leaves is not the main indicator of plant resistance to drought, because it
depends on a number of factors (weather and climatic conditions, genotype, leaf age,
shoot growth, and berry formation). The maximum reduction of water potential of
leaf tissues in representatives of the subgenus Ribesia (Berl.) Jancz. occurs during the
formation of berries, as most of the water is used to form the ovary [10, 42].

The resistance of red currants to hyperthermia is determined by the high content
of bound water and water-holding capacity of leaves, low water deficit, and intensity
of transpiration [43-45]. High values of the coefficient of bound water to free water
and minimal water losses were observed in the variety “Hollandische Rote” and
selected form 1426-21-80. The genotypes of these samples of R. petraeum Wulf. and
R. multiflorum Kit. species exhibit higher adaptability to high temperatures against the
background of soil moisture deficit (Table 2) [10]. In terms of transpiration intensity,
red currant samples exhibit different mechanisms of adaptation to drought: either
reduce the level of transpiration intensity (plants save water) or the level of transpira-
tion intensity remains high (drought level for these genotypes is not critical) [43].

The relationship between physiological characteristics was revealed in representatives
of different red currant species, which was confirmed by the coefficient of pair correla-
tion between the amount of chlorophylls and water loss (r = —1.00), the amount of chlo-
rophylls, and the amount of free water (p = +0.98). The content of pigments, fractional
composition of water, and water-holding capacity of the leaf were associated with the
development of water deficit, which depended on the air temperature (r = +0.84). The
relationship between water regime indicators and meteorological features of the growing
season was described using multiple regression coefficients (Table 3) [10].

In the study of plant resistance to abiotic environmental factors, their ability
to withstand high air temperatures is important. Abnormally high temperatures,
regardless of the dehydrating effect of dried soil and air, lead to disruption of water
metabolism in plants and damage to membranes and proteins of the cell [46-50]. In
this regard, an important feature of the variety is heat resistance [51]. Heat resistance
largely depends on the duration of high temperatures and their absolute value.
Temperature limits are specific to an individual genotype. In most cases, fruit plants
begin to suffer when the temperature rises to 35-40°C. At these and higher tempera-
tures, normal physiological functions are inhibited, and at temperatures around
50°C protoplasm, coagulation and cell death may occur. The exceeding the optimum
temperature level leads to partial or global denaturation of proteins. In heat-resistant
genotypes in the lipid complex, the saturated fatty acids predominate, and their
appearance is a consequence of adaptation to this damaging factor. The mechanism
of increasing the heat resistance is interconnected with the genetic apparatus of the
cell and is aimed at stabilizing the membrane lipids in the direction of reducing their
poly saturation. Under the action of elevated temperatures in the cells, the synthesis
of stress proteins is induced [52]. Heat resistance is also associated with a certain
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Variety name/code (B) Year (A)

2011 2012 2013 Average

BW/FW WL,% BW/FW WL,% BW/FW WL,% BW/FW WL, %

“Hollandische Rote” 133 35.82 2.09 20.36 2.03 2111 1.82 2576
1426-21-80 131 36.16 241 20.62 2.09 19.37 194 25.38
1432-29-98 112 30.17 142 25.01 1.20 26.98 125 27.39
“Jonkheer Van Tets” 1.01 38.10 131 21.85 1.04 2740 112 2912
1518-37-14 0.96 4091 1.06 2762 1.08 26.66 1.03 3173
“Niva” 0.82 42.56 171 24.84 1.50 25.58 134 30.99
“Dana” 0.70 40.97 1.76 25.51 1.66 2544 137 30.64
“Rosa” 0.63 39.75 0.98 26.82 0.87 2785 0.83 31.47
LSDgs 0.08 2.06 0.11 3.03 0.14 1.86

Notes: BW/FW—vatio of bound and free water; WL—uwater loss in 24 hours; % of water content, LSDgs for BW/
FWnr—A, 2.18; B, 4.59; and AB, 7.95; and LSDs for WL—A, 0.13; B, 0.21; and AB, 0.37.

Table 2.
The main indicators of the water regime in ved curvant varieties from the Russian Research Institute of Fruit Crop
Breeding, Orel, in 20112013 vegetation period [10].

Indicator Regression ratio
Hydration 0.90xF;r=0.22
Free water fraction 0.84xF;r=0.33
Water loss —0.88xF;r=0.30

Notes: F—the values of hydrothermal coefficient; and r—the standard error of the experiment.

Table 3.
Correlation between physiological indicators and meteorological conditions in studied red curvant varieties from
the Russian Research Institute of Fruit Crop Breeding, Orel [10].

stage of plant development: young actively growing tissues are less stable than old
ones. For berry plants, high temperatures are especially dangerous during flowering,
because they cause sterility of flowers and the fall of ovaries. Plant organs differ in
their heat resistance: shoots and buds are most stable, and the root system is less
stable. The cambial tissue is most stable among tissues.

Russian and foreign researchers have achieved certain results in the study of
water metabolism and physiological and biochemical parameters of resistance of
fruit plants and developed methods for determining heat resistance. Water loss and
the degree of water content recovery are informative indicators of heat resistance
assessment [34, 53-64].

The effect of temperature “shock” +50°C on the red currant genotypes showed
that this culture does not have high heat resistance. Leaves at a young age (less
heat-resistant) are most severely damaged by high temperatures; the older the
leaf, the higher its heat resistance [65]. The degree of water recovery in red
currant leaves increases by the time of berry ripening. The leaves of red currant
genotypes recover water better during berry ripening and are less susceptible
to damage by temperature +50°C; they are more heat-resistant than the leaves
during the active growth of shoots. One hundred percent recovery of water loss
does not occur after exposure to temperature stress (+50°C) on the leaf. The most
heat-resistant varieties are considered “Niva” (R. vulgare Lam.) and “Hollandische
Rote” (R. petraeum Wulf.) [66].
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Field assessment of red currant plants was carried out in Adygea after along and
gradually increasing heat in 1998. “Jonkheer Van Tets,” “Natali,” “Nenagliadnaya,’
“Boulogne Blanche,” and Ribes biebersteinii Berl. showed resistance to heat (damage up
to 2.5 points). The red currant samples of “Englische Grosse Weisse,” “Hollandische
Weisse,” “Boulogne Rouge,” “Versailles Rouge,” “White Viksne,” “Hollandische
Weisse,” and “London Market” dropped all the leaves, but the kidneys were still alive.
Necrotic spots of different degrees appeared on the leaves of “Jonkheer Van Tets,”
“Nenagliadnaya,” and “Boulogne Blanche” [33].

4, Conclusion

Summarizing the above, it can be approved that the problem of drought resistance
and heat resistance of varieties is currently particularly acute. The increase of variety
stability now gets the great relevance, since the numerous experiments prove that only
the use of the adapted varieties and the transition to adaptive, biological, and low-cost
technologies of cultivation of fruit-growing production are possible [67]. Many issues
related to the peculiarities of the water regime and physiological and biochemical
processes remain unclear. In our work we have shown that berry crops, including red
currants, have complex and little-known mechanisms of adaptation to drought and
abnormally high temperatures. The prospects of using physiological methods in assess-
ing the resistance of Ribesia (Berl.) Jancz samples to adverse weather factors have been
proved. The obtained results were fully confirmed by field observations of stability
of red currant varieties and selected forms under conditions of high temperature and
moisture deficit. This makes it possible to use the considered methods as a rapid diagnos-
tics and significantly intensify the selection for adaptability. As shown by the complex
physiological assessment, the derivatives of different species of the Ribesia (Berl.) Jancz
subgenus have a different ecological plasticity, which is explained by the difference of
their genetic and ecological-geographical origins. The derivatives of different species
of the Ribes petraeum Wulf. (“Hollandische Rote”) and R. muliflorum Kit. (1426-21-80)
showed the greatest resistance to dry conditions of the vegetation period in the Central
Chernozem Region that gives reason to use them in introduction. Low drought resistance
was observed in the varieties and selected forms of Ribes vulgare Lam.
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