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Assembling Large Entangled States in the Rényi-
Ingarden-Urbanik Entropy Measure under the
SU(2)-Dynamics Decomposition for Systems Built
from Two-Level Subsystems

By Francisco Javier Delgado Cepeda

Quantum Information is a discipline derived from Quantum Mechanics which uses
guantum systems to exploit their states as information recipients. Normally, these
states are conformed by two-level systems to reproduce the binary nature underlying
the classical computation structure. Quantum evolution is then controlled to
reproduce convenient information processing operations. Evolution could be hard to
be controlled. SU(2) decomposition procedure lets to set a binary structure of
processing when a convenient basis is selected to set the dynamics description. In this
work, we exploit this procedure for a generic Hamiltonian in order to set the process
to reduce arbitrary states into simplest ones. For this work, we use customary SU(2)
operations on local and entangled states. These operations are described in the
development. They involve 1, 2 and 4-local operations meaning the number of
guantum parties involved, in agreement with the decomposition procedure scope. This
task is complex in spite the difficulty to set a general way to manipulate the
entanglement in the system. We are particularly interested on the application of
stochastic procedures based in SU(2) decomposition operations to achieve that goal.
In order to have a measure of the advancement of the last task, we use the Rényi-
Ingarden-Urbanik entropy to describe the whole spectrum of entanglement in the
large systems through the assembling/disassembling of the state.

Keywords: Entanglement, Quantum Information, Quantum Processing, Rényi-Ingarden-
Urbanik Entropy, States Design.

Introduction

Quantum information is pursuing novel approaches to set information and
processing on physical systems exhibiting quantum properties, such as
superposition and entanglement. There, normally two-level systems are
combined to scale them into large physical systems being able to hold large
amounts of complex Information. Due to the entangling interactions among
them, which are mandatory as part of the improved processing, these composed
systems exhibit a complex dynamics hard to control under a universal set of
operations as in classical computing, normally in the form of gates. In the most
of cases, the whole evolution matrices for the composed system have their
entries different from zero. This aspect does hard to fit them in controlled
operations, normally involving two informational parts in the physical systems
(remember that normally, those states are expressed in the eigenstates of the

“Professor, Tecnoldgico de Monterrey, Mexico.

81



Vol. 6, No. 2 Delgado Cepeda: Assembling Large Entangled States in the ...

physical parameters composing such subsystems). Thus, the clue is to select an
adequate basis to re-express the dynamics in order to reduce the complexity of
such evolution. Nevertheless, the physical meaningful of those states are not
assured, it is only informational unlinked from the physical parameters.

SU(2) decomposition (Delgado 2017a) is a procedure recently developed
for certain architectures and interactions (three interactions and set-ups denoted
by Type I, lly, and Ill are able to set this kind of controllable operations;
despite could be generalizable on a wider spectrum of quantum systems and
non-only as SU(2) reduction, instead having another group structure). There,
generic SU(2) operations can be settled in order to design states and to process
information in terms of the Di Vincenzo criteria (Di Vincenzo 1997). Such
procedure could be useful to reach processing gates in terms of the Gates Based
Quantum Computation (GBQC), control in quantum information, entanglement
quantification, quantum error correction, etc. In the current work, we exploit
this approach to set key operations to transform random large quantum states in
order to analyse if they are able to carry out the state through the entire spectrum
of entanglement.

The aim of this paper is focused in the complexity to get general quantum
states departing from the most simple ones, particularly those possibly exhibiting
several types of entanglement (really, from separable to the genuine entangled
states as a spectrum). The second section summarizes the details of SU(2)
decomposition procedure. Third section depicts the general processing operations
being possible to reach in such procedure. Fourth section sets several findings
about entanglement already reached under the SU(2) decomposition operations.
Fifth section presents the Rényi-Ingarden-Urbanik (RIU) entropy (Ingarden
and Urbanik 1962) and finally sets several automated procedures to show the
evolution processing of large quantum states transiting from separable to
entangled states. Last section set the conclusions and future work.

SU(2)-Dynamics Decomposition

In this section, we set the generalities of SU(2) reduction procedure as it
has been developed in (Delgado 2015), together with the Hamiltonian being
considered in such development. This procedure was first applied in the
Heisenberg-Ising Hamiltonian for two particle spin together with external
magnetic fields in a fix direction. By using the Bell states basis to describe the
dynamics, it was discovered that the SU(4) dynamics for the entire system
became split in two evolution subspaces, each one with a SU(2) dynamics. This
block structure in the evolution matrix was useful to set the most common
guantum processing operations. After, it was realized this procedure could be
generalizable to any system integrated by several interacting two level systems
being combined in only one bigger system.
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A General Hamiltonian in SU(2%*%)

Thus, the current analysis of the SU(2) decomposition departs from the
general Hamiltonian for n=2d qubits (Delgado 2017a):

n 4" —1

=Y b @ = 3 1 @z,
Gin} k1 T=0 k=1 (1)

where matrices o , i=0, 1, 2, 3 are the Pauli matrices (and the identity), and
symbol & is the tensor product. The two-biased notation in the subscripts of the
Hamiltonian coefficients and Pauli matrices are common in quantum information:
{iy, iz, ..., in} are a set of subscripts as reference of each coefficient and each
physical part of the system, but alternatively I is an equivalent number to those

subscripts considered as its expression in base 4 with n digits. Thus, "4 = iy is its
k digit in such base. We switch both notations under convenience.

The Generalized Bell Basis (GBS)

The last expression is settled on the Hilbert space  ** of spin states for
each one of the 2d subsystems being combined, a space with 22 complex
dimensions (or 4°** parametric dimensions due to the normalization condition).
Procedure suggests re-express the dynamics on the Generalized Bell States
basis, GBS (Sych and Leuchs 2009):

I
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where the tilded o; are the modified Pauli matrices, differing from the classical
ones only for i=2 by an additional imaginary unit factor, i. Scripts follow the
same rule that in the Hamiltonian, as instance: D", = &, in this case in base 2.
Then, the Hamiltonian components can be expressed (Delgado 2017a) as:

) 2y d
<‘III'.’|H|‘I’.M'{,}‘ = o7 2 hope [I (67, 050050 7))
J=0 s=1

b..l| —

©)

This expression sets the rules to get the SU(2) decomposition. By taking
pairs of the entire set of scripts J% and X%, in such way that in both

corresponding rows of Hamiltonian only the diagonal terms and those with
entries having them as subscripts, we will get a 2 x 2 block. In the current
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Hamiltonian, we can to get three possible groups of interactions: Types I, Il
and Il (Delgado 2017a). All of them contain entangling operations between
the pairs 1, d+1; 2, 4; ...; d, 2d (called correspondent pairs), a kind of
operations referred as 2-local operations. All of them exhibit Ising-like
interactions between correspondent pairs providing the diagonal part of the
blocks. Additionally, Ising-like interactions among the non-correspondent parts
provide the diagonal-off entries in the blocks. Correspondingly, the Type Il
and 11l involve Dzyaloshinskii-Moriya-like interactions (Dzyaloshinskii 1958,
Moriya 1960) among non-correspondent parts and correspondent pairs
respectively to provide the diagonal-off entries (Delgado 2017a). In any case,
all interactions work in only two ways: a) they lets to mix or to exchange the
basis states by pairs if they are different in only one script (Type I ad 1), or b)
they are different in exactly two scripts (Types Il,). These exchange rules
have been described in detail by Delgado (2017b).

The Block Structure Generated by the SU(2) Reduction

Last decomposition lets to express the Hamiltonian in the form (by the
rearrangement of the basis elements) of 2x2 blocks:

syl 0 || 0
gn—l o
2 0 |8uo ... 0
H = Q) su;=
i=1 : : : :
0 | 0 | .| Spps

(4)

Thus, because the evolution operator can be calculated from the
Hamiltonian as the time-ordered integral (Grossman and Katz 1972), basically
containing time-ordered products preserving that structure, it inherits the same
block structure:

(5)

Clearly there are 2%** blocks in each matrix with a respective phase factor
(despite only 2%%2 are independent, thus generating a semi product structure).

Only U exhibits the structure U(1)Z" “x5U(2)2° " (Delgado 2017a).
Interactions Generating SU(2) Reduction

Only the Type Il interactions are able to generate extended entanglement
in the system because it works on two correspondent pairs (4-local operations),

it means on states differing in two elements of the subscripts. Figure 1 depicts
those interactions showing 2d=20 qubits. The envelope surface depicts the
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permanent entanglement (in some variable degree) between the correspondent
pairs maintained by non-local interactions in all three cases (non-crossed and
Ising-like). Type | interaction includes only local interactions in each element
of only one correspondent pair. Type Il interaction includes non-local crossed
(Dzyaloshinskii-Moriya-like) interactions between elements of only one
correspondent pair. These interactions do not generate more extended
entanglement far away than the pair where are applied. Finally, Type Ilap
interactions include non-local, and non-crossed (a) or crossed (b) interactions
able to generate extended entanglement far away from the correspondent pairs.
As a result, under this scheme, we have a group of SU(2) based operations
through the whole matrix evolution to produce quantum information
processing with well identified operations.

Figure 1. Depiction of the Three Types of Interactions Exhibiting SU(2)
Reduction in the GBS Basis a) Type | b) Type Il ) Type I1

Non-local interactions between
each pair of correspondent pairs

a) and local operations on each
element of one correspondent
pair

Non-local interactions between
each pair of correspondent pairs

b) and non-local operations among
elements in only two different
correspondent pairs (a: non-
crossed or b: crossed)

Non-local interactions between
each pair of correspondent pairs
C) and a non-local crossed
operation between elements of
only one correspondent pair

Operations for Quantum Information and their Classification

This section is devoted to depict some generic operations in gquantum
processing. In spite of the SU(2) reduction, then each block is able to adopt this
form. They are shown able to generate large entangled states departing from
basic (separable) or similar quantum information states (as a re-scaling in the
number of qubits). Still, the operations presented are not necessarily the most
general, instead the most common operations in terms of similitude with those
used as traditional gates in GBQC.
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Generic Operations in Quantum Processing

A general common operation (but not the most general actually) in the
previous SU(2) reduction context can be expressed as:

e e _ {_1ym £ i

where €2+8°=1; m, ¢ e Z. In particular, we can identify there certain
archetypical operations (Delgado, 2017b). By instance, Hadamard-like gate:

T, 8 [_1}”' ( S "
H Iz - \,3 [ —i)" _s,

or the exchange gate, responsible to switch the states related in the block:

(6)

(7)

EnE =[—1:.m( AR )
| ®)

and the quasi-identity gate:

"Iz = 17 1. 9)

where: T is the identity matrix, s; is a sign, a € R. In all cases, J, I in [0, 2%]
depict the rows (or columns) where the block is allocated. Despite (6) is a more
general gate under the SU(2) decomposition able to be adapted into other
necessities. Delgado (2017b, 2017c) has presented several results about the use
of these operations in order to get special extended entangled states as
Greenberger—Horne—Zeilinger states (GHZ) and W states. Despite, they are
very limited cases of large entangled states and they are easy because contain a
reduced number of terms (despite of their importance). In the current approach,
we are interested on the analysis of general processes to reach states with
arbitrary degrees of entanglement. Normally, it has been probed that while size
of the combined system becomes larger, the number of entangled states grows,
thus a random state in J{ * becomes normally an entangled state, and
particularly exhibiting a large value of entanglement (Enriquez et al. 2015).

Reaching General States with 1, 2 and 4-Local Operations
In this section, we describe some previous works developing the generation of
maximal entangled states in the context of SU(2) reduction operations, despite

limited because they are special cases, they have set probes about how basic
processing operations are able to generate large entangled states. The aim of
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this section is to prepare the reader for a stochastic process to reduce (or
alternatively to construct) arbitrary large quantum states into other simpler.
Operations being presented should be responsible to assemble or to disassemble
each state considered in each step of the process. Each operation has a group of
parameters to be selected, we are interested in the best selection able to reduce or
to increase the entanglement as a roadmap.

Processes Generating Entanglement under SU(2) Reduction Procedures

2-local operations let to the entanglement inside of the correspondent pairs
but no longer that it. Particularly, in this context, the absolute local operations
(the 1-local), are a special case of 2-local ones. While, 4-local operations
generate entanglement involving more than two pairs. Note no longer exchange
of entanglement is directly allowed at a time in the nature because physical
interactions are between pairs of physical particles. Because the SU(2)
reduction sets the interaction architecture in the system and there the GBS basis
works as a universal basis still if the three types of interactions are combined, then
is few recommendable as first instance to change the structure of correspondent
pairs because it will destroy the stable basis on which the dynamics is being
analysed.

Particularly, by using the Partial Trace criterion for pure states (Nielsen
and Chuang 2000) to measure the entanglement degree between two basis
elements of the entire system:

|017) = az V1) +ag [Pyg) (10)

Concretely, we are interested mainly on the effect of one of the 4-local
operations exchanging the indexed J and J (assuming they are different in a
couple of digits in base 4). Then, under such criterion, the concurrence is:

C*(Tr’(pzg)) = 2(1—Tr%(p14)) (11)

where S is the set of scripts left after to take the partial trace (Ulhmann 2000).
We assume they are k, k>’. If m=min(my, m;), where m;, m, are the dimensions
of each part in the partial trace, then concurrence values ranges from 0 (for
separable states) to 2(m-1)/m (maximal entangled states). For our case,
m=m;=m,=4 because we are comparing the entanglement between one
corresponding pair with another. By expressing conveniently the state
coefficients as:

ar = cosf/2, a7 = e?sinf/2. (12)
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Then, we get by computing the density matrix and then the concurrence %

1

% - 2 Sin2 9(C052 Qi)fé_f'krj.k.r 61"&;:_}';‘.:: + Sjn‘z @f(l - 6!';\,;_1';‘.: 51;&,;:_1';‘.:: )) (13)

clearly denoting the possible maximum value 3/2. In this case:

L = (14
¢ =07 0 — 9 (15)

Nevertheless, this is important only for the case i=2 and those cases
involving it (there, ¢; = n/2). This result exhibits how entanglement is exchanged
between two correspondent pairs under the 4-local operation generating the linear
combination (10). This fact appoints on the generation of extended
entanglement, which can be continued if interactions consider now other non-
correspondent pairs. This aspect will be fundamental in this work because it is
the source of extended entanglement.

Several cases have been developed (Delgado 2017b, 2017c) for specific
cases of interest: a) the reaching of GHZ and W states departing from separable
states (Delgado 2017c), and b) the enlargement of those states departing from
their shorter versions with two less qubits by the integration of an additional
separable pair (Delgado 2017b). Nevertheless, those cases have a low
complexity due to their reduced number of terms. In the SU(2) reduction,
despite of simplicity of the operations, still remains the complexity on the large
number of blocks operating in the entire state. In addition, the number of
different SU(2) blocks (not including their U(1) phase component) is reduced,
the most of them are identical. This fact reflects the underlying complexity of
entanglement (Gurvits 2003), particularly when the number of parts grows.

Process to Generate Extended Entanglement in the SU(2) Reduction Scheme

In this subsection, we address with the problem to generate (or to reduce,
with the inverse operations, due to the reversibility of quantum mechanics),
larger entanglement from separable states, as instance. By departing from the
2-separable basic state yqf0>2d:y\1'o,..,%> (the tensor product of d Bell states
|Poy), @ general procedure (but non unique) to generate the sixteen terms in a
general state involving two correspondent pairs (four single qubits) could be
stated in the following way. If i, j, k is a permutation of 1, 2, 3, then we apply
first a 2-local operation with associated direction i on the first correspondent
pair s, then another on the second correspondent pair s’ in the direction j. After,
we apply a 4-local operation on both pairs in the direction k (generating
entanglement between the two pairs). Finally, we apply a 2-local operation on
the first pair s in the direction j. This procedure gives the sixteen possible terms
and certain degree of entanglement:
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where C,={0,1,2,3} and p" SS,- Is the extension of the inverse exchange rule

(Delgado, 2017b), but specifying the rule j as function of the direction of the
interaction involved and the script t € {0, i} is a label specifying each p055|ble
inverse. It means, if |s the characterlstlc direction of interaction: p -k p”

, p” s'j-O p® SJ. and p" S’j_l pk 5j p" SJ-J pIJ By increasing the number of

additional intermediate operations (1-local, 2- Iocal or 4-local), it is possible to
extend the coverage on the elements of SU(2) for each evolution operator in
each subspace. Alternatively, other possible procedures to generate larger
entangled states could give more extended entanglement as those cases
presented in Delgado (2017b) to generate the GHZ and W states with genuine
entanglement. In any case, the way (clearly the ways) to reach some state by
construction departing from a very simple state as \‘Po>2d is still open. The last
fact suggests how to address a quantum information processing to generate
some general states from simpler ones or otherwise, reducing an arbitrary state
into another with low entanglement (1 or 2-separable in the current scheme).

But the process will not become sufficiently obvious when the complexity
grows together with the size of the system. For an arbitrary state is not always
clear how it can be reduced into a separable state, despite from the analysis
becomes true it requires both, 1 or 2-local operations, but necessarily, 4-local
operations to decompose the possible entangled structure in an arbitrary state.
In addition, the advancement on the process is difficult to be continuously
monitored because the lack of a universal entanglement measure. We will try
to compensate that lack in the next section with the Rényi-Ingarden-Urbanik
entropy.

Analysis to Reduce the RIU Entropy through the SU(2) Reduction with 1,
2 and 4-Local Operations

In this section we finally analyze how a series of operations based on
SU(2) reduction are able to transform arbitrary states into simple ones. We use
the Reényi-Ingarden-Urbanik entropy to depict the process in terms of the
global entropy of the state.
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Rényi-Ingarden-Urbanik Entropy

A measure of entanglement for arbitrary number of qubits (g-dits in fact) is
the RIU entropy (Ingarden and Urbanik 1962) defined as:

1

Syl = 1=

log ( Z la;|*P), with: [¢)= Z o;|o;)
=1 =1 (17)

We will consider the most common case p=1 as a measure of the
entanglement of larger states as those presented in the context of the SU(2)
reduction process:

n

Si(|)) = = 3 laPlog g’ with: [9) =" ailo,)
i=1

i=1 (18)

The Shannon entropy; clearly these quantities depend on the representation
of the states and the basis being used in it, despite they can be minimized
through optimal local operations into the minimal RIU entropy (Enriquez,
Puchala and Zyczkowski 2015). RIU entropy with p=1 for 2d qubits exhibits
values ranging from O (for separable states) to log(22%) (for certain maximal
entangled states).

Despite this entanglement measure could be useful to provide a dial to
sense the entanglement degree, it is not clear how it relates with the inner
structures of entanglement. Thus, it will work to have a general and a side-to-
side quantification for the entanglement. We are particularly interested on the
big picture of the transit from an arbitrary state (commonly entangled) into
another finally separable, using only 1, 2, 4-local operations as they could be
provided by the SU(2) decomposition scheme.

Stochastic Process Reducing RIU Entropy with SU(2) Reduction Operations

Following the ideas previously presented, it has been automated a process
to reduce the entropy of arbitrary states. It begins by generating a random state
in the Haar’s measure in 22" dimensions (Diestel and Spalsbury 2014). Then,
the state is first processed with 1-local operations to reduce optimally its RIU
entropy. After, a stochastic process begins by selecting a 2-local or a 4-local
operation, together with a characteristic direction for it. In any case, an
optimization problem is solved in order to select the best parameters of such
operation in order to minimize its RIU entropy with it. Then, process is always
followed with the application of an optimal 1-local operation to reduce again
the entropy (2 and 4-local operations includes by extension the 1-local
operations in the SU(2) reduction scheme). Clearly, this step process only is
able to reduce it in a limited strength because the residuary entanglement
involving more complex structures (Gurvits 2003). Thus, the process continues
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alternating those 2 or 4-local operations followed with a 1-local operation
optimally to reduce the RIU entropy (Figure 2).

As was stated, the selection of the local order of operations, the associated
direction together with the pairs involved, are completely stochastic in each
step. Last process is hard to simulate because the large number of parameters
associated to be optimized on each step. Each one lasts out around of two
minutes to be numerically processed (for utmost six qubits on an Intel Xeon
3.40 GHz). The process was followed by certain number of operations tracking
its RIU entropy. For the six-qubits, we are working with basis of size 64.
Figure 3 depicts such basis elements and their relations under the SU(2)
reduction combining 2 and 4-local operations, reflecting the complexity in the
interactions for this system (only six qubits!). Each script exhibits their
composition in terms of Bell states if it is expressed in base 4.

Figure 2. Stochastic Process to Reduce the RIU Entropy
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Blue arrows match the overall relations settled by any 2-local operation in
all possible associated directions and parts (between those basis elements
differing in only one digit in the base 4 representation of scripts). Green arrows
relate the relations settled by any 4-local operation considering all possible
directions and parts (differing in two digits in the scripts).
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Figure 3. Basis Elements for the 2d=6 Case for the SU(2) Reduction and
Relations for a) 2-Local Operations (blue), and b) 4-Local Operations (green)
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Figure 4 shows ten simulation experiments with a six-qubits system processed
with the last procedure with 300 steps of such optimal operations each one. Note
how the RIU entropy reduces rapidly in the first steps. After, the process slows
until a casual operation finally reaches a deep reduction of the entropy (resembling
a thermodynamic change of state) to then remain almost static until a new
remarked reduction. Some of those experiments reach a zero entropy indicating
the achievement of a separable state. Clearly, the inverse process can be attained
reversing the quantum operations. In any case, we note it is possible to
disassemble (or assemble) arbitrary states reaching (or departing from) single
separable states.
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Figure 4. Ten Random States Evolving through a Series of 300 Steps of the
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The process is not direct, to see that it is important understand how the use
of information states (more than physical states) works. The evolution by
blocks works in parallel on large number of states, instead independently. It
means, for the 2-local interactions, there are only two different blocks at the
time. In fact, all blocks are of two types, both exchanging one digit in the script
of states while other remain unchanged: a) those exchanging 0 and the digit j
(the associated direction to the interaction; in the crossed interaction the Type
I11, both coordinates involved defines that direction as a permutation of 1, 2, 3),
and b) those exchanging i, j, the remaining scripts. For the Type Il,, interactions,
the situation is similar, but there are eight different blocks related with the
exchanges (Delgado 2017a). Despite the complexity, the RIU entropy works as
an indicator in the process. The processes depicted in the Figure 4 deeply
suggest a certain order in the decreasing of the RIU entropy under this stochastic
roadmap. Still more numerical data are precise to reach statistical meaningful in
such quantification. Other findings in the last plot are suggested in the
deceleration of the RIU entropy reduction around of log(4). Further evolution
departing from this point is erratic in terms of optimality in the reduction of the
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residual entropy. Six-qubits case is only the beginning. Note other works have
attempted similar approaches in the comprehension of the structure of large
entangled states by identifying inner structures of partial entanglement (Guhne
and Toth 2009, Kraus 2010, Zangi et al. 2018).

Conclusions

The comprehension of entanglement, constitution and measurement are
aspects closely related. In addition, limitations associated with the formation of
entangled states for large systems suppose a high quest being able to reach or
manipulate arbitrary quantum states, because it is closely related with the
system and the associated Hamiltonian. Quantum information theory is widely
based on this fact, thus the importance to learn about control and processing in
many body systems.

In the current work, the use of SU(2) reduction as analysis element to
identify and to classify the entangling operations based on the concrete
possibilities for the Hamiltonian has becoming valuable to set an automated
road to analyze the possibility of processing. In addition, it has been useful to
set a common grammar for a group of possible related interactions. Despite the
complexity becomes exacerbated by the lack of a general measurement and
quantification of entanglement, the use of RIU entropy is still useful to appoint
the beginning and the goal of the entire processing, nevertheless it does not
give a clear and complete compass in the middle of the road, particularly in terms
of optimality. A future work opportunity in this context is a customary
factorization for a direct SU(2%%) matrix resembling the processing transforming a
state into another, which could be uniquely factorized in terms of a matrix basis
being formed with the SU(2) blocks present in the reduction formalism.

In the last outcome (Figure 4), it is barely clear there is a notable reduction
in the RIU entropy in the first steps of the process by the use of combined 2
and 4-local operations. The decided reduction stops approximately in log(4) to
then going on a slower reduction with only casual and sudden entropy fallings.
This region appears as the most unclear and complex processing in terms of the
RIU entropy reduction with the available operations. Despite, the processing
seems going to zero-RIU entropy as a function of time (or the number of steps
needed). Still more research and improvements in the computer simulations of
this proposed process appears as necessary to get some statistical insights about
its qualities, which could be associated in general as the processing of quantum
states for large systems. Statistical analysis is suggested in terms of other
approaches as invariants (Eltschka et al. 2011), customized factorization (Luo
et al. 2014), rank of coefficient matrix (Li and Li 2012), generalized singular
value decomposition (De Lathauwer et al. 2000), etc. In any case, still there are
many facts to explore in the understanding of entanglement and its quantification,
together with the general dominion of quantum processing, in particular when the
size of systems grows.
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The Effects of Computational Thinking
Professional Development on STEM Teachers’
Perceptions and Pedagogical Practices

By Sarah Haines', Michael Krach”, Arkhadi Pustaka’,
Qing Li* & Laila Richman

The authors investigated the impact of exposure to computational thinking activities and
professional development on inservice teachers’ perceptions and teaching practices in
elementary and secondary school education. The participants of this 2017/2018 research
study were STEM teachers from the Baltimore County (Maryland) Public Schools in the
United States of America. The major focus of this study was on the impact of professional
development activities on the inclusion of computational thinking activities in the k-12
mathematics and science classrooms. The analysis of the data indicated that most of the
participating teachers felt that the professional development activities were valuable and
made a positive impact on the quality and quantity of computational thinking activities
they implemented in their classrooms. Most of these teachers stated that they would
implement computational thinking activities on a weekly or monthly basis. Based on the
analysis of the data and the results of this study, a list of future research questions is
included.

Keywords: Computational Thinking, Mathematics Education, Science Education, STEM,
Professional Development.

Introduction

In order for CT integration into k-12 mathematics and science classrooms
to be successful, teachers at both the preservice and inservice levels must be
provided with the appropriate coursework and professional development (PD)
to allow them to master the pedagogical skills involved. Barr and Stephenson
(2011) recommend the inclusion of a CT class across disciplines in teacher
preparation programs. They further recommend providing inservice teachers
with PD opportunities in the use of CT in k-12 classrooms. Research shows
that education majors’ views toward CT are more favorable if they are exposed
to CT during their undergraduate careers. Additionally, they are more likely to
use CT in their own classrooms, and see the applications to k-12 education
more readily than those not exposed to CT in their teacher preparation
programs (Yadav et al. 2011, Yadav et al. 2014).

Wozney et al. (2006) state that one of the greatest predictors of the extent
of teachers’ technology use and integration of CT in the classroom is their
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belief that they can reach their instructional goals using this approach. This
finding suggests that providing PD that assists teachers in gaining successful
personal experiences in CT will help in this endeavor. We designed our PD
based on best practices in the literature:

e Giving teachers time to use technology and to become comfortable with
the CT approach through the online modules (Somekh 2008).

e Focusing new uses on teachers’ immediate needs (Kanaya et al. 2005,
Zhao and Cziko 2001).

e Starting with small successful experiences, through the online modules
and in person PD (Ottenbreit-Leftwich 2007).

e Establishing a professional learning community (Putnam and Borko
2000).

e Situating professional development programs within the context of
teachers’ ongoing work (Cole et al. 2002, Snoeyink and Ertmer 2001/
2002).

The focus of this study is on professional development in computational
thinking for inservice teachers of science and mathematics. Our primary focus
is to answer the following research question:

» What is the impact of professional development activities on the inclusion
of CT activities in k-12 mathematics and science classrooms?

Literature Review

According to Wing’s seminal manuscript on computational thinking
(2006), “computational thinking is a fundamental skill for everyone, not just
for computer scientists. Computational thinking involves solving problems,
designing systems, and understanding human behavior, by drawing on the
concepts fundamental to computer science. Computational thinking includes a
range of mental tools that reflect the breadth of the field of computer science”
(p. 33). Over the past few decades, advances in computer technology have
revolutionized the STEM fields. The application of computer technology to
virtually every field of study has changed the way STEM research is done
today. Wing observes that the application of computer technology in the STEM
fields facilitates the spread of (and the need for) computational thinking (CT)
skills in the STEM disciplines. Barr et al. (2011) expand upon this foundational
definition of CT, providing educators with an operational definition of CT that
can be used to build on skills across grade levels and content areas. They
define CT as a problem-solving process involving several steps: formulating a
problem in such a way that the use of computer technology can help us solve it;
analyzing data and representing that data through models or simulations,
identifying possible solutions to the problem posed, and generalizing this process
to a wide variety of situations and issues.
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Following the premise of teaching STEM content as the STEM disciplines
are practiced in real-world settings, it then makes sense that STEM teaching
practices must also evolve. In the United States, many states have adopted the
Next Generation Science Standards (NGSS, National Research Council 2013).
The NGSS are k-12 science content standards. These standards set the
expectations for what students should know and be able to do. The standards
are designed to give local educators the flexibility to create classroom learning
experiences that will stimulate student interest in science and prepare them for
college, careers, and citizenship. The NGSS include the science and engineering
practice of “Using Mathematics and Computational Thinking”. According to the
NGSS, the integration of quality mathematical and computational thinking can
(and should) enhance science instruction. Scientists and engineers use
computational thinking processes as tools for representing relationships
between and among variables. Computational thinking can help scientists and
engineers accomplish tasks such as simulating phenomena, analyzing data sets,
and studying a multitude of quantitative relationships appropriate to the discipline.

The mathematics counterpart to the NGSS in the United States is the
Common Core State Standards-Mathematics (CCSS-M). These standards state
what each student in grades k-12 should know and be able to do in mathematics.
Within the CCSS-M, there are no direct references with respect to integrating
CT into the current framework (content clusters) for students in grades k-12
(CCSSI 2010). However, based on an understanding of the CCSS-M and the
authors’ working definition of CT (see Appendix 4), mastering concepts and
skills in the following areas can certainly be considered major contributors to
the development of a student’s CT skills: generalize and analyze patterns,
reason specifically and abstractly (especially with ratios and proportions),
represent and interpret data, solve real-world problems. Since the task of
integrating CT into existing curricula should be one of the many current
teacher responsibilities, the teacher must be extremely knowledgeable with
respect to mathematics content as well as how to best integrate CT into the
curriculum. Websites, such as http://ctmath.ca/ (Computational Thinking in
Mathematics Education), which provide effective classroom-tested CT activities,
would be extremely beneficial for teachers in grades k-12 to utilize.

Besides the inclusion of CT in the NGSS science and engineering
practices, CT is linked to science in other important ways. For example, Barr and
Stephenson (2011) align core computational thinking concepts and capabilities
with scientific experimentation. For example, the CT concept of abstraction is
aligned with the science skill of building models, and the CT concept of
algorithms is aligned with the scientific skill of creating and following sound
experimental procedures. Similarly, the authors link data collection with collecting
data in a scientific experiment; data analysis by analyzing the data collected during
experimentation; automation by using probeware in a scientific setting;
parallelization by running two scientific experiments with different parameters at
the same time; and simulation by simulating solar system movement.

Sengupta et al. (2013) connect abstractions involved in computational
thinking with the thought and skill processes involved in scientific inquiry. The
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authors draw similarities between algorithm design and the scientific process of
developing mechanistic reasoning and explanations, or constructing models. In
the same manner, test driven software development is seen as a parallel process
to the scientific processes of hypothesis testing or validating/testing models.

In k-12 mathematics, many of the definitional components of CT can be
directly related/linked to concept and skill areas in the CCSS-M. For example,
algorithmic thinking can be linked to the study and analysis of computational
algorithms and to the introduction and use of a problem solving protocol, such
as Polya’s Problem Solving Model (Polya 1957), logical thinking and rigorous
argument and proof can be linked to the study, analysis, and construction of
both informal and formal proofs, and the collection and analysis of relevant
data, and abstraction can be linked to the introduction and study of pattern
recognition, creation, and analysis.

Baytak and Land (2011) found that the use of Scratch (scratch.mit.edu)
increased computational skills in 5™ grade students. Lambert and Guiffre (2009)
found that the use of Scratch improved elementary school students’ attitudes
about computing and computer science.

The eight CCSS-M Standards of Mathematical Practice (SMP) can also be
directly linked to CT, especially with respect to solving both traditional and
non-traditional problems (see Table 1).

Table 1. Standards of Mathematical Practice

SMP#1 Make sense of problems and persevere in solving them

SMP#2 Reason abstractly and quantitatively

SMP#3 Construct viable arguments and critique the reasoning of
others

SMP#4 Model with mathematics

SMP#5 Use appropriate tools strategically

SMP#6 Attend to precision

SMP#7 Look for and make us of structure

SMP#8 Look for and express regularity in repeated reasoning

Each of these SMPs can be linked to a current definition of CT, of which
there are many. If one accepts the authors’ working definition of CT, then these
eight “habits of mind” can be critical to the understanding of the proposed problem
and instrumental to the creation of a solution to the problem.

The use of open-ended problems or scenarios encourages complete and
meaningful responses, which requires the understanding of specific mathematical
concepts and skills, the use of a problem solving protocol, constructing
generalizations and proofs, modeling, and utilizing algorithms, all of which are
components of CT.

The authors have established the ways in which CT is connected to the
mathematics and science disciplines. Given that this connection exists, are
there benefits associated with integrating CT into mathematics and science
teaching? The answer to this question is multi-faceted. The nature of CT as
described above places this way of thinking and problem-solving into the
higher levels of Bloom’s taxonomy (Bloom et al. 1956, Gal-Ezer and Stephenson
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2010). Besides encouraging higher level thinking in students, there are several
practical reasons for integrating CT into science and mathematics classrooms.
Weintrop et al. (2016) found that including CT in science classrooms builds on
the interconnected relationship between CT and science. It also addresses
practical concerns of reaching students - students must enroll in a certain
number of science classes to graduate, but computer science is most often an
elective course. If students are exposed to CT in their science courses, there is
no need to worry about lack of computer science course offerings or students
not electing to take the course. Moreover, currently, many schools do not have
certified teachers in the area of computer science, but most do have teachers
certified in the science and mathematics disciplines. These teachers should be
more comfortable with the content, since CT aspects are embedded into their
content areas. Last, integrating CT into science content courses means that the
teaching methodology will more closely mirror the methods used by scientists
in the field (“doing science the way it is done in the real world”). Jona et al.
(2014) support these arguments. The authors found that CT interest and appeal
is higher if the CT content is embedded into STEM courses instead of a stand-
alone computer science course. Further, the integration of CT in science and
mathematics classrooms has been shown to enhance the learning of STEM
content (National Research Council 2011, Repenning et al. 2010, Sengupta et
al. 2013, Wilensky and Reisman, 2006).

The integration of CT can be an effective instructional approach for
learning science and mathematical concepts that students traditionally find
difficult (Sherin 2001, Hambrusch et al. 2009, Blikstein and Wilensky 2009, di
Sessa 2000, Kynigos 2007). Research suggests that programming in context
(i.e., within an area of STEM discipline) makes it easier to learn. Hambrusch et
al. (2009) found that using CT in college-level science classes with non-
computer science majors resulted in higher learning gains and increased
student engagement. Similar results have been reported for k-12 students. For
example, Calao et al. (2015) found that in a sixth-grade mathematics class with
CT embedded activities (for example, algorithmic thinking), student
comprehension increased compared to a control group.

Methodology

Participants

At the beginning of the program, the participants consisted of 28 teachers.
For various reasons, there was attrition and the final number of participants for
this study consisted of 17 teachers. The participants taught in grades
Kindergarten (n = 1), 1% (n = 1), 2™ (n=2), 4" (n = 1), 5™ (n = 1), 6" (n = 1),
7™ (n = 1), 9" (n = 1); and several taught students in multiple grades:
Kindergarten - 5™ (n = 2), 9™ - 12" (n = 4), and 10" - 12" (n = 2). The
participants taught mathematics (n = 3), science (n = 4), both mathematics and
science (n = 5), non-STEM related courses (n = 4), and special education (n = 1).
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Description of Professional Development

The PD sessions focused on preparing teachers to integrate computational
thinking and computer science activities, aligned with state standards including
NGSS & Maryland College and Career Ready Standards (MCCRS, i.e.
Common Core State Standards), into their daily lesson plans. Participants were
provided with activities that supported their ability to serve as teacher leaders
related to integrating computational thinking and computer science in their
schools and district. The professional development sessions consisted of four
main parts: 1) Introductory Session, 2) Online Modules, 3) Summer Institute,
and 4) Colloquium. The three-hour Introductory Session was conducted face-
to-face in early Spring 2017. Then, participants completed three online modules
during Spring — Summer 2017 to learn the basics of computational thinking and
coding using Star Logo Nova. All of the online modules were offered using
EdX, a massive open online course provider. Next, during the Summer Institute
2017, participants attended a series of workshops to work collaboratively on
the fourth module in order to apply computational thinking skills learned from
the online modules and then to create lesson plans that incorporated CT in their
classrooms. In addition, the participants completed a fifth online module
focused on enhancing teachers’ understanding of the content and pedagogical
knowledge related to CT integration. Scratch, another software application,
was introduced and used to support diverse learner needs. Finally, the
participants were expected to implement their lesson plans and to report on
their experiences during the 2018 Spring Colloquium.

Data Analysis

Discussion Board Posts

Participants were given access to an edX (for a detailed description see
edge.edx.org) course site to access and provide reflections on the modules they
were completing. For a sample list of discussion prompts, see Appendix 1.
Science and mathematics content specialists, who were also completing the
modules at the same time as the participants, responded daily to the discussion
board posts with additional probing comments and questions that were
intended to elicit further pedagogical ideas from the participants.

The content specialists used a modified version of Hord et al.’s stages of
concern for adult learners (1987) to categorize and analyze the discussion
posts. Hord et al. identified seven categories in their original study. However,
due to the nature of the current study, the authors dropped one category and
redefined the remaining six, and included an “Other” category, to better reflect
the issues that were being reported in the Discussion Board Posts by the
participating teachers (see Appendix 2 for a description of each category). To
control for inter-rater differences in reliability, discussion posts were analyzed
concurrently by the content specialists. The seven categories are described
below.
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e Awareness: teachers have an awareness of CT, but are not yet fully
comfortable with it.

¢ Informational: teachers are comfortable with CT and are more interested
in becoming involved with it.

e Management: teachers are fully committed to CT, but their attention is
focused on the processes and tasks involved in implementing it.

e Consequence: teachers focus on the impact that CT has on their
students’ achievement.

e Collaboration: teachers have a need to collaborate and share ideas
concerning CT.

e Refocusing: teachers explore current and future ways to incorporate
CT into their lesson plans.

e Other: response does not fit into any of the above categories.

Professional Development Surveys

At the conclusion of the summer PD sessions, a seven question Likert-type
instrument (referred to as Survey #1) was administered to the participating
teachers. Responses were aggregated and analyzed for emerging trends. Two
additional open-ended questions were also included and analyzed with respect
to main ideas and experiences participants had during the CT professional
development sessions (see Appendix 2).

Participants were surveyed again at the conclusion of the project during
two focus group interview sessions; participants attended one of these sessions
(referred to as Survey #2). The interviews were approximately 60-90 minutes
long. The groups were semi-structured in that there was a list of questions that
were intended to be covered, but the conversation was allowed and encouraged
to take its course to include other areas of interest. See Appendix 3 for the
focus group interview protocol.

Participant Lesson Plans

Participating teachers were required to write and submit a lesson plan
appropriate for the grade level and students that they were currently teaching
and were also required to integrate at least one appropriate CT activity into the
lesson plan. A modified rubric based on the ISTE Computational Thinking
operational definition was utilized to score each of the fourteen lesson plans
(ISTE 2011). The iterative development process started with a discussion about
various definitions of computational thinking; for example, ISTE’s operational
definition of computational thinking, from which an initial rubric was created.
Using the created rubric, two of the authors independently evaluated five
representative lesson plans, which were written and submitted by the participating
teachers, and then met in a series of discussions to compare the results of their
evaluation. A careful analysis of the inconsistencies and ambiguous aspects of
the instrument (with respect to the evaluation process) led to a revision of the
initial rubric. The authors then independently evaluated another three
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representative lesson plans using the revised rubric, from which a further
refined rubric was created. The final rubric was developed after several rounds
of testing in which each category was scrutinized. All five authors met as a
team to discuss each category during this “fine tuning” process until reaching a
consensus.

Categories used to score the lesson plans included Decomposition, Pattern
Recognition, Abstraction, Algorithmic Thinking, Optimization, and Generalization
(see Appendix 4 for the detailed scoring rubric). Sample lesson plans can be
viewed in Appendix 5.

Results
Discussion Board Posts
After analyzing the discussion posts, the authors concluded the following:

Awareness: The teachers were aware of CT early in the PD sessions, but
were not yet fully comfortable with it. As the teachers interacted with
more modules, their comfort level increased, but started to decease as the
content of the modules became more complex.

Informational: Many teachers felt comfortable with CT and were more
interested in learning more about it as additional modules (that contained
more complexity) were provided.

Management: Initially, the teachers were fully committed to CT, but their
attention was focused on the processes and tasks involved in implementing
it. As additional modules were introduced, the focus on processes
lessened, but increased as the modules complexity increased.
Consequence: The teachers’ focus on the impact of CT on student
achievement was an initial concern, became less so as additional modules
were provided, but returned when certain modules refocused their attention.
Collaboration: Based on perusing the 18 modules, the teachers did not
seem to indicate that collaboration was important. However, based on the
responses to Questions #8 (Survey #2), 44% of the responses indicated that
the teachers profited professionally by collaborating with colleagues
and/or requested more collaborative PD sessions.

Refocusing: Certain modules (for example, CT & Mathematics Education
and Pattern Recognition) seemed to provide an incentive for teachers to
explore current and future ways to incorporate CT into their lesson plans.
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Survey #1: Overall Feedback Survey Following Summer Professional
Development

Upon examination of the Likert-type scale responses included in the Overall
Feedback Survey (Survey #1), a large majority of participants answered “Strongly
Agree” or “Agree” for each question (see Appendix 1).

Based on analysis of the comments provided by the participating teachers on
Survey #1, the authors made the following observations for each question:

Q1 & Q7: 100% of the respondents (n = 17) felt that the PD was important and
worthwhile for their professional growth.

Q2, Q3 & Q5: 86% of the respondents felt that the PD activities and discussions
were engaging, positively influenced their related content knowledge
(mathematics and science content), and positively impacted their teaching of the
related content.

Q4 & Q6: It seems that the PD has positively impacted the attitude of the
participating teachers (88% answered Agree or Strongly Agree). However, 6%
answered Disagree. This positive impact has influenced many of the teachers to
apply information learned during the PD sessions on a Daily (12%), Weekly
(47%), Monthly (35%), or Every 3 Months (6%) with their students.

Q8: Below are a few sample responses from Question 8 (a free response
question):

I thought that the whole event was helpful as a whole. Going through the
programming on SLNova was great because | experienced that it wasn't so
hard to do and can pass it along to my students. | think the whole plan was
good and each part was important.

The activities and discussions we had regarding how to connect UDL and
math/science to CT skills were very helpful.

I really enjoyed learning how to connect computational thinking to science
and math curriculum. The brain rules and UDL was extremely interesting.
| feel much more comfortable with coding in SLNova. | found code.org and
the unplugged lessons extremely beneficial.

It was awesome to hear the different ways to incorporate CT into the
classroom. It was nice to learn different ways to teach the students on
basic topics.

Q9: Below are a few sample responses from Question 9 (a free response
question):

I liked having the opportunity to pair program and partner up to build
lessons.
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| really enjoyed the collaborative aspect that the workshop was able to
provide. I would have liked to have that same collaboration when working
through Modules 1-3.

It was awesome to hear the different ways to incorporate CT into the
classroom. It was nice to learn different ways to teach the students on
basic topics.

Overall Survey #1 observations are stated below:

e Teachers learned about CT resources available to them and to their
students.

e Teachers felt the collaborative aspect of the PD was positive.

e Teachers suggested more face-to-face meetings (to create lesson plans/
activities/games).

e Overall teacher satisfaction was positive — PD provided helpful/
beneficial experiences.

Survey #2: Exit Interviews

Of the 17 participating teachers who completed the entire PD sequence,
only 5 were available for exit interviews. Exit interviews were transcribed and
coded using NVivo. Based on the analysis of the transcribed information from
the Exit Interviews (Survey #2), four main themes emerged: Skill Set, Teacher
Attitude, Pedagogical Approach, and Logistics. Skill Set includes new ways of
thinking with respect to the participating teachers. Teacher Attitude includes
how the participating teachers felt about CT, coding, and the CTforAll project.
Pedagogical Approach includes teaching methods, inclusion of CT activities
in lesson plans, and administrative issues. Logistics includes issues with the
professional development sessions (overall and individual sessions), the
individual modules, and lesson plans. Some sample responses taken from the
transcript appear below:

But I think it is that mindset shift - kind of like one of those things where
I've always known that this stuff is the right way to do it. But now I'm
hearing it and I'm learning a few ways to do it- in that way it's helping me
as teacher (Skill Set, teacher #1).

[Students] are interested in being hands on. | had kids that really, it's very
hard to get them engaged. But if I tell them I know that with the coding
they, they love the games, and the electronics, things like that. And so
when you tell them things like, well coding is basically like making your
own game. They were like wait, what does that have to do with school?
And you know, and that might seem obvious to you or I, but those
connections are the ones that get the kids from being not really interested
to wanting to get involved and even going above and beyond. So I think it's
helpful because a lot of kids know a lot about the stuff and they really want
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to sharpen their skills and they want to be able to explore these things that
they may not have access to or opportunity to really learn from. How is it
affecting students’ learning? | think it gets them, it makes them see a point
to their learning and it makes them tie in the classroom to their interests
and things like that (Pedagogical Approach, teacher #2).

And then I think it’s also helpful, at least in my mind to think through...you
try something and if it doesn’t work that debugging or kind of repetitive
iteration process for me was a big thing (Logistics, teacher #3).

| felt at first, | was afraid because when they said you're going to do
coding I thought “how did I get into this situation”? And um, and then I
thought, well, I'm going to give it a try because | always liked computer
science and then | found out it was much more than that (Teacher Attitude,
teacher #4).

Lesson Plans
Based on the nature of the collected data (categorical and discrete), the
mode value was used as the appropriate measure of central tendency for data

analysis (see Tables 2 and 3).

Table 2. Overall Ratings for Lesson Plans by Category (see Appendix 4 for a
Description of the Lesson Plan Rubric)

Category Rating Sum’*
Decomposition 1 13
Pattern Recognition 1 13
Abstraction 1 13
Algorithmic Thinking 1 14
Optimization 0 4
Generalization 1 10

+ This number is the total number of lesson plans that were rated as “1” by the authors for the
listed category. The total number of lesson plans that were evaluated was 14.

Overall Ratings — Lesson Plans by Categories (Mode, Total)

e The inclusion of Optimization (0,4) & Generalization (1,10) activities
was not overwhelmingly apparent in the lesson plans. Most of the
lesson plans did not even incorporate one example of an activity in
either of these categories (71% of the lesson plans did not include an
Optimization activity, 29% of the lesson plans did not include a
Generalization activity).

e Decomposition (1,13), Pattern Recognition (1,13), Abstraction (1,13),
and Algorithmic Thinking (1,14) were overwhelmingly apparent (93%
of the lesson plans included Decomposition, Pattern Recognition, and
Abstraction activities, 100% of the lesson plans included Algorithmic
Thinking activities).
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Table 3. Overall Ratings for Lesson Plans
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e Thirteen lesson plans (93%) were rated “1” except for Lesson Plan #1,
which was rated “0”, primarily due to the lack of sufficient details in
order to be properly evaluated. Totals across categories ranged from 1
to 6, with “5” being the most common rating, which means that the
lesson plans were rated “1” in all categories except for one. The
category that was often rated “0” was Optimization (see Table 4).

Table 4. Overall Ratings for Lesson Plans by Content Area
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Overall Ratings — Lesson Plans by Content Areas (Mode)

e Mathematics — Six of the seven lesson plans were rated “1”, which
indicated that 86% of the lesson plans contained more than three of the
six rated categories. The lesson plan that was rated “0” did not include
enough specific information to be properly evaluated (see Table 5).

e Science — All seven lesson plans were rated “1”, which indicated that
100% of these lesson plans contained more than three of the six rated
categories (see Table 5).

Table 5. Overall Ratings for Lesson Plans by Grade Level Band

Mathematics

Elementary * Rating Sum™
#1 0 1

#2 1 6

#6 1 5

#8 1 4

#9 1 4

#14 1 6
Science

Secondary” Rating Sum™*
#3 1 5

#4 1 5

#5 1 5

#7 1 6

#10 1 5

#11 1 4

#12 1 6

#13 1 5

+ Elementary: grades kindergarten through 5, inclusive

Secondary: grades 6 through 12, inclusive
++ This number is the sum, over categories, for the indicated lesson plan. The maximum
number that could be earned is 6.

Overall Ratings — Lesson Plans by Grade Level Band™ (Mode)

e Elementary Level — Five of the six lesson plans were rated “1”, which
indicated that 83% of these lesson plans contained more than three of
the six rated categories. Lesson plan “1” was rated “0” mainly due to
insufficient details.

e Secondary Level — All eight lesson plans were rated “1”, which indicated
that 100% of these lesson plans incorporated more than three of the six
rated categories.

e 67% (4 of 6) of the Elementary Level lesson plans were mathematics
lesson plans. 63% (5 of 8) of the Secondary Level lesson plans were
science lesson plans.
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Discussion

The analysis of the data demonstrated that most of the participants felt that
the professional development activities were worthwhile and made a positive
impact on the quality and quantity of CT activities they implemented in their k-
12 mathematics and science classrooms. Most participants stated that they
would be implementing CT activities with their students weekly or monthly.

Lesson plan analysis indicated that Optimization and Generalization were
not routinely integrated into participants’ classroom teaching. Upon further
examination of the comments made by the teachers on the online discussion
board, it is logical to conclude that this occurred due to the teachers’ lack of
their own experiences and comfort level with different computational thinking
tasks. On the other hand, participants seemed comfortable with integrating
decomposition, algorithmic thinking, pattern recognition, and abstraction into
their teaching, as these categories were more prevalent in written lesson plans.
It seemed easier for teachers to understand these types of activities and,
therefore, incorporate them into their lesson plans (more experience with these
types of computational thinking activities).

Based on the total sum of ratings across lesson plan categories, the
science lesson plans earned a higher rating than the mathematics lesson plans
(36 points to 31 points, out of a possible 42 points). This may have been due to
the mathematics lesson plan that was rated “0”. However, three of the science
lesson plans earned a total score of “6” (the highest possible total), while only
one of the mathematics lesson plans earned this total. Perhaps, since the
modules were primarily science-based, the science teachers were better
prepared to adapt or create lessons that were science-based. It may have been
more difficult for the mathematics teachers to adapt and/or create a lesson plan that
focused on a purely mathematical concept, such as “how best to conceptually
teach the Pythagorean Theorem”, with respect to computational thinking. In
fact, using aspects of CT to develop a conceptual, as opposed to a procedural,
understanding of specific mathematical content may not be the best way to
accomplish this goal (Lye and Koh 2014).

Examination of the lesson plan total sum of ratings across categories,
reveals that the Secondary Level lesson plans earned a higher rating than the
Elementary Level lesson plans (41/48 = 85% to 26/36 = 72%). The authors felt
that the Secondary Level teachers were better prepared to incorporate CT
activities into their lessons due to their familiarity and consistent use of the
scientific method and a mathematics-related problem solving protocol (for
example, Polya’s Problem Solving Model). This may not have been the case
with the Elementary Level teachers, even though a few of these teachers have
used both the scientific method and Polya’s Problem Solving Model with their
students.

Since the research question of this paper focused on the impact of PD on
the inclusion of CT activities in the mathematics and science classrooms of
participating teachers, the authors only reported on this particular issue under
the Pedagogical Approach theme.
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The qualitative analysis of the teacher interview data showed that the
following themes were emerged:

Many teachers used the terms “coding” and “CT” interchangeably,
which contributed to the difficulty that most teachers experienced when
creating, selecting, and/or implementing appropriate CT activities into
their lesson plans.

After the professional development, the participating teachers had a
“mindset” shift. They were more willing to take risks with their students
with respect to CT projects/activities (for example, the prosthesis
project) and get out of the usual pedagogical routine. Most teachers
were optimistic about CT, not only about how well it can be integrated
into science content, but other content areas as well.

The participating teachers also indicated that assigning and completing
CT projects/activities were important for their students. Students began
to understand the reasons for studying and learning concepts and skills
in mathematics and science. There was an increase in engagement with
respect to learning content so they could complete the project. The CT
projects/activities could be used to illustrate the connection between
“school” life and “real” life, sharpen academic skills, provide career
opportunities, and create a viable product. According to one participating
teacher “Including CT projects/activities in lesson plans will encourage
students to think for themselves and isn’t that what CT is all about?” By
participating in CT projects, teachers reported their students became
better problem solvers and became more proficient with the logic of
coding. In addition, since many students want to become programmers/
gamers, they were excited about getting more experience in writing code
when completing certain CT activities.

The teachers realized that CT projects/activities can be used to engage
students in the SMPs and NGSS (SMP #1 & #3, scientific process).

The teachers acknowledge that CT projects/activities can be integrated
into the existing curriculum, but not every day and not everywhere. The
activities must fit naturally, not be forced. Most students are not
currently prepared to write code. Therefore, teachers must provide the
opportunity and the necessary steps in order to enhance student success.
The incorporation of CT activities/projects will increase the chance of
this occurring. Many teachers felt that routinely introducing CT activities
into their lesson plans would help students reach a higher level of thinking.
Many teachers wanted more examples of how to incorporate CT
projects/activities into their classrooms, especially with respect to teaching
specific content. They would like ideas as to how best to resolve the issue
of using more CT activities/projects and teaching specific content that is on
the state mandated tests.

The PD sessions helped the participating teachers learn how to teach
their students to write code in StarLogo and Scratch. By participating in
the PD sessions, the teachers learned it was okay to make mistakes
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when writing code because this encourages open dialogue between and
among teachers and this approach can and should be encouraged with
their students. Teachers and students can approach writing code as an
adventure that they can share and enjoy together by making and correcting
mistakes!

Future Research Questions

Based on a careful consideration of the original research question, and
the data generated from the present study, the following additional questions
should be actively pursued in future research studies:

e Does content discipline impact the quantity of CT activities that
teachers incorporate into their lesson plans?

e Does content discipline impact the quality of CT activities that teachers
incorporate into their lesson plans?

e Do grade-level bands (elementary and secondary) impact the quantity
of CT activities that teachers provide their students?

e Do grade-level bands (elementary and secondary) impact the quality of
CT activities that teachers provide their students?

e What is the impact of the teachers’ CT professional development activities
on their students’ attitudes and achievement towards mathematics and
science?

e s there a difference in teacher-attitudes toward incorporating CT activities
into lesson plans based on grade-level bands (elementary and secondary)?

e s there a difference in teacher-attitudes toward incorporating CT activities
into lesson plans based on content specialty (mathematics and science)?

e What are the most pedagogically effective ways to include more emphasis
on classroom integration of Optimization and Generalization activities
in order to increase teachers’ confidence in their ability to effectively
integrate these skills into their current classroom teaching?
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APPENDIX 1: Sample Discussion Board Question Prompts

1. How do you currently make connections between mathematics and

science?

Which of the activities mentioned have you done in your classroom?

3. Which of the activities mentioned do you want to do in your classroom?
Why?

4. How does Computational Thinking relate to the Standards for
Mathematical Practice?

5. How does Computational Thinking relate to the Next Generation Science

Standards?

What kinds of models do you currently use in your teaching?

What kinds of computer models can be helpful in your teaching?

8. What are the benefits of students not just using computer models, but
being able to modify and create models?

9. What are your concerns with teaching computer modeling in the science
classroom?

10. Which part(s) of your current curriculum can be replaced or supplemented
with unit(s) on computer modeling?

no

~No

APPENDIX 2: Survey #1

Q1:
Q2:
Q3:
Q4:

Q5:
Qe6:

Q7.
Q8:
Qo:

The PD sessions throughout the project constituted meaningful and important
skill/knowledge.

Activities and discussions at PD sessions enhanced my knowledge and
understanding of related content

Activities and discussions during the PD sessions | attended have positively
influenced my teaching of related content.

The information learned from participating in this project has/will positively
impact the achievement of my students.

Project activities and discussions were engaging.

Approximately, how often do you believe you have applied the information
learned from the PD sessions with your students?

Participating in the project workshops has been a worthwhile and valuable
professional development experience for me.

What was the most beneficial/meaningful experience you had during the
workshops?

Please provide any additional comments/feedback.
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APPENDIX 3: Survey #2 Semi-Structured Interview & Focus Group
Questions

Thanks for your participation. The purpose of the Focus Group/Interview
is to evaluate the CT for All project, not the participants. | will be creating an
audio recording of the conversation, and a typewritten transcript of the
interview will be created. I will review the transcript to try and understand
what impressions you have about the program to understand whether and how
well it worked, and how future programs might be improved. Pseudonyms will
be used in place of your names to maintain confidentiality. Please feel free to
be candid as you share your thoughts.

There are two broad elements | would like to ask about: 1) the content,
computational thinking; and 2) your thoughts about the implementation of the
professional development. This includes the materials, the sessions, or the
professional learning community online. |1 am interested in any impressions
you care to share about your experience in the CT for All program.

What have you gained from participating in this project?

How do you feel your participation in this project has impacted your
students’ learning and performance?

How have your thoughts and perceptions of your role in teaching
computational thinking in your content area changed? How have they
remained the same?

What were the most beneficial components of the project?

What suggestions/recommendations would you make for future projects
with a similar focus to this one?

How has your participation in this project impacted other teachers at your
school?

What feedback have you received from your administrators around your
participation in the project?

What are your perceptions toward computational thinking, specifically,
how is computational thinking implemented? How well do you think
computational thinking can be integrated? How have your perceptions
changed from before ITQ until now?
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APPENDIX 4: Lesson Plan Rubric Computational Thinking Rubric for
CT for All Participant’s Lesson Plans

Lesson Plan:
0 1

Decomposition No example of Lesson plan contains at least one
decomposition learning example of a learning activity on
activities in the lesson plan | decomposition

Pattern recognition No example of pattern Lesson plan contains at least one
recognition learning example of a learning activity on
activities in the lesson plan | pattern recognition

Abstraction No example of abstraction | Lesson plan contains at least one
learning activities in the example of a learning activity on
lesson plan abstraction

Algorithmic thinking | No example of Lesson plan contains at least one
algorithmic thinking example of a learning activity on
learning activities in the algorithmic thinking
lesson plan

Optimization No example of Lesson plan contains at least one
optimization learning example of a learning activity
activities in the lesson plan | on optimization

Generalization No example of Lesson plan contains at least one
generalization learning example of a learning activity on
activities in the lesson plan | generalization

Category Descriptions

Computational thinking is defined as “a problem-solving process that includes
(but is not limited to) the following characteristics:

- Formulating problems in a way that enables the use of a computer and
other tools to help solve them.

- Logically organizing and analyzing data.

- Representing data through abstractions such as models and simulations.

- Automating solutions through algorithmic thinking (a series of ordered
steps).

- ldentifying, analyzing, and implementing possible solutions with the
goal of achieving the most efficient and effective combination of steps
and resources.

- Generalizing and transferring this problem solving process to a wide
variety of problems”.

Based on the authors’ working definition of computational thinking, there
are six skill sets that are essential with respect to computational thinking:
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1.

Decomposition: Decomposition is defined as “the ability to break a large
problem down into many smaller problems”. Decomposition helps
formulate the problem in such a way that computers or other tools can be
used in the solution process. For example, evidence of decomposition in a
lesson plan can be that the students are asked to “identify parts”, or to
make a “list of examples” of the elements of a specific activity.

Pattern Recognition: Pattern recognition is defined as “the ability to
notice similarities or common differences in data”. For example, evidence
of pattern recognition in a lesson plan can be that “order matters”, or that
the students are asked to determine ‘“‘similarities and/or differences”
between and among cases/scenarios.

Abstraction: Abstraction is defined as the process of “deciding what
details are needed and which details can be ignored”. The process of
abstraction is often used when creating models or the simplified versions
of complex systems. For example, evidence of abstraction in a lesson plan
can be that the students are asked to “describe”, “illustrate”, or “use
model(s)”.

Algorithmic Thinking: Algorithmic thinking is defined as “a way of
getting to a solution through the clear definition of the steps needed”.
Developing an algorithm means creating a step-by-step solution to solve a
problem. For example, evidence of algorithmic thinking in a lesson plan
can be that students are asked to create a “step-by-step” process for making
a ham and cheese sandwich.

Optimization: Optimization is defined as “identifying, analyzing, and
implementing possible solutions with the goal of achieving the most
efficient and effective combination of steps and resources”. For example,
evidence of optimization in a lesson plan can be that students are asked to
identify “limitations” in a solution process, or to think of how to make a
solution process more efficient.

Generalization: Generalization is defined as “generalizing and transferring
the problem solving process to a wide variety of problems”. For example,
evidence of generalization in a lesson plan can be that the students are
asked to consider two or more contexts for a given task.

APPENDIX 5: Sample Lesson Plans

Grade Level: Kindergarten
Standards:

Common Core State Standards
o Literacy
= RK.I1;WK.1;WK.Z2 WK.3; WK.7; SLK.5
o Math
= MP2;MP4
= K.CC; K.MD.A.2
Next Gen Science
o K.LS.1-1 and K.ESS.3-1
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Objectives: Today we will decompose large activities into a series of smaller
events. Today we will arrange sequential events into their logical order.
Vocabulary: algorithm

Lesson Plan: (selected from the unit plan)

X/
L X4

X/
L X4

First discuss with your students the vocabulary algorithm. Show them
the word. You say the word, they say the word. Explain to students the
definition of an algorithm. An algorithm is a precise sequence of
instructions for processes that can be executed by a computer. Have
definition posted with a picture. Refer to this frequently throughout the
lesson. Have students continuously practice saying the word.

o Extension: Algorithm comes from the Greek word arithmos
which means number

Explain to students that today we will be learning about the concepts of
algorithms and how we follow algorithms in real life every day.

Go over the objective for today.

Have a class discussion about the steps that they take to get ready for
school in the morning. As students are saying things they do to get
ready write them up on the board. Once finished writing out the ideas,
put numbers next to their responses to indicate order. Be sure to point
out places where order matters and where order does not matter.
Explain to students how we just created an algorithm for how they get
ready for school in the morning. Refer back to the definition of
algorithm. Introduce that it is possible to create algorithms for things
we do every day.

o Extra Support: Create an algorithm for another every day
activity such as making a peanut butter jelly sandwich, how to
walk through the door and return, or making chocolate milk.

Next day in class we are going to create an algorithm for planting a
seed. Refer back to the definition of algorithm. Have the students
watch the brainpop video on plant life cycle in order to gain
background knowledge on how to plant a seed. As the video is playing
feel free to stop the video and ask students questions in order to
continue their engagement and motivation for watching the video.

Once the video ends have the students split up into small groups/pairs.
In the small groups/pairs each will need a plant a seed worksheet,
scissors, glue, and a sentence strip. Option for choice: have this in an
electronic format (wixie/interactive whiteboard lesson). Students will
cut out each of the 9 squares. Their job is to determine which 6 of them
you will utilize in order to plant a seed, so they will not use 3 squares

o Extra Support: Pull students who may need a little extra support
at a small group with the teacher to help them with the activity.
Pair the students up with a stronger person who can help them
with the activity. Instead of giving the group/pair of students all
9 give them just the 6 that they need to sequence. If needed
complete activity as a whole class.
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Fine Motor: Students who may struggle to cut them out have the
squares already pre-cut so they just have to focus on gluing.

¢+ Once groups are finished their sequence of events (algorithm) to plant a
seed they will swap sentence strips (or electronic formats) and follow
the sequence of steps the other group created in order to actually plant a

seed.

« After all groups have planted a seed following their algorithm have a
class discussion about the process. What did you learn? How many of
you were able to follow your algorithms to plant your seeds? Did the
exercise leave anything out? What would you have added to make the
algorithm even better? What if the algorithm had been only one step:
plant the seed? Would that have been easier or harder? What is it were
forty steps? What was your favorite part of the activity?

Intro to Computational Thinking

Date Aug 18, 2017 Time 50 minutes
Frame

Unit Computational Thinking Unit
Theme

NGSS Developing and Using Models

Standards Modeling in 9-12 builds on K-8 and progresses to using,

synthesizing, and developing models to predict and show relationships

among variables between systems and their components in the natural

and designed worlds.

. Develop a model based on evidence to illustrate the
relationships between systems or between components of a system.
(HS-PS1-4),(HS-PS1-8)

Disciplinary | ETS1.C: Optimizing the Design Solution
Core Ideas |e Criteria may need to be broken down into simpler ones that
can be approached systematically, and decisions about the priority
of certain _ criteria _over others (trade-offs) may be
needed. (secondary to HS-PS1-6)
Objective Students will be able to draw pixels into a grid in order to demonstrate
how a computer can create an image from a set of numbers.
Useful links | http://csunplugged.org/wp-
content/uploads/2015/03/CSUnplugged_OS 2015 v3.1.pdf
Drill: (5 min.)

Propose the following questions to the class. Have them write their :

In what situations would computers need to store pictures? (A drawing program, a
game with graphics, or a multi-media system.)

How can computers store pictures when they can only use numbers?
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Engagement (not boring):

5 minutes

__Captures students’
attention?
__Activates students’
prior knowledge?
__Connectsto a
complex question,
global issue, or real
world problem?

Provide time for students to discuss their thoughts about
the above discussion. Some students may know a lot,
others may need help.

If students are aware of what a fax machine does, that can
help in the explanation. To go even further, a fax machine
could be brought into the classroom.

Exploration (think labs, hands-on, student driven): 10 minutes

__Analyzes other
disciplines to answer a
complex question,
global issue, or real
world problem?
__Applies a systematic
approach to address the
real world connection?
__Selects and employs
relevant technological
tools?

Students will be given the handout with the “a” letter
drawn in pixelated form. Students will need to draw this
image and then to the side of the image write the coded
numbers that correspond to the pixels. Students can help
each other to understand and ask questions as needed.

Most students will catch on to this very quickly and begin
to move onto the next part.

Explanation (multi-sensory): 15 minutes

__Analyzes data and
draws conclusions?
___Communicates
understandings and
possible solutions?

There are numbers and a grid on the next page of the
worksheet. Using the numbers, the students need to figure
out which pixels to shade in. The result will be an image of
a little picture. Students will know if they are getting the
answers correct if their picture makes sense.

Extension/Elaboration (building complexity, real world application, frequent review):

Remaining time in lesson.

__Modifies
experimental
procedures, prototypes,
models, or solutions?
__Analyzes related
STEM careers?

Students can now create their own picture, turn it to code, and
then trade with a classmate who will have to decipher the
picture. Students can draw their favorite character or emoji in
order to make it unique and personalized to their interests.
There is also an included extension activity where the
students can include color to their picture, again using
numbers to indicate the colors being used.

Evaluation (multiple modalities): During/After class

UDL Connections: Students are taking a picture and turning it into a number. Then
students take a number and turn it into a picture. Abstract concepts are explained

through this process.

__Demonstrates
understanding of concepts
through rubric-based
performance assessments?
__Participates in peer
reviews?

Rather than a formal evaluation, | would circulate when
the students are making their own pictures to see the
engagement level and understanding of the concepts of
this lesson.
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AVID Strategies

Writing to Learn Inquiry Collaboration Reading to Learn
__Cornell Notes | _X_Analyze _X_Problem __Pre-Reading
__Notes (Right __Extend Solve Activities
Hand) _X_Apply _X_Work __Summarize/Reflectiv
__Other __Seek together e
Clarification __Other __Highlight/Underline
__Other __Other
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The Phytoplankton and Water Quality of Sennar
and Roseires Reservoirs, Sudan

By Faisal Abdalla Sinada” & Manal Elsayed Abdelrahman’

The aim of the study was to evaluate the effect of heightening of Roseires Dam on the
phytoplankton and physico-chemical characteristics of Sennar reservoir (13°32' 55" and
13°24'59" N and 33°38'05" and 33°39'53" E) and Roseires reservoir (11°48' 26" and
11°32'45" N and 34°26'46" and 34°28'33"E) on the Blue Nile, Sudan. The heightening
project that was completed in 2013 increased the storage capacity of Roseires reservoir
from 3.0x10° m® to 7.4x10° m®. The study provides baseline data before the completion of
the Grand Ethiopian Renaissance Dam (GERD) on the Blue Nile. No studies on the
phytoplankton of Sennar or Roseires reservoir have been undertaken since late 1960s
because of accumulating deficit of trained research personnel and the very low level of
scientific research funding. Present water analyses include Secchi transparency, electrical
conductivity, pH, alkalinity, nitrate—nitrogen, phosphate—phosphorus, calcium, potassium,
sodium, cadmium, cobalt, chromium, copper, iron, lead, magnesium, manganese, and
zinc. Statistical analysis shows that there were no significant differences between the
samples taken from Sennar and Roseires reservoirs. The quality of the water of the two
reservoirs has not changed since 1960s, still being within allowable limits set by the
Sudanese Standards and Metrology Organization and WHO for drinking. Strikingly, algal
biomass remained extremely low in the two reservoirs during the present study. Visual
observations and analysis of water samples collected from the two reservoirs and from the
Blue Nile at Khartoum showed that the recurrent peaks reported by previous workers did
not appear, while turbidity and concentrations of nutrients remained unexpectedly high
with no signs of any algal growth during December 2015 - December 2017.
Environmentalists are alarmed that pollution in the Blue Nile within Sudan will become a
problem after the completion of GERD when regulation of water flow downstream will
result in only a fraction of the Blue Nile water reaches Sudan throughout the year
allowing for the accumulation of pollutants.

Keywords: Blue Nile, Phytoplankton, Roseires Dam, Sennar Dam, Water Quality.

Introduction

Published work on assessment of possible contamination or development of
any degree of pollution of the Blue Nile is non-existent. In view of the social
progress, industrial and population explosion and active urbanization that took
place within the last fifty years and which shall continue in the coming years,
pollution of the Blue Nile is inevitable unless certain measures are undertaken.

Attention is focused on the detection of unwelcome enrichments which cause
deterioration of water quality. These undesirable contaminants might reach the
course of the river as a result of (i) introduction of industrial contaminants from the
many factories built along the Blue Nile, (ii) sewage effluent and urban runoff

“Associate Professor, University of Khartoum, Sudan.
" Assistant Professor, University of Khartoum, Sudan.
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from expanding towns adjacent to the Blue Nile and/or (iii) diffusion of
agrochemicals from Sudan Gezira agriculture scheme and other farms.

The Blue Nile after leaving Lake Tana, quickly descends into a deep gorge
until it enters the Sudan south of Roseires with average annual flow of 46.2x10°
m* yr'. Before entering the Sudan plains, the Blue Nile receives 14 major
torrential tributaries which supply most of the silty river water received at Roseires
reservoir (Omer et al. 2015).

The discharge of the Blue Nile is primarily affected by the seasonality of
torrential rains on the Ethiopian highlands where a wet season extends from July
to October, with maximum rainfall and river flow during August-September, and a
dry season from November to June.

The natural flow of the Blue Nile has been altered by artificial hydrological
regimes within Sudan. Sennar and Roseires dams were built across the Blue Nile
in 1925 and 1966 respectively. Roseires reservoir (629 km upstream Khartoum,
11°48' 26" and 11°32'45" N and 34°26'46™ and 34°28'33" E) is located in south-
east of Sudan in Blue Nile State. Sennar reservoir (345 km upstream Khartoum,
13°32' 55" and 13°24'59" N and 33°38'05" and 33°39'53" E) is located north of
Roseires in Sennar State (Figure 1).

These two dams altered the natural flow of the river. A heightening of
Roseires Dam was completed in January 2013. The project added 10 m in height
and 12 km in length to the existing dam, increasing its storage capacity from
3.0x10° m® to 7.4x10° m® and its storage time from 45 to 60 days. The reservoir
has a maximum depth of 45 m. The storage capacity of Sennar Dam is 1x10° m®
with a retention time of 32 days. Sennar reservoir has a maximum depth of 17 m.
In 2017 Roseires reservoir reached its full capacity by late-December (Roseires
and Sennar dams Engineers, Personal communication).

Figure 1. Map of the Blue Nile within Sudan Plains Showing Locations of
Roseires and Sennar Dams

WHITE N[Lg
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Literature Review
The Blue Nile Upstream of Roseires before Construction of the Dam

Before the completion of Roseires Dam, Hammerton (1970a, b, 1971a), in
three different surveys carried out during February 1964, February 1965 and
February 1966 reported an extremely sparse plankton population in 400 km
section of the river upstream of Sennar reservoir. He found within this stretch of
the Nile that the diatom Aulacoseira (formerly Melosira) granulata and the
cyanobacterium Anabaena flos-aquae — two principal components of the Blue
Nile plankton north of Sennar reservoir — were present in very small numbers
(around 20 cells mL™). All samples collected during 1964 - 1966 contained visible
quantities of silt and fine sand and some organic detritus with a Secchi disc
visibility less than 50 cm. Poor light penetration coupled with relatively high
current velocity might be the sole factor checking the development of
phytoplankton within this stretch of the Blue Nile before the construction of
Roseires Dam (Hammerton 1970a, b, 19714, Talling and RZoska 1967).

Sennar Reservoir before Construction of Roseires Dam

Hammerton (1970a, b, 1971a) confirming the findings of Talling and RZzoska
(1967) found that as the water enters Sennar reservoir, most of the silt settled out.
The Secchi disc visibility increased considerably resulting in a dense
phytoplankton development within the reservoir. The diatom Aulacoseira
granulata increased from around 20 cells mL™ before entering Sennar reservoir to
2.1x10° cells mL™ in the reservoir. There was a similar increase in numbers of the
cyanobacterium Anabaena flos—aquae.

Roseires Reservoir: The Development of Phytoplankton after Construction of the
Dam in 1966

According to Hammerton (1971a, b, c) the phytoplankton in Roseires
reservoir during the first three years of its filling (1966 - 1970) showed
considerably heavy growth with Aulacoseira granulata, Microcystis flos-aquae,
Anabaena flos-aquae, Phormidium mucicola, Volvox aureus, and Pediastrum
simplex var. duodenarium dominating the plankton at one time or another. The
diatom Aulacoseira granulata increased from around 20 cells mL™ before
entering Roseires reservoir to 5.2x10° cells mL™ cells mL™ in the reservoir.

Sennar Reservoir after Construction of Roseires Dam

Hammerton (1971c, d, 1972a) followed the seasonal cycles of the
phytoplankton in Sennar reservoir for three consecutive seasons. During 1968 -
1970 Aulacoseira granulata and co-dominant Anabaena flos-aquae dominated the
phytoplankton in the reservoir. The total algal densities in Sennar reservoir were
higher than those in Roseires.
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The fluctuations in the densities of Aulacoseira and Anabaena within Sennar
reservoir during 1968 - 1970 closely reflected the seasonal changes of the numbers
of these organisms in Roseires reservoir. The Roseires reservoir shortly after its
creation greatly influenced the phytoplankton composition and density within
Sennar reservoir, and subsequently downstream.

The Development of Phytoplankton at Khartoum (latitude 16° N) before and after
Construction of the Dam

For logistic reasons, studies of the phytoplankton of the Blue Nile during
1950s were confined to Khartoum. Prior to the establishment of Roseires Dam,
Brook (1954), RZoska et al. (1955), Talling and Rzoska (1967) reported a definite
cycle and seasonal peaks of the major phytoplankton species that could be
faithfully predicted at Khartoum. Later, after the construction of Roseires Dam,
Sinada and Abdel Karim, (1984a), Yousif (2004) and Sinada and Yousif (2012)
confirmed the recurrent substantial increase in algal densities which always
appeared in the Blue Nile at Khartoum after the flood period in late October/early
November when the current subsided and most of the silt settled out. These
recurrent algal peaks were no different from those reported at Khartoum before the
construction of Roseires Dam by previous workers except for the appearance of
new records, with the dominant algal species remaining the same.

Materials and Methods
Study Period

The two reservoirs were visited every two - four months, thus, December
2015, February 2016, April 2016, November 2016, April 2017 and December
2017. No attempt was made to sample the reservoirs during the rainy flood season
between June - October 2016 and June - October 2017 since no alga was expected
to be encountered in any numbers in the expected highly turbid flood waters. To
assess spatial distribution of phytoplankton communities and water quality, surface
samples only were collected on one occasion from five randomly chosen stations
covering only the central sector of each reservoir. The vertical distribution of
phytoplankton populations and physico-chemical variables were assessed only in
Roseires reservoir at the central station. A 2-L Ruttner water sampler connected to
a 45 m steel cable was lowered from the side of a tugboat using a manual winch
with automatic brake to collect water from the surface, 15 m and near the bottom.
All water samples were collected between 09:00 and 10:00 am. Only surface
samples were collected from Sennar reservoir because it was not safe to use the
heavy winch to retrieve the 2—-L Ruttner sampler from the side of a small power-
motorized fishing boat.
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Water and Phytoplankton Sampling

Surface water samples were collected from each reservoir in polyethylene
bottles. Depth profiles were studied only in Roseires reservoir. pH and electric
conductivity were recorded in situ onboard using handheld Jenway digital field
instruments. Water temperature was measured using a mercury thermometer.
Water transparency was measured using a Secchi disc. Alkalinity was determined
by titration with 0.1 N HCI in the field using bromcresol green-methyl red mixed
indicators as described by Mackereth et al. (1978).

For analysis of dissolved nitrate—nitrogen (NO3—N), phosphate-phosphorus
(PO4+P) and heavy metals, water samples were collected in clean polyethylene
bottles and transported to the laboratory. Silica (SiO,) was determined on one
occasion only (20.3 and 23.1 mg SiO, L™ in Sennar and Roseires reservoirs
respectively). Water samples were analyzed by the spectrophotometric procedure
as described in Allen (1989) using Apel Spectrophotometer, Japan, fitted with a 1
cm path length cuvette. The absorbance was measured at 540, 880, and 810 nm,
for the NO3, PO, and SiO», respectively. Sodium and potassium were determined
following the flame photometer method. Calcium was measured following the
EDTA titration method. Cadmium, cobalt, chromium, copper, iron, lead,
magnesium, manganese, and zinc were measured on three occasions. Analysis was
performed on AA-6800 Shimadzu Atomic Absorption Spectrophotometer
(Shimadzu Corporation, Japan). A linear calibration curve for each trace metal was
drawn by preparing sets of external standards diluted from 1000 ppm certified
single element reference solutions supplied by Romil (Romil, Ltd, Cambridge,
UK). A standard QC solution was analyzed after 10 samples for each of the nine
trace metals.

Qualitative and Quantitative Analyses of Phytoplankton

For qualitative taxonomic analysis, phytoplankton samples were collected
with plankton net (mesh size 25 um). The net samples were transferred into plastic
containers with screw caps. Each sample was preserved in 4% formalin and stored
in the laboratory until analysis.

For quantitative analysis of the phytoplankton, unstrained water samples
were collected from below the surface. They were fixed and preserved with 10%
Lugol's solution. Depending on the density of the phytoplankton, aliquots of 1-10
mL were sedimented in chambers by standing for 2-5 h following the procedure
described by Lund et al. (1958). Algae present were enumerated on a Zeiss
inverted microscope at a magnification of x200. Each filament was counted as a
unit. The average number of cells per filament was determined from a large
numlber of specimens. Results of phytoplankton biomass were expressed as cells
mL™.

Phytoplankton biomass was measured in terms of Chlorophyll-a (Chl-a) as
described in Strickland and Parsons (1977). For the estimation of total
chlorophyll-a a known amount of surface water was filtered through GF/C filter.
The filter was removed and the chlorophyll was extracted in a flask with 14 mL of
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90% acetone for 24 h at 4°C in the dark. The clear extract was transferred to a 1
cm path length cuvette using Apel Spectrophotometer, Japan, to measure the
absorbance at 665 and 750 nm.

Identification of Planktonic Algae

Algae collected in the net samples were identified up to genus or species level
according to the standard works and keys of Cleve-Euler (1951), Desikachary
(1959), Prescott (1962), Krammer (1991a, b), Wehr et al. (2015).

Statistical Analysis

The differences in physical and chemical variables between the two reservoirs
were tested using T test at 95% Confidence Intervals. The homogeneity of water in
each reservoir was tested by calculating the coefficient of variation.

Results and Discussion
Water Quality: Physical and Chemical Variables

The waters of Sennar and Roseires reservoirs are of excellent quality for
drinking and domestic use, irrigation, industrial use, navigation, tourism, bathing
and recreation. In Sennar and Roseires reservoirs the water quality and heavy
metal concentrations in terms of cadmium, chromium, copper, iron, lead,
manganese, and zinc were well within allowable limits set by the Sudanese
Standards and Metrology Organization (SSMO 2008) and are within permissible
limits set by WHO for drinking water (WHO 2011).

The concentrations of heavy metals were more or less the same in the two
reservoirs except for slightly higher but not alarming value of chromium recorded
once in Roseires reservoir. Conversely, manganese was slightly higher in Sennar
reservoir than in Roseires. The source of the heavy metals detected in waters of the
two reservoirs is more likely to be natural since no anthropogenic polluting
activities such as factories occur in the vicinity of the two reservoirs.

Physical and chemical variables measured in water samples collected from the
sampling sites in both reservoirs are presented in Tables 1 and 2. The statistical
analysis using t-test with 95% Confidence Intervals shows that there were no
significant differences between the samples taken from Sennar and Roseires
reservoirs as regards the following environmental variables: electrical
conductivity, alkalinity, nitrate-nitrogen, and phosphate-phosphorus. Similarly, pH
which was neither acidic nor highly alkaline was more or less the same in both
reservoirs.

Table 1 shows the results of physico-chemical analysis in both reservoirs. The
concentrations of NO3—N and PO,—P measured in both reservoirs during the
present study were persistently higher than those recorded by previous workers at
Khartoum. For instance in April 2016 and April 2017 the concentrations of NOs—
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N and PO,P (326-550 pug NOs-N L™* and 80 - 160 pg PO,P L™) were
exceptionally high to be monitored during this time of the year. In the past 60
years NOs—N and PO,—P in the Blue Nile at Khartoum during April were severely
depleted by heavy phytoplankton growth to less than 29 ug NOszN L* and
undetectable PO,—P levels (Talling and RZzoska 1967, Hammerton 1972b, Sinada
and Abdel Karim 1984b, Sinada and Yousif 2013). The high concentrations of
nutrients measured in the two reservoirs during the present study is attributed to
the paucity of phytoplankton which was indicated by very low numbers of algal
counts in the two reservoirs (see later).

Vertical Distribution of the Physical and Chemical Variables in the Roseires
Reservoir

Water samples were retrieved from the surface, 15 m and from near the
bottom (~44m) in the Roseires reservoir only. The three depths were sampled on
five occasions during the present study. As Table 2 shows, a weak, possibly
unstable, thermal stratification was detected on 26 April 2016. No stratification
was observed during the other sampling visits. Temperature, pH, alkalinity, and
conductivity remained more or less uniformly distributed throughout the water
column. Absence of stratification is attributable to the small water temperature
difference between summer and winter in Roseires area. Perhaps wind action was
strong enough to mix the water and destroy any stratification.

Spatial Distribution of the Physical and Chemical Variables in the Two Reservoirs

An attempt was made to determine the spatial distribution of the physical and
chemical variables in the two reservoirs by sampling five locations in each
reservoir. The Coefficient of variation values of < 0.3 indicate that there are no
significant differences in physical and chemical variables among the sampling
sites in Sennar or those in Roseires reservoir. The environmental variables
measured were more or less evenly distributed in the various sampling sites in
each reservoir (not shown here).

Phytoplankton Species Diversity

Qualitative Results

List of algae present in the plankton of Sennar and Roseires reservoirs and
their occurrence at different sampling dates are given in Table 3. Five
phytoplankton groups were represented in the two reservoirs though in very small
numbers. These groups were Bacillariophyta, Cyanobacteria, Chlorophyta,
Euglenophyta, and Pyrrophyta. Bacillariophyta were qualitatively dominant, while
Cyanobacteria were subdominant in the two reservoirs.

A total of 39 taxa were encountered in the plankton of the two reservoirs
during the present study. In terms of species, Bacillariophyta were the richest
taxonomic group with 17 taxa, followed by Cyanobacteria (11 taxa), Chlorophyta
(7 taxa), Euglenophyta (3 taxa), and Pyrrophyta (1 taxon). As expected, the species
composition was more or less similar in both reservoirs.
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Table 1. Physical and Chemical Variables Recorded in Surface Waters Collected from Sennar and Roseires Reservoirs during the Study Period

Sennar reservoir Roseires reservoir
Physico-chemical variables Feb Apr Nov Apr Dec Feb Apr Nov Apr 2017 | Dec 2017
2016 2016 2016 2017 2017 2016 2016 2016

Temperature (°C) 22.0 30.0 27.6 29.8 24.8 26.6 29.2 30.3 27.8 26.3
Secchi transparency (cm) 15 45 15 70 60 30 100 35 100 85
Conductivity (uScm?) 113 122 110 159 120 111 120 101 155 121.
pH (Units) 8.4 7.8 7.9 7.8 8.0 8.4 8.0 7.9 7.7 8.5
Alkalinity (meq L% 320 | 312 3.20 2.00 1.3 3.12 3.20 3.04 1.90 1.2
NOz-N (ug LY 350 520 442 355 500 377 550 348 326 440
PO4P (ug LY 160 140 110 90 50 150 160 70 80 70
Sodium (mg/L) - 6.8 6.4 74 - 6.5 6.3 6.4 7.1 -
Potassium (mg/L) - 4.9 2.6 4.5 - 29 4.7 2.2 4.7 -
Calcium (mg/L) 15.7 - 16.7 19.4 75 12.9 - 14.7 18.2 5.9
Magnesium (mg/L) 344 - - 24.0 229 33.2 - - 320 30.8
Cadmium (pg LY 1.0 - - ND ND 0.5 - - ND ND
Chromium (ug L™ 22.8 - - ND 125 326 - - ND 58.3
Cobalt (ug L™ 18.0 - - 60.0 ND 21.6 — —~ 79.0 ND
Copper (ugL™%) 24.2 - - 7.0 18.2 24.2 - - 6.0 18.2
Ferrous (mg/L) 0.2 - - 0.38 0.29 0.1 - - 0.20 0.64
Lead (ugL™) ND - - ND ND ND - - 8 ND
Manganese (ug L") 4.2 - - ND 8.9 13.6 - - ND 115
Zinc (ugL™) 2.1 - - 1.2 ND 2.9 - - ND 3.9
Chlorophyll-a (ug L™ ND ND ND ND >1 ND ND ND ND ND

ND= Not Detected.
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Table 2. Physical and Chemical Data Recorded in Waters Collected from Three
Depths in Roseires Reservoir during the Periods February 2016, April 2016,
November 2016, April 2017 and December 2017

Roseires reservoir

Environmental Depth
variables (m) Feb Apr Nov Apr Dec
2016 2016 2016 2017 2017
surface 26.6 292 303 2738 263
Temperature (°C) 15 282 291 300 278 26.4
44 251 285 297 28.0 2738
213
Conductivity surface 111 120 101 276
(uScm?) 15 111 120 115 276 214
44 113 122 117 281 215
surface 8.4 8.0 79 77 85
PH (Units) 15 8.2 8.1 79 7.1 8.1
44 85 8.0 78 72 8.1
120
Alkalinity surface 3.12 3.20 3.04 1.90
(meq LY 15 3.0 1.95 150 1.90 1.30
44 30 3.38 150 1.90 1.40

Aulacoseira was represented by A. distans, A. granulata, A. granulata var.
angustissima, A. agassizii, and a species identified tentatively as A. ambigua?. The
diatom community structure is similar to that observed by Sinada and Yousif
(2012) in the Blue Nile at Khartoum. This may indicate that the inocula of the
recurrent annual Aulacoseira peaks recorded at Khartoum originate from the upper
reaches of the Blue Nile. Other diatoms recorded in the two reservoirs were also
rarely seen in the net samples during the present study (Table 3).

Cyanaobacteria were represented in the two reservoirs by Anabaena flos-aquae
f. spiroides, Aphanocapsa sp., Aphanotheca sp., Chroococcus sp., Gloeotrichia
sp., Merismopedia sp., Microcystis aeruginosa, Microcystis incerta, Oscillatoria
spp., and Rivularia sp. These Cyanobacteria were rarely seen in the net samples
collected from both reservoirs. Anabaena flos-aquae f. spiroides and Microcystis
aeruginosa were common in the Blue Nile at Khartoum often developing profuse
growth during December - February (Sinada unpublished data, Sinada and Yousif
2012). Gloeotrichia echinulata and Rivularia sp. which occurred on different
occasions in the two reservoirs were not reported before in the Nile within Sudan.

Chlorophyta was represented by seven taxa in the plankton. These species
were rarely seen in the net samples.

Euglenophyta was represented by two species of Trachelomonas and one
species of Euglena while Pyrrophyta was represented by one species of
Glenodinium (Table 3).

Quantitative Results

Unlike conditions observed during 1967 - 1970 by Hammerton (1971c, d,
1972a) no single algal species was dominant during the present study. Algal
numbers were present in extremely unexpected low numbers in both Reservoirs
throughout the study period. Although encountered in very small numbers, it is
striking to record 15 algal taxa in Sennar reservoir at the end of the study in
December 2017, while no alga was seen in the net samples collected from
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Roseires reservoir during the same visit. In general, more algal taxa were collected
from Sennar reservoir (32 taxa) than from Roseires reservoir (22 taxa). Although
needs to be verified by intensive sampling in selected stretches of the Blue Nile
between the tail of Sennar reservoir and Roseires Dam, it may be assumed that not
all inocula of algal taxa in Sennar Dam and downstream to Khartoum originate
from Roseires reservoir.

Glenodinium sp. appeared only in Sennar reservoir in December 2017
exhibiting the highest count of 36 cells mL™ exceeding those of Aulacoseira
granulata. The same species of Glenodinium was reported in the Blue Nile at
Khartoum by Sinada (1972) and Sinada and Yousif (2012) though in negligible
numbers.

Aulacoseira granulata which was dominant in the two reservoirs throughout
the growth seasons (November - May) of 1966 - 1970 showing peaks in the range
of 1.5x10° - 1.2x10* cells mL™ (Hammerton 1971c, d, 1972a), rarely exceeded 20
cells mL™ during the present study. Similarly, Table 3 shows that Anabaena flos-
aquae, which co-dominated the phytoplankton in the two reservoirs throughout
much of the growing seasons during 1966-1970 was rarely seen during the present
study. The conditions during the present study were reminiscent of the
phytoplankton population in 400 km section of the river upstream of Sennar
reservoir reported by Talling and Rzoska (1967) before the construction of
Roseires Dam where Aulacoseira granulata and Anabaena flos-aquae, numbers
did not exceed 20 cells mL™ before entering Sennar reservoir.

The scarcity of planktonic algae in Sennar and Roseires reservoirs during the
study period, despite of high nutrient concentrations may be attributed to the
unusual high silt content. It is obvious that poor light penetration is the sole factor
checking the development of phytoplankton in the two reservoirs during the
present study. These conditions in the two reservoirs were no different from those
reported in the Blue Nile at Khartoum during the annual phase of the flood period
by several workers including Sinada and Abdel Karim (1984a, b) and Sinada and
Yousif (2012).

According to Hammerton (1971c, d, 1972a), Roseires reservoir shortly after
its construction greatly influenced the phytoplankton composition and density
within Sennar reservoir; the total algal biomass in Sennar reservoir was higher
than that in Roseires reservoir. However, in the present study the meagre data
show that more algal taxa and relatively higher algal counts occurred in Sennar
than in Roseires reservoir. No influence is exerted by Roseires Dam on Sennar
reservoir during the present study except perhaps the discharge of silty water
which decreased Secchi transparency in Sennar reservoir preventing the
development of phytoplankton.
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Table 3. List of the Planktonic Algae Encountered in Net Samples Collected from Sennar and Roseires Reservoirs: (+) Rare, and (-) Absent.
Numbers Indicate Algal Biomass in terms of Cells or Coils per mL Encountered in Surface Samples Collected from the Central Stations in
Sennar and Roseires Reservoirs

Sennar reservoir Roseires reservoir

Species Dec Feb Apr Nov Apr Dec Dec Feb Apr Nov Apr Dec
2015 2016 2016 2016 2017 2017 2015 2016 2016 2016 2017 2017

Pandorina morum (O. Miiller) Bory

- - - - - - - + - - - -

P. simplex var. duodenarium (Bailey) Rabenhorst + _ _ _ +

Pediastrum obtusum Lucks - - - - -
Scenedesmus sp.

S B+

Schroederia setigera (Schroder) Lemmermann - - - - - - - - - - -
Staurastrum sp.

Volvox aureus Ehrenberg

Aulacoseira ambigua? (Grunow) Simonsen +

+

|

|

|
+| +| +

|

|

Aulacoseira distans (Ehrenberg) Simonsen

nN
~
+
+
+

+
+

Aulacoseira granulata (Ehrenberg) Simonsen _ 2 2 -
+

A. granulata var. angustissima (O. Miiller) Simonsen +

+

|

+
+

+

|

Aulacoseira agassizii (Ostenfeld) Simonsen

T
T
Cyclotella meneghiniana Kuetz _ 1 _ _ _ 4
4

Gomphonema sp. +

Caloneis amphisbaena (Bory) Cleve

Navicula spp + 4 + +

Nitzschia sp.

Pleurosigma sp. + +

Rhopalodia gibba (Ehrenberg) O. Mdiller +
Ulnaria(formerly Synedra) acus(Kiitzing) M. Aboal - - + - - - - - - + -

Ulnaria acus (Kutzing) M. Aboal

Ulnaria ulna (Nitzsch) Compere +

Nitzschia sp.

Surirella tenera Gregory. + +

Cymatopleurasolea (Bréb.) W. Smith +
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Anabaena flos-aquae (Lyngbye) Brébisson f. spiroides + _ 2 _ — 8 - + - - — -
Anabaena spp. _ _ _ + _ _ _ _ _ _ _ _
Aphanocapsa sp. - + - - + - - ++ - - + -
Aphanotheca sp. _ _ _ _ + _ _ + _ _ + _
Chrococcus sp. - - - - - + - - - - - -
Merismopedia tenuissima Lemmer - - - + - - - + - - — -
Gloeotrichia echinulata P.G.Richter - - + - - - - + - - - -
Microcystis aeruginosa( Kiitzing) Elenkin - - - - - - - + - - — —
Microcystis incerta(Lemmer.) Lemmerman - - - - - 4 - - - - — -
Oscillatoria spp. - + - + - - - ++ - - — -
Rivularia sp. - - + - _ _ _ _ T _ — _
Euglena sp. - - - - - 4 - - - - - -
Trachelomonas volvocina (Ehrenb.) Ehrenberg - - - - - 4 - - - - - -
Trachelomonas sp. - - - - - + - - - - — —
Glenodinium sp. - - - - - 36 - - - - - -
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Discussion

The construction of Roseires Dam in 1966, as expected, had its influence
upon the ecology of the Blue Nile within Sudan by changing the hydrological
regime of the river and creating a reservoir in which current velocity was much
reduced and lake conditions were initiated. Previous workers reported major
changes in the species composition of the phytoplankton at Khartoum after the
construction of Roseires Dam when certain taxa, which dominated the
phytoplankton in the 1950s, disappeared and new species appeared in appreciable
numbers in early 1970s and by the turn of the century.

Shortly after the construction of Roseires Dam in 1966, seasonal peaks of the
major phytoplankton species were well established and a definite annual cycle
could be faithfully predicted at Khartoum. The recurrent annual biological cycles
of events in the Blue Nile are greatly influenced by the flood regime and the
storage of water in Roseires and Sennar reservoirs, which are controlled by the
natural regime of rainfall in the catchment area on the Ethiopian Plateau.

Rzoska et al. (1955), Talling and Rzoska (1967), Sinada (1972), Sinada and
Abdel Karim (19844, b) and Yousif (2004) showed that the annual flood of the
Blue Nile is the most important factor limiting the growth of the phytoplankton at
Khartoum. The scarcity of planktonic algae during the flood between late June and
late October despite of high nutrient concentrations is attributable to the high silt
content and poor light penetration. It has been well established that at Khartoum,
diatoms (Aulacoseira spp.) were the first to appear in appreciable numbers after
the flood, and dominate the phytoplankton during November—December to be
replaced successively by peaks of profuse growth of Microcystis and Anabaena
during January—February. During March-April green algae preponderated,
followed by the recurrent summer maximum of Aulacoseira and Anabaena in
May to mid—June before being washed out by the new brown floodwater (RZzoska
et al. 1955, Talling and Rzoska 1967, Sinada 1972, Sinada and Abdel Karim 198443,
b, Yousif 2004). We assumed that similar cycles of phytoplankton succession
would continue to occur every year in Roseires and Sennar reservoirs and along
the whole stretch of the Blue Nile from Sennar to Khartoum as long as the
hydrological regime of the river was not significantly altered.

Indeed, throughout the years since the construction of Roseires Dam in 1966
no unusual incidence, which could be confirmed by microscopic examination and
sediment load, has been reported except in May 2003 and January 2009. In these
two incidents, unprecedented profuse growth of the cyanobacterium Anabaena
flos-aquae, attributed with caution to incipient eutrophication, occurred in the Blue
Nile at Khartoum and along the whole stretch of the Blue Nile from Khartoum to
Sennar Dam. Otherwise, there was a definite highly predictable phytoplankton
cycle which almost faithfully repeated itself every year since the construction of
Roseires Dam in 1966.

However, an unusual event, which was a deviation from the repeated and
predictable cycle, occurred during the present study in 2016-2017. We expected
that algae in Roseires and Sennar dams and at Khartoum should have started to
appear in late October—early November 2015 (when most of the silt should have
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settled downs and water should have become clear) as they faithfully did for the
last fifty years since the construction of Roseires Dam. Nevertheless, algae did not
appear let alone in large numbers as we expected. Unlike conditions observed by
Hammerton (1971a, b, c¢, 1972a) after the construction of Roseires Dam,
throughout the period of the present study, visible quantities of silt and fine sand
remained suspended in the water column of the two reservoirs as well as water
samples collected from the Blue Nile at Khartoum. The river at Khartoum did not
support any appreciable algal growth while turbidity and concentrations of
nutrients remained unexpectedly high and continued to be high with no signs of
any algal growth during 2016 and 2017. These conditions, which prevailed
throughout the present study, are reminiscent of the annual flood season at
Khartoum during late June-early October. A plausible explanation for the paucity
of algae in Sennar, Roseires, and at Khartoum during December 2015-April 2016
was deduced from briefings given by the engineers of Roseires Dam. They briefed
us of a different filling system they had adopted during 2015 flood season (July-
September) because of low magnitude of flow at EI Deim (a monitoring station
upstream Roseires reservoir near the Sudanese-Ethiopian border) due to little
rainwater received in Ethiopia— the lowest annual rainfall in 30 years. The filling
of the reservoir of Roseires Dam started unusually as early as August 2015 — a
deviation from operation rules under normal climatic conditions in which filling
never started before 1st September or after 26th September each year when most
of the silty water was allowed to flow downstream. Possibly the unusual early
damming of the highly turbid water in August 2015 contributed to storage of
unprecedented large volumes of water, which contain large amounts of silt.
Engineers at Roseires and Sennar dams opened the spillways during November
and December 2015 to allow the highly turbid water stored in the Roseires
reservoir to pass downstream to compensate for shortage of water at Merowe Dam
350 km north of Khartoum. This seems to be a plausible explanation for the
unprecedented turbid water reaching Khartoum during December 2015 - April
2106. The absence of algae in the Blue Nile at Khartoum during November 2015 -
April 2016 was attributed to the flow of turbid water which did not allow silt to
settle out of suspension thus preventing the growth of algae.

Similar conditions of paucity of algae were observed during sampling visits to
Sennar and Roseires reservoirs in April 2017 and December 2017. By late
December 2017, the Roseires reservoir reached a full supply level of 490.00 m
a.s.l. (Roseires dam Resident Engineer, Personal Communication, 2017). The full
supply level before the heightening of the dam never exceeded 481.00 m a.s.l. No
explanation can be given for the paucity of algae in the reservoirs and at Khartoum
during November-December 2017 except perhaps the relatively high content of
suspended silt, which prevented the development of phytoplankton.

Conclusions

In conclusion, the physical and chemical characteristics of the water of Sennar
and Roseires reservoirs did not change during the past fifty years. No unwelcome
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enrichment, which might occur because of introduction of industrial contaminants
or diffusion of agrochemicals into Sennar and Roseires reservoirs and into the
course of the Blue Nile upstream the two dams, was detected. It is pleasing that the
waters of Sennar and Roseires reservoirs are of excellent quality for drinking being
well within allowable limits set by the Sudanese Standards and Metrology
Organization (SSMO 2008). The concentrations of heavy metals are within
permissible limits set by WHO for drinking water (WHO 2011).

Fortunately, there was no regular build-up of heavy metal concentrations in
the Blue Nile since pollutants entering the river, if any, are washed away with the
annual flood. Environmentalists are alarmed that Nile pollution may become a
problem after the completion of the Grand Ethiopian Renaissance Dam (GERD)
when only a fraction of the Blue Nile water may reach Sudan allowing for the
accumulation and regular build-up of pollutants. A similar problem of Nile
pollution was reported in Egypt after the completion of Aswan High Dam when
only 10% of River Nile water flows downstream Aswan High Dam failing to
annually flush pollutants out of the Nile system within Egypt into the
Mediterranean.

During the present study the impact of the heightening of Roseires Dam on
the development of phytoplankton in the Blue Nile was detected. Visual
observations as well as water samples collected from the two reservoirs and from
the Blue Nile at Khartoum showed that recurrent peaks reported by previous
workers did not appear in the Blue Nile while turbidity and concentrations of
nutrients remained unexpectedly high with no signs of any algal bloom during
2016 - 2017. No explanation can be given for the scarcity of algae in the large
masses of water stored in Roseires reservoir (full supply level of 490.00 m as.l.)
during 2017 except perhaps for the effect of the high silt content which remained
suspended for a longer time than usual after the flood subsided.
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Effect of Irrigation Canal Sediments, Humate
Fertilizer and Irrigation Interval on Wheat
Performance in Desert Soils

By Ali Abdalla Mohammed', Asim Osman Elzubeir’,
Muawia Elbedawi Hamad’ & Abdalla Ibrahim Elhagwa*

A field study was conducted for two successive winter seasons; 2013/14 and 2014/15, at
the Research Farm of the National Institute of Desert Studies (University of Gezira), New
Hamdab Scheme, Northern State of Sudan. The objective was to investigate the effect of
treatments interactions of application of irrigation canal sediments, humate fertilizer and
irrigation interval on wheat (Triticum aestivum L.) growth and yield attributes in high
terrace soils. Treatments were arranged in a split-split plot design with four replicates.
Application of irrigation canal sediments constituted three rates (0, 30 and 60 ton/ha),
three rates of humate fertilizer were used (0, 2 and 4 kg/fed) and two levels of irrigation
interval were imposed (10 and 15 days). The soil of the experimental site is characterized
by high amount of sand and low chemical soil fertility and the climatic zone of the area is
described as desert. The results showed significant differences (P < 0.05) due to the
interactions effect of these three factors on number of plants/m?, plant height, number of
spikes/m?, number of seeds/spike, 1000-seeds weight, grain yield and straw yield for both
seasons. Also, treatments interactions had highly significant effects (P < 0.01) on number
of tillers/m? and harvest index, and very highly significant differences (P < 0.001) on
biological yield of wheat in both seasons. The best combination of irrigation canal
sediments, humate fertilizer and irrigation interval which gave the highest values of
growth, yield and yield components of wheat for both seasons; except for number of
plants/m? in the second season and straw yield in both seasons, was the interaction effect
of application of 60 ton/ha irrigation canal sediments, 4 kg/fed humate fertilizer and 10
days irrigation interval.

Keywords: Aridisols, Humic Substances, Irrigation Water Scheduling, Northern State
(Sudan), Soil Reclamation, Triticum Aestivum L.

Introduction

Wheat (Triticum aestivum L.) is mainly grown in the Sudan under irrigation,
during winter months; its cultivation has recently expanded into latitudes lower
than 15° N (Ageeb et al. 1996, Almeu and Hazem 2011). Demand for wheat in the
past was not very high because the nutritional habit of the majority of the
Sudanese people was based mainly on sorghum. At present, wheat consumption
has increased and the government is attempting to attain self-sufficiency in this
commodity. In order to fulfill this objective, it is necessary to increase the
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cultivated area and obtain maximum output from each unit volume of water
consumed.

Increasing wheat productivity is a national target in Sudan to fill the gap
between wheat consumption and production. However, lack of yield stability over
seasons and locations has remained a great challenge to both research and
production management (Babiker and Faki 1994). Wheat production under semi-
arid conditions of Sudan is now a success. Grain yield of over five ton/ha were
obtained with high irrigation, either from river flows or lifted from the River Nile
and wells using diesel pumps (Farah et al. 1994).

New Hamdab Scheme (Northern State of Sudan) faces problems of mud
accumulation in all irrigation canals. Enormous amounts of sediments are being
removed during cleaning of these canals. Disposal of this sediment is a real
problem. Sediments accumulated in irrigated canals contain high quantities of clay
and might be a useful as a soil conditioner (Mubarak et al. 2014).

There is more interest in utilizing soils of low or marginal productivity (e.g.,
sandy soils) for crop production to match the demand for agricultural products
(Tester 1990). The major constraints of these soils are their water retention, high
water transmission and low nutrient content. The nutrients- poor sandy soils could
be productive if their content of organic matter can be increased. The maintenance
of proper soil organic matter levels to sustain soil productivity is important and
humic acid probably being the largest single soil organic matter that may cope up
with the objective.

In many of the arid and semi-arid regions in the world (including Sudan)
water is likely to become the most critical resource and the most limiting factor of
the production of food (Elquosy 1998). Also, Ageeb (1994) stated that, irrigation
water and irrigation practices are factors which have always limited wheat
productivity. Detection of crop water stress is critical for efficient irrigation water
management, especially in the semi-arid regions. On the other hand, irrigation
water is becoming increasingly scares; this highlights the importance of the
effective and efficient use of this resource. In truly arid regions; such as the
Northern State (Sudan), all water of crops must be met with irrigation. In these
areas, all phases of crop production are adjusted for irrigation. Regardless of the
method used to deliver water, irrigation must supply moisture to that part of the
soil from which roots absorb it. The timing and amount of irrigation should be
regulated to assure optimum crop yield.

Recent years have witnessed a great intensification of land and water use in an
effort to increase agricultural production in many parts of the world. This involved
application of modern techniques leading to an increased farming efficiency.
Therefore, an experimental study was conducted at El Multaga area, Northern
State (Sudan) under high terrace soils to evaluate the interaction effect of
application of irrigation canal sediments, humate fertilizer and irrigation interval to
improve wheat productivity in the area.
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Materials and Methods
Description of the Experimental Site

Field experiments were carried out during two consecutive winter seasons
(2013/14 and 2014/15) at the National Institute of Desert Studies Research Farm
(University of Gezira), New Hamdab Scheme, Northern State of Sudan which lies
at latitude 17°55' N and longitude 31°10" E. The climatic zone of the area is
described as desert, which is characterized by high temperature in summer, low
temperature in winter and low rainfall (Habiballa and Ali 2010). The soil of the
experimental site belongs to El Multaga soil series, texture of the control section is
fine loamy, its structure is strong wide columnar flat breaks into medium and fine
subangular blocky. It is classified as Vertic Haplocambids, fine loamy, mixed,
hyperthermic. Generally, the soil chemical fertility is low (Land and Water
Research Centre 1999).

Experimental Design and Treatments

Three treatments were arranged in a split-split-plot design that completely
randomized within four replicates. The experimental area for each replicate was
divided into three blocks, each block was divided into two strip plots and each was
further divided into three subplots. Three meters wide areas were left between
blocks as buffer zones. The area of each sub- sub plot (experimental unit) was 42
m? (6 x 7 m). The experimental units were two meter apart from each other, with a
total number of 18 experimental units. The main plots were assigned to irrigation
interval with two levels, the sub- plots were assigned to irrigation canal sediments
application with three rates and sub- sub plots were assigned to humate fertilizer
application with three rates. This setup was replicated four times. The
experimental procedures were the same for both seasons. The applied treatments
and their abbreviations are illustrated in Table 1. The experiment was part of
research study to investigate the effects of applied treatments and their interactions
on wheat performance and soil physical and chemical properties in the area.

Table 1. Treatments Application and their Abbreviations

Treatment Operation Abbreviation
Irrigation interval 10 days Iy
(D 15 days I,
Irrigation canal sediments 0 ton/ha S
©®) 30 ton/ha S,
60 ton/ha S;
Humate fertilizer 0 kg/fed H,
(H) 2 kg/fed H,
4 kg/fed Hs

1,xS;xH;= as the controlled treatments.
fed=Feddan (1 fed = 0.42 ha).
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Cultural Practices

The land after the site had been selected and before the application of the
treatments, was freed from weeds and crop residues. The soil amendment
materials; irrigation canal sediments, and humate fertilizer were spread at rates
mentioned before, incorporated with the soil. Land preparation was done with
tractor-mounted disc plough to ensure satisfactory seedbed. Also, site of study area
was levelled to facilitate irrigation and ensure uniform soil moisture content
distribution.

Wheat variety Wadi Elneel was used in this study. Sowing was done
manually by digging on 20™ of November (winter season) for both agricultural
seasons, with seed rate of 120 kg/ha, at 0.2 m inter-row spacing. Nitrogen and
Phosphorus were added as recommended by Agricultural Research Corporation
(Sudan). Harvest started when signs of maturity of wheat crop were observed. The
crop was harvested on 21% of March for both seasons. The irrigation was carried
out every 10 and 15 days intervals; the ten days was considered the conventional
practice, whereas the fifteen days was considered mild stress. According to Erneo
(2007) who concluded that, wheat water requirements per season was 635 mm,
therefore, irrigation was applied with rate of 5.9 mm/day. Irrigation water was
measured at the plot level by Parshall flume with its calibration curve. Water
delivered to plots with constant water head. The source of water supply for farm
irrigation system was River Nile.

Collection of Data

Plant samples were collected randomly from each experimental unit (sub- sub
plot) and then growth and yield parameters were determined.

Number of Plant/m?

Number of plants/m? were counted for each season at 10 days after sowing in
three different positions in each sub- sub plot using a steel frame of one meter
square. Then the mean number of plant/m2 with respect to each treatment was
calculated.

Plant Height

Ten whole plant samples were selected randomly from each sub- sub plot at
maturity stage, each season. Plant height as expressed in cm was measured from
the tip of the spike to the soil surface, and then the mean was calculated.

Number of Spike/m?

Using steel frame of one meter square, the number of spikes/m® was
calculated at harvest time for each sub- sub plot as an average number of three
readings.
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Number of Tillers/m?

Number of tillers/m® was obtained by subtracting the number of plants/m? at
10 days after sowing from the number of spikes/m? at harvest time, each season.

Spike Length

Ten spikes samples were selected randomly from each sub- sub plot at
maturity stage and the spike length (cm) was measured, and then the mean spike
length was obtained for each treatment.

Number of Seeds/Spike

Samples of ten spikes were selected randomly from each sub- sub plot at
maturity stage and seeds per spike were counted, and then the mean number of
seeds/spike was obtained.

1000 - Seeds Weight

A number of thousand seeds were picked randomly from seeds of each sub-
sub plot. The seeds were weighed with a sensitive balance, and mean 1000-seeds
weight (g) was obtained for each treatment.

Biological Yield per Unit Area

Plants of the net area of one meter square (using steel frame of one meter
square) were cut at the soil surface at harvest time in three different positions in
each sub- sub plot, tied in bundles and left to dry by air. After drying, the
harvested plants were weighted to obtain the biological yield (kg/ha) (dry matters
plus grains).

Grain Yield per Unit Area

The biological yield samples were manually threshed and the grain yield as
expressed in kg/ha was obtained.

Straw Yield per Unit Area

Also, straw yield (kg/ha) was determined as mentioned by Imran (2010):
Straw yield (kg/ha) = Biological yield (kg/ha) — Grain yield (kg/ha)

Harvest Index

Harvest index (%) was obtained using the following formula (Imran 2010):
Total grain yvield (kg ha) % 100

Harvest index = —— ——
Total boilogical yvisld (kg hea)
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Statistical Analysis and Interpretation of Data

Statistical analysis was carried out using a computer software package
(MSTAT). Significance of differences among the various characters under study
was compared using Duncan’s Multiple Range Test (DMRT). Results were
presented in tabular forms.

Results and Discussion

Table 2 shows the mean values of number of plant/m? and plant height of
wheat crop as affected by treatments interactions for both seasons. The results of
the statistical analysis indicated that the interaction of irrigation interval, irrigation
canal sediments and humate fertilizer had significant effects (P < 0.05) on number
of plants/m® when checked early in both seasons. Since the number of plant/m?
was counted at 10 days after sowing and at that time all experimental units had the
same irrigation, therefore, the significant effect of the interaction of the applied
treatments on number of plants/m? might be due to irrigation canal sediments and
humate fertilizer. Also, the effect of interaction of irrigation interval, irrigation
canal sediments and humate fertilizer on plant height at maturity stage was
checked in both seasons. There were significant effects (P < 0.05) due to the
interaction of these three factors on plant height in both seasons.

Table 2. The Mean Effect of Irrigation Interval, Irrigation Canal Sediments and
Humate Fertilizer on Wheat Growth Parameters for Both Seasons

Treatment No. of plants/m? Plant height (cm)
combinations 1% Season 2" Season 1% Season 2" Season
H, | 1819 206' 67° 72¢f
Sy H, | 1837 210" 71° 75%
Hy [ 1847 227 74> 79°
H, | 165 234° 72% 69
b | s, H, | 193° 247° 73 80™
H, [ 197 269° 74 81
H, | 187 210" 68° 69™
S; H, [ 199 234° 76° 82°
H; | 207 263° 83" 89°
H, [ 201° 231° 53" 60"
Sy H, | 206° 219° 53" 59"
Hy | 196™ 2297 61° 67"
H, [172" 247° 49' 58"
s, [H |17 200 55" 54
H, | 168" 211" 62 63"
H, [ 200™ 2219 53" 5"
Ss H, |18 212" 67° 72%
Hy [ 1847 219° 71° 77%
DMRT * * * *

Abbreviations of I, S and H and their operations as explained in Table 1.
Means followed by the same letter(s) in column are not significantly different at P < 0.05.
* = Significantly different at P < 0.05.

146



Athens Journal of Sciences June 2019

Table 3 summarizes the mean effect of irrigation interval, irrigation canal
sediments and humate fertilizer on wheat yield components parameters on both
seasons. The results indicated that the interaction of these three factors had
significant effects (P < 0.05) on number of spike/m?, number of seeds/spike and
1000-seeds weight in both seasons. The analysis of variances for both seasons
evident that the number of tillers/m?* was highly significantly affected (P < 0.01)
by the interaction of the studied treatments. However, treatments interaction were
failed to show any significant differences (P < 0.05) on spike length in the two
seasons.

The mean values of wheat yield parameters as affected by the interactions of
the applied treatments for both seasons are shown in Table 4. It was found that the
interaction of the tested treatments showed very highly significant differences (P <
0.001) on biological yield in both seasons. Biological yield is a combined
contribution of yield components such as number of tillers/m? plant height,
number of seeds/spike and 1000-seeds weight. The biological yield is significantly
charged by any change in these components. It was found that the interaction of
irrigation interval, irrigation canal sediments and humate fertilizer had significant
effects (P < 0.05) on grain yield and straw yield of wheat in both seasons. But,
harvest index had highly significant differences (P < 0.01) due to interaction
effects of applied treatments in both seasons.

The results clarified that the application of 60 ton/ha of irrigation canal
sediments and addition of 4 kg/fed humate fertilizer when wheat was irrigated
every ten days recorded the highest means values; compare to the controlled
treatment and other treatments combinations, of all examined wheat growth and
yield attributes in both seasons, except for number of plant/m? and straw yield
which failed to show clearly the best combination of these three factors. Generally,
the results showed highest values of the examined parameters of wheat crop in the
second season than that of the first season. This could be attributed to the
variations in climatic conditions between the two seasons, i.e. the second season
was characterized by lower temperature in December and January and higher
relative humidity percentage in all months compared to the first season, and the
first season was characterized by higher temperature in February and March
compared to the second season. High temperature is a major environmental
constraint that limits wheat production in the Sudan (Ageeb 1994). Table 5 shows
the mean temperature and relative humidity during growing seasons of wheat in
both agricultural seasons as recorded by National Institute of Desert Studies
Meteorological Station.
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Table 3. The Mean Effect of Irrigation Interval, Irrigation Canal Sediments and Humate Fertilizer on Wheat Yield Components Parameters on Both Seasons

Treatment No. of spikes/m2 No. of tillers/m? Spike length (cm) No. of seeds/spike 1000-seeds weight (g)
combinations 1tSeason | 2™Season | 1% Season | 2™Season | 1% Season | 2"Season | 1%Season | 2"Season | 1% Season | 2"Season
H, 264" 234" 58" 53¢ 6.4 6.4 320 320t 33T 321
S: | H, 2719 237" 61 54° 6.7 5.3 33 31°1 35 35™
H, 289° 239° 62° 55° 6.4 55 34c0 34% 357 35™
H, 308° 243° 74° 78° 6.3 6.1 357 33%f 320t 321
L |S, |H, 320° 283° 78° 90° 6.3 6.7 36 35° 36 35%
Hs 344° 294" 75° 97° 6.1 5.9 37%° 38° 37%° 36°
H, 293° 274° 83° 87° 6.4 6.0 3g® 37™ 357k 35%
S; | H, 322° 297° 88’ 08° 6.3 6.9 37%° 38 37%° 36°
H, 357° 317° 94° 110° 7.0 7.2 40° 48° 39° 39°
H, 241% 221K 30 20 6.1 5.0 22" 23" 31 30"
S, | H, 253" 230' 34" 24' 5.8 5.3 279 24" 3300t 321
H, 262" 218* 33! 22" 5.6 5.6 30" 29¢ 357 321
H, 282° 197™ 35 25 6.3 5.2 320 31°0 30" 29
L |S, |H, 247" 227" 46" 50 6.0 5.4 30" 311 36%° 321
H, 268%" 218" 57" 501 6.5 5.3 33T 3205 34Pcde 34
H, 263" 243° 42" 43" 5.6 5.9 31°1 30 34Pece 33%f
S; | H, 267" 234" 559 52¢ 6.5 55 32%f 31°1 357k 34
H, 278" 232" 59°1 48° 6.7 6.5 3% 34% 36%° 35%
DMRT * * ok ok N.S. N.S. * * * *

Abbreviations of I, S and H and their operations as explained in Table 1.

Means followed by the same letter(s) in column are not significantly different at P <0.05.
N.S. = Not significantly different at P < 0.05.

* *% = Significantly different at P <0.05 and P <0.01, respectively.
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Table 4. The Mean Effect of Interactions of the Applied Treatments on Yield Parameters of Wheat in Both Seasons

Treatment Biological yield (kg/ha) Grain yield (kg/ha) Straw yield (kg/ha) Harvest index (%)
Combinations st nd st nd st nd st nd
1™ Season 2" Season 1™ Season 2" Season 1™ Season 2" Season 1™ Season 2" Season
H, 75971 Pt 7236° 2353 2301¢ 5238« 4935° 31" 32°1
S, H, 801 220cdet 8067 2564" 2693™ 5448° 5374' 329" 33%1
H, 9431 8415¢ 3112° 2887 6319° 5528' 33 3400t
H, 8114ccet 8446 2840¢ 2994" 5274 5452) 35 35
I, S, H, 8879%° 09818° 3017 3518° 5862° 6300° 34%1 36>
H, 8751™ 8485' 3326° 3065¢ 5425" 5420~ 38% 36™
H, 9189%° 10310° 2848° 3312° 6341° 6998° 31" 325
S; H, 9535%° 11530° 3050° 3838° 6485° 7692° 329" 33%™
H, 99312 12330° 3955° 4660° 5976° 7670° 40° 38
H, 6125" 7042° 1838 2052° 4287° 4990" 30' 29"
S, H, 7730 9574° 2473 2725' 5257 6849° 329" 28"
H, 7208°% 7791™ 2561" 2808" 4647" 4983" 36 36™
H, 67177 7743" 2280~ 2654" 4437° 5089™ 34%1 340
I, S, H, 6780%" 7265° 2507" 2540° 4273° 4725° 37™ 35
H, 7206° 8793" 2519' 3064° 4637™ 5729" 35 35
H, 7353 9349° 2277¢ 2948' 5076' 6401° 31" 325
S; H, 7873 9431" 2577" 3130 5296' 6301° 33 33%
H, 86317 9327¢ 3117° 3465° 55147 5862¢ 36% 37"
D M RT *kk **k* * * * * ** **

Abbreviations of I, S and H and their operations as explained in Table 1.
Means followed by the same letter(s) in column are not significantly different at P <0.05.
*o # k= Significantly different at P <0.05, P <0.01 and P <0.001, respectively.
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Table 5. The Mean Temperature and Relative Humidity in the Experimental Site
in Both Seasons

Month Mean Temp (°C) Relative Humidity (%)
1% Season 2" Season 1% Season 2" Season
November 22.1 24.9 40 46
December 22.0 20.7 46 50
January 19.7 19.2 44 51
February 23.9 21.3 35 43
March 27.3 26.3 25 34

Figures 1 and 2 illustrate the appearance of wheat crop under the controlled
treatments (I;xS;xH;) and the best combination of treatments interactions
(I1xSsxHs), respectively. It clear that the growth and appearance of wheat crop
grown under treatments interactions 1;xS3xH; was more better than under the
controlled treatments (1;xXS;xHj).

Since the sand loamy soil of the study area have weakly developed profiles
and a loose consistency, so the use of irrigation canal sediments as soil an
amendment by incorporation with the soil this could be a good source for soil
reclamation for its availability and low cost. It was clarified that application of
irrigation canal sediments improved wheat productivity. Mubarak et al. (2015)
concluded that, short-term application of irrigation canal sediments could be useful
practice in amelioration of poor quality desert soils (Aridisols) through improving
physical and chemical properties.

Figure 1. Appearance of Wheat Crop Grown under the Controlled Treatments

-3 - . =,
. - = y paL™
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Figure 2. Appearance of Wheat Crop Grown under Application of 60 ton/ha
Irrigation Canal Sediment, 4 kg/fed Humate Fertilizer and 10 Days Irrigation
Interval

The desert plain soils of the Northern State of Sudan are characterized by high
amount of sand and low chemical soil fertility and mostly are deficient in
Nitrogen, Phosphorus and Organic Carbon for optimum vyield production of
different cultivated crops (Land and Water Research Centre 1999). Humate
fertilizer, as humic acid in its solid state, is a good healthy and cheap solution for
the poor and infertile soil of the study area. The results of this study showed that
the application of humic acid improved growth and yield of wheat. As mentioned
by Rasool et al. (2015) and Dudley (2018), humic acid is very economical product
which increased the fertility status of soil; especially in light and sandy soils which
typically are poor in humans, thus, provide conditions which are favourable to
plant growth and ultimately increase yield of crop. Also, the results is in agreement
with that of Shahryari et al. (2009) who stated that, humic substance is a beneficial
natural substance for increasing the quality and the quantity of wheat. In the same
manner, Babar Igbal et al. (2016) concluded that wheat yield increased by
increasing the application of humic acid. According to Petti (2004), plants grown
on soils which contain adequate humin, humic acids, and fulvic acids are less
subject to stress, are healthier, produce higher yields; and the nutritional quality of
harvested foods and feeds are superior.

Irrigation is an expensive input, therefore, farmer, agronomist, economist and
engineer need to know the response of growth and yield of wheat to irrigation.
Several investigations from different parts of the world reported that growth and
yield attributes of wheat; plant height, number of tillers/m?, number of spike/m?
spike length, number of seeds/spike, 1000-seeds weight, biological yield, grain
yield, straw yield and harvest index, increased with more frequent irrigation and
decrease with less frequent irrigation (Hussain et al. 2004, Zeidan et al. 2009,
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Akram 2011, ElI Hwary and Yagoub 2011, Seleiman et al. 2011, Ali and Ahmed
2012, Ngwako and Mashiga 2013, Rahman 2014, Shrief and Abdel-Mohsen
2015).

Conclusions

The results obtained shown that wheat production in soil of low or marginal
productivity (Aridisols) could be increased by maintenance of this soil to increase
the cultivated area. In high terrace soils, as in the Northern State of Sudan, the
application of sediments accumulated in irrigated canals might be a useful way to
increase the wheat productivity and disposal of this sediment. Also, wheat
production in poor quality desert soils could be increased by increasing the
application of humate fertilizer. Furthermore, the effective and efficient use of
irrigation water (less frequent irrigation) could increase the growth and yield
attributes of wheat. As far as irrigation canal sediments and humate fertilizer
applications and irrigation interval combination is concerned, it can be concluded
that the higher values of the most growth and yield attributes of winter wheat
cultivated in EI Multaga soil series (Northern State of Sudan) were obtained under
application of 60 ton/ha irrigation canal sediments, 4 kg/fed humate fertilizer and
10 days irrigation interval.
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