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Plants under hydrothermal stress show a variety of responses aimed at reducing leaf growth and total
leaf area, thereby reducing physiological processes such as transpiration and photosynthesis. The
effects of hydrothermal stress on cassava plant growth parameters were thus investigated. Twenty
cassava varieties representing a broad range of genetic diversity were used. Plants were grown in the
field, physical measurements were made and percentage changes in growth parameters and biomass
accumulation recorded bimonthly. Significant variation among varieties was found for the response to
stress of leaf growth rate (losses of between 60 and 100% after stress) and duration (losses within 1 to
2 months) which equally resulted into reduction in leaf area. Variations were also observed in leaf
retention (0 to 40%) and expansion rate (lamina width (25 to 33%) and length (14 to 58%) among
different varieties. Differences were also observed for the time and rate of leaf loss during stress
period. Based on observed differences, varieties were grouped under three distinct clusters including
early recovering varieties, stay green varieties and the susceptible varieties. Alterations in leaf
properties were highly correlated to harvest index where low harvest index (0.2 to 0.4) was observed for
stay green and susceptible varieties compared to early recovering varieties (0.4 to 0.7). From the
observation, different coping mechanisms, important in selection of drought stress tolerant genotypes
were identified and pointed to specific genetic mechanisms for leaf retention/loss and biomass
accumulation. The results suggest that rate of growth and duration differences are due to different
physiological mechanisms, and can be combined to select for hydrothermal stress tolerant varieties.

Key words: Leaf expansion rate, leaf area, leaf development, recovery mechanisms.

INTRODUCTION

Plants respond to abiotic stresses, in part through the reduction of physiological processes (transpiration,
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photosynthesis and respiration) which can be can be
achieved by morphological adjustments such as stomatal
closure (Tardieu and Davies, 1993), leaf wilting and leaf
roling (O'Toole and Cruz, 1980). Understanding
morphological trait adjustments during cassava growth is
thus essential in elucidating how environmental stress
affects plant growth and development components. In
addition, common stress tolerance mechanisms involve
reductions in leaf and shoots growth which are
genetically determined, but are highly influenced by the
environment (Kaplan, 2001). Therefore, their behavior
can explain observed changes in plant structure in
response to changes in environment. Notably, changes in
leaf area under stress can be a consequence of reduced
leaf number and/or reduced area of individual leaves
(Aguirreza’bal, 2006; Kaplan, 2001) which in turn leads to
reduction of leaf growth, a factor that is influenced by
decreased cell division (Schuppler et al., 1998; Granier et
al., 2000), cell wall hardening (Neumann, 1995), and
decreased turgor (Hsiao et al., 1998).

The extent of leaf growth reduction in response to
stress is an important factor in determining the adaptation
of a certain plant or variety to an environmental scenario.
As observed in some plants, prolonged drought leads to
reduced leaf growth but plants are more likely to reach
maturity with considerable yield. On the other hand,
during short-term water deficits, a plant which maintains
leaf growth is likely to have higher yields (Blum, 2005).
This too is observed under thermal stress which results in
total leaf morphology shift as observed by Guerin et al.
(2012). Architectural changes during growths, which are
related to such limitations as abiotic stresses or
translocation of water and nutrients, can therefore
decrease or, increase the effects of physiological
changes on the functioning of entire plants (Valladares
and Pearcy, 1999; Zotz et al., 2002). Such scenarios
point to an internal genetic control mechanism that allows
cassava to adapt to changes in environment. It also
points to a well regulated gene expression network
allowing plants to respond appropriately to hydrothermal
stress.

Since the photosynthetic performance of vascular
plants depends on plant and leaf size (Schmidt and Zotz
2001), changes in leaf related parameters such as leaf
area, leaf size and leaf numbers are likely to influence net
productivity of the plant and related plant processes such
as cell expansion, physiology and development. Usually
changes in plant size result into changes in leaf shape
although changes in leaf sizes and leaf architecture may
be mediated by the effects of the environment. In
addition, changes in the leaf area index are not only
affected by the age of the plant but by other
environmental factors such as photosynthetic light flux
and temperature (Zotz et al., 2002). This implies that
occurrence of hydrothermal stress has a negative impact
on leaf development and related processes such as
nitrogen use efficiency and carbon partitioning which

determine the photosynthetic potential of the leaf and
hence its broad functioning (Katahata et al., 2007).

A plant can maintain its leaf area by maintaining its
growth rate (Salekdeh et al., 2009; Blum, 2005) or by
increasing the duration of leaf growth (Aguirreza’bal ,
2006) both of which have the benefit of increasing the
opportunity for recovery after offset of stress (Alves and
Setter, 2004). However, changes in the moisture and
temperature regimes over a certain period may result into
failure of the plant to uphold its growth rate hence
reducing the plant size. In a number of crops (Fasehun,
1979) low soil moisture results into dehydration or loss of
cell water and hence cell death or inactivity (Osorio et al.,
1998). Water deficits, important causes of dehydration,
result into reduced branching, leaf production and leaf
expansion which result into reduced biomass (Osorio et
al., 1998) and reduced photosynthetic capabilities (Seyed
et al., 2012). This could be attributed to dehydration that
results into altered biomass allocation and changes in the
translocation/evapo-transpiration processes. Thus,
acclimatization to dehydration stress may trigger
avoidance mechanisms which in turn protect the plant
from dehydration stresses (Seyed et al., 2012). In
particular, loss in turgor in the leaves results into surface
area reduction hence reduced leaf size (Salekdeh et al.,
2009), a stress tolerance/avoidance strategy. Hence,
different plants will respond differently to such changes
where the responses are mediated by the plants’ genetic
makeup. This genetic variability in leaf growth and
development could be used to develop crop varieties
adapted to specific stress scenarios. However, breeding
for these traits is not a common approach for obtaining
drought resistance in crop species because of a lack of
well-characterized source of genetic variability. This study
seeks to address this concern by providing relevant
phenotypic information to explain the genetic variability
observed.

In studies on the effect of temperature on leafy
vegetative parts of the plants, it has been established that
increase in temperature results into increased
senescence of floral and leafy parts with more than 50%
reductions observed in flowery parts compared to the
leafy parts (Yin and Kropff, 1996). Temperatures slightly
below the optimal growth temperatures result into
increased leaf area, dry weight and thickness (Shin et al.,
2001). For tropical plants, temperatures slightly above
optimal growth temperatures may mean increased
photosynthesis for the leaves although this may result
into loss in dry weight (Boese and Huner, 1990) which
later affects the plants ability to produce metabolites for
storage or yield and accelerates aging. Thus, thermal
stress negative effects on biomass and reductions
observed are a result of modifications in the plants
developmental organs which help the plant in offsetting
the effects of the stress. This protects the plant from
succumbing to cumulative stress as observed for most
abiotic stresses (Salekdeh et al. 2009). In addition, when



there is an interaction between water and heat stress
(hydrothermal stress), plant growth and development
may be severely compromised.

The changes in plant growth respond to water deficit
and high temperatures as discussed above have not
been studied in cassava. At this point and with the
changes in climate anticipated, it is required that the
analysis of cell- and leaf-level responses to water deficit
and increased temperature in regard to plant growth traits
be understood. Since radiation interception, as well as
photosynthesis and transpiration, are largely affected by
water availability and temperatures, the effects of these
factors on primary morphological sites for physiological
process need to be understood. Thus, the objective of
this work was to analyze the response of leaf growth to
water deficit and increased temperature in several
cassava genotypes in order to identify and quantitatively
describe sources of phenotypic variability for these
drought tolerance determinant traits.

MATERIALS AND METHODS

Twenty varieties of cassava were selected based on their dry
matter content, resistance to Cassava Mosaic Disease (CMD) and
farmer preference and established in a Randomized Complete
Block Design (RCBD) in Kasese, Western Uganda. The varieties
included local farmer preferred varieties such as Nyaraboke,
Kwatamumpale, Mpologoma, Bao, Bukalasa, Mercury, Magana,
Rugogoma and Gwalanda. These varieties have good eating
qualities, are very amenable to processing, show a specific level of
tolerance to cassava mosaic disease and are said to be adapted to
dry conditions. The elite varieties selected included NASE 1, NASE
2, NASE 3, NASE 12, TME 204, 1/92/00067, MH96/0068 which
combine tolerance to drought with CMD resistance, high dry matter
content and good processing traits. In particular, variety MH96/0068
was selected in a study by Turyagyenda et al. (2013) as one of the
stay green varieties with high levels of tolerance to water stress.
The newly released varieties NASE 13, NASE 14, NASE 16 and
NASE 19 are farmer preferred elite varieties recently released and
have shown some level of resilience to drought stress. These
varieties combine high dry matter contents and high yield with
resistance to CMD, tolerance to CBSD and a recommendable level
of resistance to abiotic stresses. However, they have not been
screened thoroughly for their resistance to hydrothermal stress and
no recommendations so far can be made in this effect to the
farmers using these varieties. The trial consisted of two
experimental and two control blocks in 81M? plots, with up to 81
plants per plot. The plant responses to available conditions were
monitored on a bimonthly basis where changes in leaf properties
and plant growth parameters were recorded. W eather and location
characteristics were also recorded during the trial period.

Soil properties, water properties and weather characteristics of
the trial site

Properties including soil pH, organic matter, and minerals such as
Nitrogen, Phosphorus, Calcium, Potassium, Boron, Zinc, Copper,
Manganese, Iron, and Magnesium were investigated in terms of
their quantities. Soil components such as silt, sand and clay were
determined. Properties of the irrigation water to be used such as
salinity and pH were also determined.

W eather patterns for the trial site were monitored during the trial
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period. This allowed the forecasting and determination of periods of
critical soil moisture stress and increased air temperatures and
factors that affect changes in these two properties that make
hydrothermal stress. Important parameters affecting the relative
humidity and soil water availability were considered. Daily rain fall
patterns were recorded in addition to hourly temperature regimes
throughout the stress period. The relative humidity was also
recorded on an hourly basis. These were averaged on a monthly
basis and used to make inferences on how the plant reacted to
different environmental changes during its growth cycle.

Description of planting date and developmental cycles of
cassava with rainfall pattern

In order to synchronize the data collection schedule with impending
forecasted weather conditions, a specific date for planting the trial
was chosen. The choice of the planting date was dependent on the
developmental cycle of cassava plants and considerations for
parameters to be studied at different times in the crop growth cycle.
Planting was carried out in the first season representing a time of
maximal rainfall during April to allow the plant to fully establish in
the high moisture regimes and favorable temperatures at that time.
Initial hydrothermal stress was experienced in the low rainfall period
(June to August), allowing studies into the effect of stress and how
it affects plant growth and development. This was followed by
favorable moisture and temperature conditions between September
and November allowing unaltered crop growth and root bulking
coupled to maximum canopy development for the crop. The final
stage of root bulking fell into a hydrothermal stress period between
December and March affecting the plants canopy and its stored
reserves.

Determination of leaf properties

During the plant growth cycle, the rate of growth and development
was determined by direct measurements of leaf related properties
and the changes thereof used to compare differences in plant
growth and developments. Leaf properties were determined by
direct measurements on the 5" most fully expanded leaf on each
plant at a specific time. Leaf length, leaf width, petiole length, and
plant height were measured using a measuring tape (Stanley 33-
115, Power Lock, England) and the different measurements
recorded in centimeters. For leaf lobe length and width, the
centrally positioned leaf lobe on the 5" leaf was considered. This
was meant to harmonize the different measurements taken.
Numerical counting was used for leaf lobe numbers of the 5™ fully
expanded leaf and whole plant leaf humbers. Cumulative changes
in leaf numbers and leaf characteristics were recorded over the 12
month growth period. These were compared across the three broad
phenotypic manifestations observed during growth. In addition,
changes in particular leaf properties with growth time were also
recorded. Mean values for each property was determined from
replicated observations on six plants per plot. Variations in these
properties were then determined using the analysis of variance.
Summary statistics (means, and standard deviations) were
computed for leaf, soil and water properties. For each of the leaf
properties, values for the fifteen replicate leaves in each replication
were averaged to produce a mean for each of the varieties. Means
were computed for cumulative changes in each leaf property to
produce mean trends for each variety across the growing period.
Subsequently, variables were averaged across all varieties and
within each phenotypic class for trend evaluation. The significance
(P > 0.05) of mean differences among variety groups was
determined by analysis of variance (GenStat Discovery Edition,
2012).

Cumulative Leaf Percentage change (%CLP) in the different leaf
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properties was calculated using the formulae below:

100(V2 — V0)

%CLP = 70

Where VO = Variety group leaf property at preceding data taking
period; and V2 = Variety leaf property two months after the
preceding data taking period.

The percentage progressive change in total leaf numbers
(%PCL) was calculated from two months after planting using the
formulae:

100(Ln2 — Ln0)

%PCL = 7%

Where: LnO = Number of leaves in the preceding month of data
collection, and Ln2 = Number of leaves two months after the
preceding month of data collection.

Progressive change in plant height (PCH) was calculated from
two months after planting using the formulae:

100(Ph2 — PhO)

%PCH = Pho

Where: PhO = Plant height in the preceding month of data
collection, and Ph2 = Plant height two months after the preceding
month of data collection.

Harvest index and related parameters

To determine the overall effect of the hydrothermal stress on
cassava yield and the differences among the varieties of cassava
used in this study, the harvest index and related yield parameters
were investigated. Harvest index was determined as the ratio of the
weight of the root to the weight of the shoot for six plants in each
plot in three replications. Total root number for each plant was
recorded and cortex thickness determined for at least six
commercial roots from each plot. In addition, the branching length
and stem diameter were also determined by measurement.

Statistical analysis

Mean values for each of the properties were generated from the
analysis of results using Microsoft excel software. The standard
deviations and standard error were used to compare the variety
characteristics across a given parameter. Analysis of variance and
correlations among study parameters for all the test varieties were
computed using the GenStat software (Genstat, discovery edition,
2012) and used to study the effect of above plant biomass on the
yield components of the plant. Regression analyses and correlation
analyses were employed to determine overall relationships among
leaf properties and harvest parameters.

RESULTS
Soil, water and weather characteristics

Soil and water properties were determined for the trial
site to understand the suitability of the site for a
hydrothermal stress screening experiment. It was also
important in understanding the water retention properties
of the soil, mineral and nutrient availability and the
suitability of the water for irrigating the control plots.

These properties are presented in Table 1. Soil pH
ranged from 6.5 to 6.7 and was in the required range for
growth and development of cassava as earlier suggested
by Alves and Setter (2004). The water pH was also at
neutrality ranging from 7.01 to 7.07. The average
percentage of sand (53.47%) was twice as much as the
percentage of clay (21.9%) and silt (18.63%) showing
that the soil at the trial site could be easily drained and
with very low capacity to hold water for a long time
appropriate for drought screening. A high organic matter
content (3.5 to 4.8%) and Nitrogen content 0.2 to 0.25%
was observed which was appropriate for vegetative
growth. Other elements such as phosphorus, Calcium,
Magnesium,  Potassium, Boron, Zinc, Copper,
Manganese, and lron fell in the recommended range for
plant growth. The electrical conductivity of the irrigation
water ranged from 104 to 111 ps/cm while the water
contained low amounts of minerals such as calcium,
magnesium, and potassium which ranged from trace to
0.17 ppm. The water also did not contain either
carbonates or bicarbonates hence the near neutral pH
observed.

Weather characteristics

The main determinant weather characteristics were
recorded to show the relationships between weather
characteristics and how they varied during the
experimental period. The values are presented in Figure
2F. The trial was planted in April at a time when a
considerable amount of rainfall and hence humidity was
available to allow for crop establishment. By June (at two
months after planting), the experiment was established.
Between August and October, high rainfall hence
increments in humidity were realized allowing the trial to
fully establish and the plants to root and bulk. By the
onset of stress in the month of December, the plants had
already developed roots and had substantial reserves in
the storage roots. Stress was characterized by reductions
in rainfall and humidity and increments in temperature for
a period of 12 weeks between the month of December
and March (Figure 2F). Peak stress was characterized by
increased temperature and reduced  humidity
experienced mid-January up to beginning of March for a
period of 7 to 8 weeks. This was reversed with increased
rainfall and moisture experienced in March and April
(Figure 2F).

Phenotypic grouping of the varieties

Based on observed phenotypic characteristics, varieties
were ranked according to their ability to retain leaves or
recover leaves during and after the hydrothermal stress
period (Plate 1). The groupings included varieties that
maintained a moderately high Leaf Area Index (LAI)
during hydrothermal stress or stay green varieties (SGV).
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Table 1. Properties of Soil at the trial site and characteristics of irrigation water used.

Property (soil) Units Content Range
pH - 6.53 6.4-6.7
Sand % 53.47 49.8-59.8
Clay % 21.90 24.9-30.9
Silt % 18.63 15.3-21.3
Organic matter % 4.01 3.5-4.8
Nitrogen % 0.22 0.2-0.25
Phosphorus ppm 23.80 6.0-55
Calcium Ppm 4090.26 2316.4-7573
Magnesium ppm 882.3 346.3-1467.5
Potassium ppm 383.98 194.8-675.1
Boron ppm 17.50 12.87-26.8
Zinc ppm 0.58 0.2-1.1
Copper ppm 10.23 8.2-13.8
Manganese ppm 156.34 82.0-235.7
Iron ppm 457.57 380.7-1786

Water properties

Water pH - 7.05 7.02-7.07
Electrical conductivity Us/cm 107 104-111
SAR Meag/L 2.0 1.2-2.9
Calcium ppm Trace Trace
Magnesium ppm 0.11 0.08-0.15
Pottasium ppm 0.09 0.04-0.17
Sodium ppm 0.05 0.2-0.9
Carbonates ppm 0.00 0
Bicarbonates ppm 0.00 0

b

Plate 1. (a) Stay green varieties (NASE 3 [top] and 1/92/0067 [bottom]) as
observed at 6 MAP, 8 MAP (on set of stress) and 9 to 10 MAP; (b) Some
susceptible varieties (Mercury [top] and NASE 1 [bottom]) as observed 6 MAP, 8
MAP (on set of stress) and 9 to 10 MAP.
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Plate 2. The early recovering trait observed in NASE 16, 19 and 12 two weeks before rains in response to increased
relative humidity.

These included varieties such as NASE 2, NASE 3,
MH96/0686, 1/92/0067 and the local variety Magana.
However, some varieties completely lost leaves as stress
progressed and even the remaining leaves during stress
were dechloropyllated and yellow signifying losses in
chlorophyll and related pigments hence little or no
capacity to photosynthesize. These varieties showed little
or no capacity to recover easily after stress and they
were labeled susceptible varieties (SV). They included
varieties such as NASE 1, Rugogoma and Mercury. The
other grouping included varieties that lost all their leaves
immediately after onset of stress only to recover
immediately with increase in relative humidity or early
recovering varieties (ERV). They included NASE 16,
NASE 19 and Bukalasa (Plate 2). Some varieties had
both mechanisms but were not very pronounced in each
case.

Cumulative changes in leaf properties over the
growth period

For determination of the differences in the rate of growth
and development among the cassava varieties used in
this study, cumulative changes in leaf properties were
determined and the results obtained are presented in
Table 2. Significant differences were observed for petiole
length among variety groups at 4 months after planting
where the early recovering varieties had the highest
cumulative petiole length growth observed. Stay green
varieties had low cumulative petiole growth even at 4
months after planting. Negative cumulative increase in
petiole length at 8 months after planting coincided with
onset of stress. Highest reductions were observed for
susceptible varieties (-22.4%) and the lowest for stay

green varieties (-13.4%) at the end of the critical stress
period. At 9 months after planting, the early recovering
varieties had lost almost all leaves only to recover them a
month later (Table 2). At twelve months after planting,
(one month post recovery), early recovering varieties had
gained more new leaves hence positive cumulative
percentage differences (231.4%) observed. However, the
cumulative change was low in susceptible varieties
(18.3%) while it was negative (-13.4%) for stay green
varieties at twelve months after planting.

Significant variations (P<0.05) were observed in leaf
lobe numbers at four months after planting with the early
recovering varieties having the highest cumulative leaf
lobe numbers (25.3%) compared to stay green varieties
(4.2%) and susceptible varieties (14.7%). The pattern
changed with onset of stress (eight months after planting)
where severe reductions were observed for susceptible
varieties (-48.6%) while low cumulative reductions were
observed for stay green varieties (-14.3%) and early
recovering varieties (-25.1). Differences occurred in the
rate of reduction with stay green varieties having the
highest cumulative reductions rate over the growth
period. However, the early recovering varieties lost all the
leaves as the stress period progressed making it difficult
to follow the changes that occurred. Unlike petiole length,
there were significant differences in the rate of reduction
of leaf lobes between stay green varieties and early
recovering varieties throughout the whole growth period.
At twelve months after planting, stay green varieties had
negative changes (-34.6%) while early recovering
varieties had positive cumulative changes (234%) in leaf
lobe numbers having regained a significant number of
new leaves.

Changes in leaf lobe sizes were measured as leaf lobe
width and length and decreased with growth time across
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Table 2. Cumulative changes in leaf properties among different phenotypic groups for the 12 month growth period.

Time (months) Leaf number Petiole length

Leaf lobe No.

Leaf lobe width Leaf lobe length

SGV4 238.9 6.22

ERV4 318.7 22.21
Sv4 227.6 14.69
SGV6 115.6 -21.6

ERV6 83.7 -35.61
SV6 129 -35.26
SGV8 131.4 -13.4

ERVS -59.8 -15.02
SVv8 66.2 -22.37
SGV10 -59 -31.77
ERV10 -67.9 -40.49
SV10 -69.3 -23.73
SGV12 -58.3 -14.31
ERV12 264 231.36
Sv12 -47.3 18.3

CRC10 SGV 426.9 -60.58
CRC10 ERV 274.72 -68.92
CRC10 SV 353.52 -66.68
CRC12 SGV 294.88 -59.88
CRC12 ERV 430.96 129.96
CRC12 SV 244.96 -38.68

4.15 29.33 4.32
25.34 15.72 22.79
14.69 20 25.05
-17.4 -28.63 -24.98
-34.6 -27.85 -32.2
-15.07 -32.91 -33.37
-14.3 -11.08 -26.47
-25.09 -28.69 -38.69
-48.61 -8.54 -20.04
-5.24 -10.71 -14.25
-49.63 -6.14 -21.15
26.88 -26.65 -17.99
-1.89 -13.54 -13.35
547.76 17.31 56.54
61.69 21.08 1.54
-32.79 -21.09 -61.38
-83.99 -46.96 -69.25
-22.11 -48.1 -46.35
-34.68 -34.63 -71.73
463.78 -29.65 -12.71
39.58 -27.02 -44.81

SGV = Stay green varieties, ERV = Early recovering varieties, SV = Susceptible varieties, 4, 6, 8, 10, 12 = months after planting (MAP),
CRC10 = Total cumulative change 10 MAP (after peak stress), CRC12 = Total cumulative change 12MAP (at harvest).

the different varieties. At maximum vegetative growth
between four and six months after planting, leaves were
characterized into four broad categories including the
short broad leaved (length between 14 and 17 cm and
width between 6.5 and 7.5 cm), long broad leaved (length
between 21 and 24 cm and width between 6.0 and 7.5
cm), short narrow leaved (length between 15 and 17 cm
and width between 5.0 and 6.0 cm) and long narrow
leaved (length between 21 and 23 cm and width between
4.5 and 6.0 cm). Most of the stay green varieties had
short broad leaves and high cumulative increase in leaf
lobe width and low cumulative increase in leaf lobe length
(Figure 1). The early recovering Vvarieties had
intermediate characteristics with most of them having
high cumulative leaf lobe length. On the other hand, the
susceptible varieties had broad and long leaves. At onset
of stress (eight months after planting), high cumulative
reductions in leaf lobe length and width were observed
for early recovering varieties (-38.7%) compared to stay
green varieties (-26.5%) and susceptible varieties (-
20.1%). Cumulative reductions were also observed to
occur for both leaf length and leaf width at ten months
after planting although major reductions were observed
for leaf width.

Typically over 60% reductions for leaf lobe width
compared to 35 to 45% reduction in leaf lobe length were
observed (Figure 1). There were no significant (P>0.05)

differences for cumulative leaf lobe width between stay
green and susceptible varieties much as considerable
changes were observed for leaf lobe length between the
two. After the plants had recovered from the stress and at
twelve months after planting, positive cumulative
differences for leaf lobe length (more than 55% gain in
leaf lobe length) compared to leaf lobe width (17% gain in
leaf lobe width) were recorded for early recovering
varieties. However, negative cumulative differences were
observed for stay green varieties (an average of -13.5%
for both leaf lobe width and length) (Table 2). For leaf
lobe length, positive cumulative differences were
observed for early recovering varieties (56.5%) while the
susceptible varieties had low positive changes (1.5%)
implying that on recovery, susceptible varieties produced
broad but shorter leaves, a general change in leaf
morphology. Still negative differences were observed for
stay green varieties in this instance (-13.5%) (Table 2).
Changes in leaf numbers, leaf lobe numbers and leaf
sizes were related to plant biomass accumulation and
development. Leaf lobe numbers for stay green varieties
remained fairly constant over the growth period and were
slightly affected after critical hydrothermal stress at ten
months after planting. They ranged from 6.5 to 7.2 leaf
lobes on average (Plate 3). Among the early recovering
varieties, leaf lobe numbers peaked at four months after
planting with some varieties having up to an average
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Figure 1. Percentage changes in different leaf properties at different times of crop growth and development compared to

the preceding period.

of 9 leaf lobes. However, a drop was observed by six
months after planting and with the onset of stress the
plants shed off most of the leaves and leaf lobe numbers
dropped significantly to no leaves or just one leaf lobe.
On recovery, the average number of 7.4 leaf lobes was

reinstated (Figure 2A) for these varieties. Susceptible
varieties did not lose all the leaves during the stress
period and had averages of about 3 dechlorophyllated
leaf lobes with little or no capacity to carry out
photosynthetic metabolism.
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Change in petiole length over growth cycle
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Figure 2. Comparisons for changes in leaf properties among the three broad variety groups tested from two to twelve months.

At two months after planting, petiole length ranged
between 15.4 and 23.2 cm and the highest was recorded
for the stay green varieties (Figure 2). The length of
petioles increased significantly and by four months after
planting, it ranged from 22.1 to 25.4 cm. Reductions in
petiole growth were observed for all the varieties studied
at six months after planting where petiole length ranged
from 14.3 to 19.2 cm. In particular, the stay green
varieties posted higher petiole lengths at all times
compared to early recovering varieties and susceptible
varieties. Reductions in moisture and increments

temperature between six to eight months after planting
resulted into significant reductions in petiole length
among the susceptible and stay green varieties. In stay
green varieties, petiole length reduced from an
averagel7.2 cm on onset of hydrothermal stress to about
11.0 cm by the end of this stress period. No significant
(P>0.05) increments in petiole length were observed after
stress in these varieties with an average of 11.2 cm
registered at 12 months after planting (Figure 2B).
Among the susceptible varieties, petiole length dropped
significantly from 13.7 cm at onset of hydrothermal stress
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Plate 3. Photographic representation of changes in leaf numbers from 6 to 9 leaf lobes before the onset of stress to 3 to 4 leaf lobes
on mild stress, to 1 leaf lobe or no leaves at maximum stress.

to about 2.3 cm by end of peak stress, a 70% reduction.
The early recovering varieties had a recovery mechanism
where the petiole increased in size as new leaves were
produced when hydrothermal stress was relieved (Figure
2B). By two months after planting, leaf lobes lengths
ranging between 15 and 18 cm were registered which
increased up to 21.5 cm on average by four months after
planting. However after that, a drop in size was observed
ranging from 13 to 17 cm by six months after planting and
7 to 14 cm by eight months after planting just like other
plant morphological properties. Onset of hydrothermal
stress resulted into a more significant negative effects in
leaf size growth with lengths ranging from 4 to 9 cm by
the end of the stress period although increments were
observed after recovery with up to about 11.5 cm
registered. Differences occurred among varieties in terms
of reduction in leaf size with more significant drops
observed for stay green varieties (40% reduction)

compared to susceptible varieties (10% reduction) and
early recovering varieties (24%) (Figure 2C).

The leaf lobe width followed the same pattern as length
(Figure 2D).

Changes in total leaf numbers over the growth period

Accumulation of biomass in plants is as a result of leaf
production which form the biggest part of the above
ground biomass and are important in photosynthesis.
However, plant leaf numbers vary due to genetic
differences but most importantly due to changes in the
environment. Thus, the variations in leaf humbers were
determined and the results are presented in Figure 2E
and Table 3. At two months after planting, most plants
had average leaf numbers between 12 and 24 leaves
which increased up to 40 to 94 leaves by 4 MAP.



Table 3. Progressive change in leaf numbers (LN) in comparison with percentage change (A %) over the growth cycle.
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Accession LN2 47% LN4 6A% LN6 8% LN8 10A% LN10  12A% LN12  %CC10 %CCl12 %TCC
Bao 16.42 236 55.17 164.2 145.8 35487 1975 -76.456 46.5 -39.1 28.33 359.2 320 -39
Nase 12 19.83 282.9 75.92 94.06 147.3 0.1154 1475 -62597 55.17 -60.7 21.67 314.4 254 -61
Nase 1 14.67 306.1 59.58 149.7 148.8 35.657 201.8 -87.698 24.83 -35.6 16 403.8 368 -36
72-TME-14 19.91 215.6 62.83 136.1 148.3 -51.743 71.58 -59.486 29 25.9 36.5 240.4 266 26
Nyaraboke 16.08 227.6 52.67 129.5 120.9 66.167 200.8 -69.292 61.67 -47.3 32.5 353.9 307 -47
Kwatamumpale  18.17 189.4 52.58 160.6 137 -7.1752 127.2  -43.383 72 -11.1 64 299.4 288 -11
Mpologoma 13.75 197.6 40.92 195.7 121 123.97 271 -86.041  37.83 -52.9 17.83 431.2 378 -53
Magana 21.58 326.7 92.08 143.3 224 9.4866  245.3 -68.33 77.67 -67.6 25.17 4111 344 -68
Bukalasa 19.08 174.3 52.33 180.3 146.7 48.463 217.8 -90.664  20.33 32 26.83 312.3 344 32
Nase 2 16.08 284.5 61.83 73.23 107.1 288.46 416.1 -61.866  158.7 -85.3 23.33 584.3 499 -85
Rugogoma 19.08 245.9 66 69.03 111.6  156.14 285.8 -66.639  95.33 -85.5 13.83 404.4 319 -85
TME 204 18 227.8 59 170.2 159.4  14.806 183 -50 91.5 -79 19.17 362.7 284 -79
266Bam 17.17 421.8 89.58 31.23 1176 -67.889 37.75 -76.159 9 348 40.33 309 657 348
Gwalanda 19.75 243.9 67.92 159.9 176.6 57774 186.8 -73.403 49.67 -30.9 34.33 336.2 305 -31
Nase 3 15.1 192.5 44.17 212.4 138 214.49 434 -73.541 114.8 -77.1 26.33 545.9 469 =77
MM96/4271 20.75 283.5 79.58 91.71 1526 -8.613 1394 -87.211 17.83 85.1 33 279.4 364 85
Mercury 17.33 225 56.33 125.4 127 31.207 166.6 -76.486  39.17 -33.2 26.17 305.1 272 -33
MM97/2961 20.91 214.1 65.67 128.6 150.1 -15.116 127.4 -81.69 23.33 77.9 41.5 245.8 324 78
0686 18.33 294.6 72.33 124.1 162.1  58.022 256.2 -47.625 134.2 -56.9 57.83 429.1 372 -57
1/92/0067 18.33 251 64.33 149.6 160.6  47.805 2373 -67.417 77.33 -32.5 52.17 381 348 -33

Emphasis is on plant reaction 8MAP at the onset of peak stress up to 12MAP at harvest time. LN=Leaf numbers at different bimonthly periods. A%=change in leaf numbers as a

percentage of the original number two months before.

Progressive increments were observed with time
to an average of 107 to 177 leaves by six months
after planting and 120 to 417 at eight months after
planting representing a broad range of leaf
numbers across different varieties. After this, leaf
numbers fell significantly to as low as only 9
leaves per plant in early recovering varieties and
158 leaves in some of the stay green varieties at
ten months after planting during the critical stress
period. However, after critical hydrothermal stress,
continued growth resulted into more leaves
depending on the mechanism of tolerance to

stress displayed.

The number of leaves increased significantly
reaching the peak at 6 MAP for early recovering
varieties (125 leaves on average) and at 8 MAP
for susceptible varieties (200 leaves on average)
and stay green varieties (250 leaves on average)
per plant. In early recovering varieties, there were
losses in the number of leaves at onset of critical
hydrothermal stress at eight months after planting.
Such losses continued throughout the stress
period reaching a minimum of an average of two
leaves per plant by peak stress at 10 MAP

representing an average loss of 80% in the total
leaf numbers (Table 3). However on recovery,
early recovering plants regained most of the
leaves per plant at the end of the growth period
representing an average gain of over 95% and an
overall net gain of 15% of the leaves compared to
the period before critical hydrothermal stress
period. For the stay green varieties, drops in leaf
numbers started later in the critical hydrothermal
stress period at about 9 MAP. Significant (p<0.05)
losses in leaves were observed from about 250
leaves registered at 8 MAP to a loss of about 48%
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of all the leaves by 10 MAP. With no recovery
mechanism presented in these varieties, continued leaf
loss was observed up to about 78 leaves per plant by the
end of the growth cycle representing an average net loss
of about 98% of the total leaves compared to the period
before critical hydrothermal stress. The same pattern was
observed for susceptible varieties although more losses
(70%) were registered by 10 MAP and with up to 34
leaves per plant at the end of the growth period
representing about 100% loss in leaves compared to the
leaf number before the stress period (Figure 2E). While
the early recovering variety plants shed off their leaves,
the stay green and susceptible varieties maintained their
leaves, significantly reducing the leaf size and slowly
reducing leaf numbers through normal leaf senescence.
However, on recovery, the ERV easily and spontaneously
gained photosynthesizing leaves and by harvest time had
the same leaf numbers as stay green varieties. Variations
in leaf numbers among the different variety groups were
significant (p<0.05) between six and ten months after
planting but specifically at eight months after planting.
This coincides with the period of peak stress and the
variations were more pronounced between the stay green
varieties and the early recovering varieties. While stay
green varieties like Magana, NASE 3, NASE 2, 1/92/0067
and MH96/0686 maintained high leaf numbers even
during the stress period with the highest average leaf
number being 416 leaves at eight months after planting,
varieties like NASE 16 NASE 19, and Bukalasa lost most
of the leaves with more than 76.2% reductions
immediately after onset of critical hydrothermal stress
(Table 3). Percentage total cumulative changes (%TCC)
in leaf number at ten months after planting was high
among the stay green varieties (350 to 580%) and low for
the early recovering varieties (200 to 310%) showing that
the stay green varieties maintained leaves over a long
period of time during stress compared to other varieties.
Percentage total cumulative change at twelve months
after planting was almost equal for both stay green and
early recovering varieties but low for the susceptible
varieties (Table 3). Total cumulative percentage change
for the entire growth period was high and positive for the
early recovering varieties (260 to 348%) and low and
negative for susceptible varieties and stay green varieties
(-80%). Based on this, the stay green varieties
maintained some of the leaves although a negative
cumulative percentage was observed after critical
hydrothermal stress. Some of the test varieties recovered
increasing the leaf numbers by eleven and twelve months
after planting. Such an increment defines recovery of the
plant after stress.

Thus, depending on the number of leaves on the plant,
selections for drought tolerant varieties can be made
easily where high leaf numbers before stress depicts a
characteristic stay green variety and low leaf numbers
lost immediately at onset of stress depict an early
recovering variety. Among the varieties that showed a

recovery mechanism, the time of recovery varied hence
differences in the ability to recover during stress. The
value of the total cumulative change (%TCC) at harvest
can also be an important selection indicator for tolerance
to stress especially if plant yield components are taken
into consideration. For selection of the stay green
phenotype, varieties which showed a high positive
percentage between 100 and 290% eight months after
planting can be important

Changes in plant height as a determinant of growth
rate

Above ground biomass increments are related to the
height of the plant and hence there was need to assess
the variations in plant height to supplement the selection
methods of hydrothermal stress tolerant varieties. Results
for changes in plant height as a factor of plant growth rate
are presented in Table 4. High growth rates were
observed for all varieties between two and four months
after planting where some varieties achieved more than
350% plant height changes compared to the height after
germination. In particular high progressive changes in the
growth rate were observed in NASE 16(397%), NASE
2(345%) and Mpologoma (323.7%). At six months after
planting, reduced growth rates were observed with limited
growth increments ranging between 30 and 80% except
for the stay green variety NASE 3 with up to 135.2%
growth increments. By eight months after planting,
exceedingly low growth rates were observed with some
varieties exhibiting negative growth rates such as NASE
16(-1.49%) due to loss of leaves and shoots at the onset
of critical hydrothermal stress. At ten months after
planting, a few varieties posted positive growth changes
especially the stay green varieties such as 1/92/0067 and
Magana and some early recovering varieties such as
Bukalasa. Most of the other varieties had negative growth
increments due to the effect of stress on the growth and
development of shoots during the stress period. Severe
growth retardation was observed in varieties such as
Rugogoma, Mercury, NASE 1 and Mpologoma,
susceptible varieties which had most of their shoot drying
up during the critical stress period and hence reductions
in growth. On a cumulative basis and up to ten months
after planting, high growth rates were observed for mainly
stay green varieties such as Magana, MH96/0686, NASE
3, NASE 2 and the early recovering variety NASE 16
while at twelve months after planting, high cumulative
growth was observed for NASE 2, NASE 16 and
MH96/0686. Over all high growth rates for the whole
growth period were observed for Magana, NASE 16, and
MH96/0686 while low growth rates were observed for
Nyaraboke, NASE 1 and NASE 3. Varieties with overall
high growth rates and yield after recovery such as NASE
16 and Magana can be selected and deployed as
moisture and temperature stress tolerant varieties.
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Table 4. Progressive change in plant height (PH) in comparison with percentage change (A%) over the growth cycle on a bimonthly basis.

Accession PH2 PH4 4A% PH6 6A% PH8 8A% PH10 10A% PH12 12A% CR10mths CR12mths FCAR
Bao 37.42 133.8 257.64 203.6 52.11 228.33 12.17 234 2.48 225 -3.8 324 321 -3.85
Nase 12 30.73 91.25 196.94 162.9 78.51 180.5 10.81 179.17 -0.7 155 -13 286 272 -13.4
Nase 1 32.36 104.4 222.68 179.7 72.06 217.42 21.01 209.33 -3.7 167 -20 312 292 -20.1
72-TME-14 34.32 99.75 190.64 186.6 87.03 241.08 29.22 245.33 1.76 198 -19 309 289 -19.2
Nyaraboke 32.32 121.3 275.15 187.7 54.77 210.67 12.26 219.16 4.03 148 -33 346 314 -32.7
Kwatamumpale 41.41 127.8 208.5 2254 76.47 245.17 8.75 252.5 2.99 234 -7.2 297 290 -7.2

Mpologoma 29.99 127.1 323.74 215.9 69.88 266.17 23.29 282.67 6.2 232 -18 423 405 -17.9
Magana 38.05 136.7 259.18 224.1 63.97 256.25 14.34 273.67 6.8 279 1.83 344 346 1.83

Bukalasa 46.56 153 228.61 219 43.14 252.67 15.37 270.67 7.12 264 -2.6 294 292 -2.59
Nase 2 24.08 107.2 345.06 169.4 58.1 218.5 28.95 231.67 6.03 164 -29 438 409 -29.4
Rugogoma 40.06 145 261.95 214.1 47.66 252.42 17.89 251.67 -0.3 224 -11 327 316 -11.1
TME 204 45.75 157.3 243.89 230.6 46.55 263.92 14.47 274 3.82 261 -4.7 309 304 -4.68
266Bam 32.23 160.3 397.47 234.4 46.22 231.17 -1.39 243 5.12 252 3.57 447 451 3.57

Gwalanda 52.73 147.8 180.21 227 53.63 267.42 17.81 274 2.46 236 -14 254 240 -13.9
Nase 3 23.83 70.58 196.18 166 135.2 211.5 27.41 188 -11 133 -29 348 318 -29.3
MM96/4271 37.02 128 245.76 215 67.96 237.67 10.54 226.67 -4.6 182 -20 320 300 -19.6
Mercury 41.48 159.1 283.63 183.3 15.21 214.25 16.87 217.67 1.6 186 -15 317 303 -14.7
MM97/2961 42.67 150.6 252.89 208.8 38.65 250.17 19.82 246.67 1.4 200 -19 313 294 -19.1
0686 33.83 130.6 285.98 230.8 76.73 276.25 19.7 266.67 3.47 285 6.75 386 393 6.75

1/92/0067 38.23 134.6 252.02 203.6 51.25 254.83 25.19 283.67 11.3 255 -10 340 330 -10.1

FCAR = Final change after recovery, PH = Plant height, CR10 = Cumulative percentage change at peak stress (10 months), CR12 = Cumulative percentage change after recovery (12months).
Bolded = Varieties showing recovery mechanisms/stay green mechanisms. Bolded/italicized = susceptible variety, Nyaraboke.

Harvest index related parameters

The ratio of the below ground biomass (cassava
yield components) to the above ground biomass

was estimated and compared to root related
properties such as Dry matter yield, cortex
thickness and root number. Variations among
genotypes were observed in morphological
parameters such as root cortex thickness, and the
branching level and number of branches. The
cortex thickness was positively correlated to root
number (r = 0.84), root weight (r = 0.62) and stem

weight (r = 0.51). The early recovering varieties
had a smaller cortex thickness (0.2 to 0.3 cm)
compared to stay green varieties which had cortex
thickness of 0.35 to 0.55 cm and the susceptible
varieties which had cortex thickness of between
0.3 and 0.4 cm. A bigger cortex was thus related
to high levels of resilience to stress as earlier
observed by (Okogbenin et al., 2013). Plant height
in the different genotypes was positively
correlated to the stem diameter (r = 0.33) and root
weight (r = 0.28). The harvest index varied
significantly within the different genotypes and

was negatively correlated to plant height (r = -
0.19) and stem weight (-0.42). High harvest index
was recorded for early recovering varieties while
low harvest index was recorded for the stay green
varieties. The number of roots varied significantly
in different cassava varieties although no
significant differences were observed for root
weight (p > 0.05). Generally stem related
properties were not significantly (p>0.05) different
among different cassava varieties although shoot
weight was positively correlated to root number (r
= 0.53) and root weight (r = 0.69). Likewise stem
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Stay green

(MH96/0686,
NASE 2, NASE 3,
Magana,
1/92/00067}

Susceptible

(NASE 1,
Rugogoma,
Bao)

Early
recovery

(NASE 16, NASE
19, Bukalasa)

Figure 3. Varieties selected under the stay green and early recovering in relation to

the susceptible varieties.

diameter was positively correlated to root weight (r =
0.57) and root number (r = 0.68). Since no differences
were observed for stem related parameters, the yield
components that varied significantly between different
varieties are the main determinants of stress resilience in
plants.

Selection of hydrothermal stress tolerant and

avoidant varieties

This study was mainly conducted to understand the

phenotypic mechanisms for tolerance to hydrothermal
stress in cassava varieties and from the results above, a
number of plant properties were identified that were key
in the selection of tolerant varieties. These selections and
their mechanisms are presented in Figure 3. Selections
for the stay green mechanism were mainly based on the
ability of the plant to accumulate biomass during the
vegetative stage of growth from two to six months after
planting. Plants which accumulated a lot of biomass at
this time maintained substantively higher biomass
contents during stress, had higher rate of leaf retention
and higher growth rates. In addition, they had lower
harvest indices and they were identified as stay green
varieties. However, cassava plants displaying the stay
green mechanism did not necessary maintain high leaf
lobe numbers but instead reduced the number of leaf
lobes at a lower rate compared to other varieties as the

critical hydrothermal stress period progressed (Figure 2).
On the other hand, selection for the early recovering
mechanism were based on the loss of leaves
immediately at onset of critical hydrothermal stress, the
ability to produce new shoots immediately on removal of
hydrothermal stress, leaf re-growth and maintenance
immediately after hydrothermal stress and higher harvest
indices (Figure 2). Like in the stay green mechanism, the
early recovering mechanism was mainly based on leaf
lobe number maintenance after hydrothermal stress but
not maintenance of individual leaves. Plants which
displayed no mechanism and easily succumbed to
stress were described as susceptible plants.

DISCUSSION

Changes in biomass allocation and accumulation during
the cassava plant growth cycle are expected. These
changes describe the inherent plant characteristics which
are mediated by both the genetic component of the plant
and its interaction with the environment. Such changes
determine the yield potential of the plant in period of
normal growth where as in stress conditions; the
environment plays a big role in influencing the rate of
growth and ultimately affecting the yield potential of the
cassava plant as earlier observed by Osorio et al. (1993).
In this study, the effects of stress resulted into significant
changes in plant morphology resulting into altered yield



Table 5. Variations observed for different parameters at harvest.
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Source of variation d.f. S.S. m.s. V.I. F pr. CVv LSD
Cortex Thickness 19 19 0.347 0.021 6.52 <.001 21.3 0.121
Branch length 19 1034 5174. 4.74 <.001 1.30 77.16
Harvest Index 19 1.658 0.083 3.14 0.001 25.9 0.379
Plant Height 19 19 55909. 2795. 2.57 0.006 11.7 77.07
Root Number 19 19 210.09 10.504 2.24 0.015 23.8 5.057
Root Weight 19 57.55 2.878 0.69 0.812 41.3 4.77
Stem diameter 19 12.52 0.6260 1.16 0.334 19.4 1.714
Stem weight 19 411. 20.55 1.01 0.468 52.9 10.51

compared to the control conditions. The stress conditions
also resulted into reduced growth rates and the plants
ability to attain a particular growth height or leaf area
index as observed (Tables 2 and 3). The results also
showed that low moisture and elevated temperature
stress had significant effects on dry matter accumulation,
root numbers and size, plant height and also leaf lobe
length and leaf width. Such significant differences in
shoot based biomass affected the plants ability to
effectively increase its root based biomass resulting into
reductions in yield and yield components.

Reductions in leaf size and leaf expansion were
observed as the main factors that cause loss in biomass
during stress. Shoot and leaf biomass in most plants
accumulates in a curve-linear fashion increasing to
maximum by the time the plant gets into the reproductive
stage (Ranawake et al., 2011). This was observed in
cassava between two to six months after planting as the
plants increased their biomass content linearly though
variety based differences were observed showing that
some of these traits are partly under genetic control
(Figure 1 and Table 3). Differences observed in petiole
length and leaf size (drought related traits) among variety
groups at the onset of hydrothermal stress show that
tolerance mechanisms are related to plant genetic
makeup. Such variations result into differences in
accumulation of biomass in different varieties describing
a stress tolerance criterion for a particular variety.
Negative changes in leaf size properties and the petiole
length at eight months after planting shows the negative
influence of hydrothermal stress on cassava plants. This
had an impact on the harvest index as observed later on
in the growth cycle of the plant and even the harvest
parameters as shown in Table 5. High rates of biomass
accumulation observed earlier in the plants growth cycle
may be a preparatory measure for carbon sequestration
preparing for periods of low carbon uptake. Hydrothermal
stress increases the imbalance between carbon supply
and demand resulting into reduced biomass and loss of
reproductive organs (Blum, 2005). Cassava plants which
have mechanisms of increasing above ground biomass
for purposes of increased photosynthetic and growth
metabolism may be more prepared to counteract effects
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of stress compared to the others which slowly
accumulate biomass as has been observed in other
plants by Ranawake et al. (2011). Specific increments in
biomass earlier before stress was observed in the early
recovering and stay green varieties which by six months
after planting had significant biomass in the above
ground parts hence were prepared for onset of stress
later in the growth cycle

Correlation between the above ground biomass
especially the stem characteristics with root biomass
points to the influence of the above ground biomass on
the sink (root) organs. It also points to the importance of
the root cortex as one of the sink organs in stress
tolerance as observed by Cohen et al. (2005) and
Okogbenin et al. (2013). This also explains the
correlation between harvest index and biomass
parameters such as leaf size and plant height (Table 5).
Higher values for cortex thickness in stay green varieties
also point to the use of the storage reserves in times of
stress. Thus, breeding for stress tolerance requires a full
understanding of the relationships between biomass and
root mass for selection of plants that -effectively
accumulate photosynthetic biomass and offset the effects
of stress. The differences observed before onset of stress
among the different variety groups but especially for the
stay green and early recovering varieties point to the fact
that stress tolerance or avoidance mechanism are a
function of plants genetic framework as was earlier
confirmed by Thornley (1972).

The positive cumulative increments in leaf sizes
observed post stress in early recovering varieties were
due to production of new vigorous leaves compared to
the stay green varieties which maintained old non
vigorous leaves. This implies that avoidance mechanisms
are desired to allow the plant to attain a certain level of
metabolic activity after stress which helps the plant to
grow faster and revive the photosynthetic processes
necessary for increasing plant biomass (Peroni et al.,
2012). Observed changes in leaf morphology after stress
for leaf size had an implication on the form and type of
metabolism carried out by these leaves as suggested by
Aguirreza’bal  (2006). Leaves produced due to
heterotrophic metabolism by using the plants own
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resources have less biomass and hence low
photosynthetic capacity as observed by Hedayati et al.
(2013) in other species of Euphorbiaceae. However, such
leaves were able to regain normal metabolism and
normal morphology although in the stay green varieties
the morphological state of the leaves did not change a
lot, an indicator of compromised photosynthetic
metabolism. The efforts put forward by the plants to
regain normal leaf morphology after recovery was
observed for early recovering varieties suggesting that
leaf and plant morphology need to be reinstated for
optimal functioning of the cassava plants metabolic
apparatus. This may also be related to particular genetic
mechanisms meant to help the plant attain the former
metabolic state as observed by Blum (2005).

The maintenance of a fairly constant leaf area index by
stay green varieties during growth period and even in the
stress period describes a tolerance mechanism by
cassava plants as suggested by Asadi et al. (2012) and
Turyagyenda et al. (2013). Such a mechanism may allow
plants to minimally photosynthesize and maintain basic
growth and physiological activities throughout the growth
period. However, it comes with basic changes in rate,
type and direction of translocated material in such plants.
This explains the variations in root parameters among
different varieties (Table 5) which also point to the
importance of stored material in the root in allowing
plants to cope with stress.

The differences observed at harvest in the different
cassava varieties for root properties are an indicator of
differences in yield in addition to the use of stored
material as reserve metabolites to help the plant
counteract stress as suggested by Zotz et al. (2002).
Plant growth rate was probably dependent on increased
rates of metabolism that increase the available plant
resources meant for growth and development and hence
helping the plant to achieve relevant metabolites that
usher it into the reproductive phase as was observed by
Blum (2005). This is due to increase in the rates of both
respiratory and photosynthetic metabolism (Thornly,
1972). Interference in any of these forms of metabolism
by either biotic or abiotic stress results into reduced
growth hence reduction in plant growth properties as the
critical hydrothermal stress conditions are maintained.
The significant differences between the varieties tested
for plant height, shoot dry weight and root based
properties showed that some varieties were more
sensitive while others were more tolerant. This has been
reported in cereals such as wheat (Pauk et al., 2010) and
Jatropha curcas (Hedayati et al.,, 2013) where plant
height also decreased with increasing levels of water
stress conditions.

Understanding how  biomass reductions are
photosynthetically driven is very important in determining
their effect on the partitioning of photo assimilates to the
significant parts of the plant at different growth times
(Seyed et al., 2012). Since biomass accumulation during

stress is mainly heterotrophic and is dependent on
carbon resources in the root for growth support
(Holzapfel et al., 2010), there is a significant effect of
stress on harvest index as was observed in different
cassava varieties (reducing in susceptible and stay green
varieties due to use of stored resources to maintain basic
metabolic processes) in effect reducing crop yield. Thus,
selection of tolerant plants should account for the impact
of hydrothermal stress on storage organs of cassava as a
food resource. Loss in root weight and hence vyield
reduces the food and industrial value of cassava.

Apart from the leaves, the branching ability
(determinant of shoot biomass) of the plant also has roles
to play as far as stress tolerance/resistance is concerned.
An increase in root to shoot ratio (or root to total dry
matter ratio), as proposed by Steinberg et al. (1990) and
attributable mainly to a reduction in shoot growth, was
observed when water was limiting. This was a main
mechanism for the stress avoidant plants of the early
recovering varieties which maintained a low LAIl. The
size-dependent changes in biomass partitioning from
direct changes in the carbon allocation process observed
for these cassava plants reveal that water deficits
probably act on biomass allometry by slowing down
growth and adjusting plant size to the reduced amounts
of carbon assimilated. This may be as a result of stomatal
closure and decreased leaf area (Osorio et al., 1993).
Employment of such mechanisms by cassava plants
during abiotic stresses in different ways (hence the
different phenotypes observed during stress) shows that
cassava varieties differ in their ability to utilize the
critically reduced amount of water available to the plant
during drought incidence. If biomass production in the
different varieties and the trend of water use efficiency
are taken into account, it follows that when water is
available to the plant, transpiration is unimpeded by
stomata and lesser changes in biomass allocation and
plant morphology may be expected as suggested by
Bergantine et al. (2004).

Based on the results and observations from the field, it
was realized that biomass based selection is important in
the selection of hydrothermal stress tolerant plants.
However, in earlier studies, (Okogbenin et al., 2013;
Turyagyenda et al., 2013), selections were based on
biomass properties such as high leaf retention during
stress, high biomass retention during stress, high growth
rates and high harvest indices. Such a selection
mechanism based on leaf retention is not exhaustive
since in this case even plants with mixed reactions will be
selected even if the leaf morphology is severely
compromised. In addition, selections only based on
growth rate during stress will not easily identify drought
avoidant plants that display a recovery mechanism after
stress since these plants will be in a state of dormancy
during this time. Thus, the author propose that selections
for hydrothermal stress tolerant and avoidant plants be
taken into account by considering phenotypic parameters



such as leaf lobe retention during stress, cumulative leaf
lobe retention during the growth cycle of the plant, and
cumulative rate of growth during the plant growth cycle
coupled to high harvest indices (Table 5). This will allow
for selection of hydrothermal stress tolerant and avoidant
plants falling under two broad stress tolerance
mechanisms identified as stay green and early recovering
mechanisms. It will also allow for possible understanding
of plants that have mixed mechanisms and fall under the
intersection between stress tolerant and avoidant plants
in addition to identifying the stress susceptible plants as
shown in Figure 3.

Conclusions

Results from this work showed that hydrothermal stress
reduced biomass due to changes in the plants’
morphological properties. The reductions were mainly in
leaf based biomass and leaf related properties compared
to the whole plant. Since leaves are the most sensitive
organs to drought stress and respond quickly to low
water availability, such a study is imperative in
understanding the responses of cassava plants to water
deficit and increased temperature, factors that mainly
contribute to drought. Modification of plant morphological
properties in response to stress does not only have an
effect in controlling water loss but also provides an
energy saving mechanism including saving stored
resources in the plant. In cases where this is not
possible, the plant either utilizes its resources to tolerate
the stress or completely succumbs to the effects of stress
and is hence susceptible. Identifying this in cassava is
possible by studies on cassava plant phenotypic
properties. And thus in this study, hydrothermal stress
tolerant and avoidant plants were selected based on leaf
lobe retention, biomass accumulation based selection
during the vegetative stage of growth, leaf and leaf lobe
recovery immediately after elimination of hydrothermal
stress, selection based on number of fibrous roots/root
cortex and selection based on harvest index after stress.
However, relating these phenotypic properties to their
genetic controls may provide a much more reliable basis
for selection of tolerant varieties of cassava.
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