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ABSTRACT

Rising levels of atmospheric temperatures in growing ecotopes are thought to affect physiological functioning of
plants. Four wheat cultivars, UNZA II (heat tolerance), Loerie II (check), Nduna and Pungwa were tested in both
warm and cool ecotopes for their acclimation capacity to subsequently enhance production. Using five
replications, a randomised complete block design was used and data on canopy temperature (CT), stay green
duration (SGD) and dry matter production and accumulation (DM) was collected and analysed using GENSTAT
software version 18. Results revealed that all cultivars had 30C low CT than their temperatures in cool ecotope in
2014 and 30C to 60C high CT than their cool ecotope in 2015. Cultivars terminated their DM production and
accumulation in the warm ecotope 7 days earlier than in cool ecotope. DM production and accumulation was
quick in 2014 and slows in 2015 in the warm compared to the cool ecotope. Pungwa showed superiority with
52.8% SGD and 39.8% SGD remaining at 28 days after anthesis in 2014 and 14 days after anthesis in 2015 in the
warm ecotope, respectively when other cultivars had lost over 65% and 76% of the SGD and maintained its DM
at physiological maturity in both seasons. Pungwa with longer SGD, low CT and more DM accumulation suggests
the ability to support plant growth and could enhance wheat production in warm ecotope.
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INTRODUCTION duration (SGD) after anthesis, cause high

Rising mean ambient temperatures, causing
high temperature stress, has drawn the
attention of researchers in the field of
agriculture. ~ For  wheat crops, mean
temperatures of 18 to 25°C are considered
optimum (Dhanda and Munjal 2012).
However, in some growing ecotopes, high
ambient mean temperatures of above 30°C for
long periods could prevail and cause high
temperature  stress, which affects plant
development, growth, photosynthesis and its
yield (Kumar ef al. 2012; Chandra et al. 2014).
High temperatures, above the optimum
temperatures, are known to shorten stay green
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canopy temperature (CT), lowers production
and increase accumulation of dry matter
(DM). Thus plant height is affected and the
grain filling period accelerated, consequently
reducing crop yield (Sanghera and Thind
2014; Thomas and Ougham 2014). The
reduction in crop yield is the result of lighter,
poorly filled grains.

In Zambia, wheat is grown in the winter
season in cooler ecotopes and yields could
exceed 10tha™, whereas in the warm ecotopes
yields below Stha™ are common (Nxumalo
2002; ACF 2011). Yet, Zambia’s warm
ecotopes have natural and artificial water
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bodies inducing wheat growers to plant wheat,
but experience mean temperatures of 19 to
32°C most of the year (Bunyolo et al. 1997).
Thus, the low production reported in the warm
ecotope is linked, but not limited to, high
temperature stress, use of unsuitable cultivars,
and also limited knowledge and understanding
of physiological responses, which can be
manipulated to produce normal growth and
yield.

Physiological traits such as low CT and long
SGD are used as indirect selection indicators
for development of high temperature tolerant
wheat cultivars by breeders (Cossain and
Reynolds 2012; Deery et al. 2019; Anderegg et
al. 2021). Cultivars that maintain a low CT
dissipates the heat through transpiration,
depend on stimulated subcellular and
biochemical  substances synthesized in
response to heat stress such as phytohormones,
various osmoprotectants, heat shock proteins,
and reactive oxygen species suppressing and
scavenging enzymatic and non-enzymatic
defense mechanisms (Sharma et al. 2012;
Wang et al. 2014; Deery et al. 2019).

Studies have concluded that wheat cultivars
with low CT will also lengthen their SGD and
support the process of photosynthesis during
the grain filling period (Bazzaz et al. 2015;
Neukam et al. 2016; Deery et al. 2019;
Anderegg et al. 2021). Thus, any wheat
cultivar exhibiting SGD or/and low CT after
anthesis is an option for cultivation in heat
prone environments (Cossain and Reynolds
2012; Yang et al. 2016; Deery et al. 2019).
According to Christopher et al (2016), SGD
could either be functional or non-functional.
When SGD is functional, the process of
photosynthesis results in net photosynthesis,
while in a non-functional SGD, plant leaves
appear green, but the plant does not benefit due
to lesions occurring in chlorophyll, as well as a
disrupted transfer of nitrogen from the leaf to
the grain (Christopher et al. 2016; Anderegg et
al. 2021). Net photosynthesis (the difference
between produced photo-assimilates and
consumption by  respiration)  promotes
production and accumulation of more FM and
DM, which could be used for plant growth and
grain development (Cossain and Reynolds

2012; Sanghera and Thind 2014). However,
high temperatures in warm ecotopes increase
the rate of photorespiration and night
respiration, thereby affecting net
photosynthesis and limiting DM accumulation
in wheat (Kheirandish et al. 2015; Urban et
al.2017).

Prolonged SGD during the grain filling period
is, however, counterproductive as it promotes
vegetative growth. Low CT is seen as a huge
expense for plants, because the roots need to
increase water absorption for transpiration,
cooling the plant rather than translocating
assimilates for grain filling (Deery et al. 2019;
Anderegg et al. 2021). It is clear from these
different studies that the scientific community
i1s not convinced that the choice of cultivars,
showing long SGD after anthesis and low CT
could produce more FM (fresh matter) and
DM and grow normally under heat stress. It is
also unclear whether the cultivars could
improve wheat production or lead to the
development of new improved cultivars for a
warm ecotope. Possible answers to the
argument could be that the cultivars possess
specific genes for certain adaptations
(Moshatati et al. 2012).

Extending SGD after anthesis could be an
option for increasing FM and DM production,
growth and ultimately the yield. Cultivar
choice, based on the physiological traits of
SGD, CT, FM and DM accumulation, remains
crucial to promote wheat production in both
cool and warm ecotopes. This choice has to
meet the expectation of the wheat growers,
focusing primarily on resistance to high
temperature stress and a more stable yield
with high grain nitrogen content rather than
tolerance to  heat stress  adaptation
mechanisms  advocated by  scientists
(Distelfeld et al. 2014; Anderegg et al. 2021).

Most agronomic heat management strategies
can encourage wheat production, even in
Zambia’s warm ecotopes, if supported by the

knowledge and understanding of
physiological processes of plant growth,
development, photosynthesis, respiration,

transpiration and duration of grain filling
period. Thus, growers could manipulate these
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physiological processes through external
application of stimulants or enhancers,
leading to normal growth and yield, or aid
wheat breeders in developing appropriate
cultivars. The objective of this study was to
evaluate the physiological responses of four
spring wheat cultivars grown under cool and
warm ecotope conditions.

MATERIALS AND METHODS
Experimental sites

The trial was conducted at Chiawa (latitude
15°53’S, longitude 28°52’E and altitude of
369 meters above sea level) and Zambia —
China  Demonstration Centre (latitude
15°21°S, longitude 28°27° E and altitude
1417.32 meters above sea level) all in the
Lusaka Province of Zambia. Chiawa and
Lusaka were used as warm and cool ecotopes
respectively, for two seasons. Temperatures
during the growing seasons were obtained
using a data logger (Onset HOBO U12 — 012,
Tempcon Instrumentation Ltd, UK) for each
site. Chiawa soils were classified as loamy
sand and the Lusaka as sandy loam using the
USDA texture classification (Soil Survey
Division Staff 1993). Chiawa soils had a pH
by 0.01M CaClz of 6.73, 7.05, and 0.72 and
1.28% orgamc matter, potassium  of
0.06mgkg™" and 023mgkg , phosphorus of
18.09 cmol kg' and 31.76 cmol kg,
respectively for the 2014 and 2015 season and
a nitrogen content of 0.07% for each season.
Lusaka soils had a pH by 0.01M CaCl, of
5.24 and 5.28, organic matter of 0.8 and
1.6.%, nitrogen of 0 07% and O. 1%,
potassium of 0.04mgkg™ and 0. 15mgkg and
phosphorus of 29.64 cmolkg' and 21.95
cmolkg™ for the 2014 and 2015 seasons,
respectively.

Agronomic management

Four irrigated spring wheat cultivars; UNZA
IT (heat tolerant), Pungwa and Nduna
commonly grown by farmers, and Loerie II
(susceptible to heat stress) were planted in
both warm and cool ecotopes during the 2014
and 2015 growing seasons. Field trials were
laid out as a Randomized Complete Block
Design with five replications. Treatment plots
contained thirteen rows 5m in length with an
inter-row spacing of 0.20m. The thirteen rows

were comprised of four rows for above ground
fresh biomass and dry matter determination
(inner two rows used), five rows for canopy
temperature and stay green duration (inner
three rows used), and four rows to separate the
two areas. A border area of 50cm was left on
both sides of each plot to diminish border
effects.

Planting rows were ripped and wheat basal
applied at a rate of 300 kgha™ to supply 35.29
kg N, 80.56 kg P,Os, 61.38 kg K0, 46.04 kg
S, 30.69 kg Mg, 7.67 kg Cu, 11.51 kg Fe,
19.18 kg Zn and 7.67 kg B and lightly covered
with soil. Thereafter a seed rate of 120 kgha™

was used to plant all cultivars. Trials were
established on 3rd and 8" May 2014 in the
Chiawa and Lusaka site respectively, for
season I and similarly on 7th and 14th May
2015 for season II. Prior to planting, all
cultivar seeds were treated and dressed with
insecticides for protection against soil borne
pests and diseases and to boost germination.

Nitrogen fertilizer, using urea (46% N),  vas
spht applied amountmg to 305 kg ha'and
using ammonlum sulphate (26%) to supply
145 kg ha for the whole season. The doses
were 46 kg N for 6 and 12 days after sowing
(DAS) each and 48.3 kg N at 40 DAS in the
form of urea and 37.7 kg N at 53 DAS in the
form of ammonium sulphate per season. The
total applied nitrogen in each season including
nltrogen in the basal fertilizer was 213.29 kg
ha'.

Water application started a day after planting
in all seasons. In the warm ecotope, 520 mm
water was applied in the 2014 season and 548
mm in the 2015 season. In the cool ecotope,
totals of 574 mm and 511 mm were applied in
the 2014 and 2015 growing seasons,
respectively. Emerging weeds in the cool
ecotope were removed by hand, while
herbicides (glyphosate at 1, 250 g ha™ a day
after sowing, endlmethahn at 910 g ha™and
paraquat at 625 g ha™ were applied on 3 DAS,
bromoxynil at 425 g ha'and fenoxaprop-p-
ethyl at 60 g ha” were applied on 17 DAS),
insecticides (fipronil at 2.5 8 ha™', at 25 DAS,
methomyl at 270,000 g ha™ and ﬁpronll at 100
g ha’', emamectin benzoate at 5,000 g ha
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and lufenuron at 20,000 g ha™ were applied at
34 and 46 DAS, chlorpyrifos at 450 g ha™ and
cypermetrin at 50 g ha” were applied at 52
DAS and for 2014 season alone emamectin
benzoate at 7.5 g ha™ and acetamiplid at 18.75
g ha' were applied at 102 DAS) and
fungicides (tebuconazole at 100 g ha” and
trifoxystrobin at 50 g ha™ were applied at 48
DAS and 34 DAS for 2014 and 2015 season,
respectively, were applied in the warm
ecotope.

Ten plants were tagged and for each treatment
plot and stay green duration was assessed,
following the scoring method of Pask and
Pietragalla (2012). The scoring started when
all the plants in each plot had reached 100%
flowering and was reported based on days
after complete anthesis (DAAS). Ten
randomly picked plants were cut at ground
level, packed in black plastic bags in the field,
and weighed the same day in the laboratory,
using a digital scale, to obtain the FM
accumulation. After taking the FM, the plants
were oven dried to a constant mass for four
days at a constant temperature of 65°C. In
both seasons, oven dried plants were weighed
to obtain the DM accumulation. Both FM and
DM accumulation were determined at 40, 60,
76,90 104, 111, 118 and 125 DAS as well as
physiological maturity. During 2015 season,
Nduna attained maturity at 97 DAS, thus both
FM and DM were calculated. The average of
ten plants was reported for each treatment
plot.

Canopy temperatures were measured using an
infra-red thermometer (Model MT6, India)
during the day at two points on the three
middle rows of the non-destructive area.
Readings were taken between 12:00 and
14:00 hours on a clear sky day according to
the procedure of Pietragalla (2012). Readings
were taken from the side of each plot at an
angle of approximately 450 in a range of
directions to cover different regions of the
plot and integrate many leaves. The averages
of two readings were taken as CT at seedling,
booting, early milk and the dough growth
stage of the crop.

Data was analyzed using the GENSTAT
statistical package; Eighteenth Edition (Payne
et al. 2015). Means were separated using
Tukey’s LSD test at 5% probability level.

RESULTS AND DISCUSSION

Weather conditions

The ambient temperatures in the warm
ecotope were higher than in the cool ecotope
in both seasons (Table 1). The average
maximum temperatures were consistently
above 30°C and the mean temperatures were
above 23°C in warm ecotope while the in the
cool ecotope, the highest average maximum
temperature of 31°C was only recorded in
September of 2015 and mean temperatures
were consistently below 20°C. However,
during the 2015 season water could not
always be pumped owing to a national power
load shedding problem, which indirectly
induce drought. In the warm ecotope, water
stress occurred at the start of the flowering
stage to soft dough development stage, while
in the cool ecotope it was at the start of the
kernel and milk stage. The high temperatures
and the indirect drought in the second season
altered the physiological responses in the
wheat cultivars.

Canopy temperature

Plants had cool CT (CT ranged from 17.1°C
to 22.8°C) during 2014 and hot CT (above
25°C) from early milk to dough stage in 2015
in the warm ecotope (Table 2). In both
seasons the ecotope significantly (P = < 0.05)
affected CT from seedling to dough stage, the
interaction between ecotope and cultivar at
dough stage, but not the cultivar. However,
during the 2015 season the three factors
(ecotope, cultivar and interaction between
them) showed no significant effect on plant
CT at booting stage. During the 2014 season,
CT was lower in the warm than in the cool
ecotope, except at booting stage when it
increased by 2.89°C and even at lower
temperatures than the optimum 25°C for
wheat. A decrease of 3.79°C and 5.03°C in CT
was found in plants grown in the warm
ecotope at seedling and early milk growth
stage, respectively. The temperatures ranged
from 3.04°C (UNZA 1I) to 3.94°C (Pungwa)
at dough stage despite cultivars showing
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Table 1: Agro thermal data of experimental sites for the 2014 season and the 2015 season
2014 Season 2015 Season

Month Ecotope T miv T max T meaN RH T M T max T mean RH
(W) (W) (W) (%) (W) (W) (W) (%)

May Warm 18.1 32.6 254 53.0 17.8 31.2 24.5 44.5
Cool 12.4 27.1 19.8 63.5 10.7 26.0 18.3 68.1

June Warm 15.7 31.3 23.5 49.5 16.2 29.5 229 51.1
Cool 10.9 253 18.1 60.2 9.6 24.6 17.1 66.0

July Warm 14.8 314 23.1 46.5 15.7 31.0 23.4 473
Cool 10.1 25.4 17.7 55.7 9.4 25.8 17.6 61.1

August Warm 17.0 345 25.8 39.3 16.9 333 25.1 39.0
Cool 12.6 28.5 20.6 45.0 10.7 27.7 19.2 48.0

September Warm 16.8 334 25.1 39.8 20.9 359 28.4 38.9
Cool 15.1 29.7 22.4 41.8 14.8 31.3 23.1 41.3

RH = Relative humidity, Min = Minimum, Max = Maximum and T = Temperature

similar CT at dough stage in warm ecotope,
during the 2014 season. During the 2015
season, CT was higher in warm than the cool
ecotope, recording 2°C and 4.68°C at seedling
and early milk stage, respectively and ranging
from 3.54°C (Loerie II) to 6.88°C (Nduna) at
dough stage. From early milk to dough stage,
the CT in the warm ecotope was higher than
the optimum 25°C with Nduna (4.74°C)
recording the highest and Loerie II (2.33°C)
the lowest increase.

The low CT of below 25°C in the 2014 season
suggested cooling mechanisms, which could
have been triggered in the warm ecotope to
support physiological processes, ultimately
supporting plant growth, as was reported by
Bahar ef al. (2011) and Deery et al. (2019).
Contrary to results obtained in this study,
significant differences were reported in CT
among wheat cultivars at booting, heading
and milk stages within and between different
temperatures environments by Bazzaz et al.
(2015), Deery et al. (2019) and Anderegg et
al. (2021). In this study, even the heat tolerant
cultivar (UNZA 1I), could not show complete
superiority to other cultivars in both seasons,
though Nduna showed sensitivity in the 2015
season, when CT was increased by 6.88°C at
dough stage in the warm ecotope. The non-
significant  differences observed among
cultivars in ecotopes from seedling to early
milk stage could be ascribed to the equal
effect of ecotopes on the cultivar plant CTs.

Stay green duration

During both seasons the main factors (ecotope
and cultivar) and the interaction between them
had a significant (P = < 0.001) effect on SGD
(Table 3). However, loss of SGD was not
affected by the ecotope at 14 DAAS during
the 2014 season. Surprisingly, during the
2014 season, the loss of SGD was initiated
early in the cool Lusaka area and differed
significantly with Loerie II (5.60%) and
Nduna (10.60%) recording the highest
decrease observed at 0 DAAS and 7 DAAS,
respectively while the other two cultivars did
not show differences. The heat tolerant
cultivar UNZA II maintained SGD in both
ecotopes at 7, 14 and 28 DAAS, whereas
Loerie II and Pungwa maintained their SGD
at 7 and 21 DAAS, and Nduna only once at 14
DAAS.

During the 2015 season, loss of SGD was
significantly (P<0.05) higher for all cultivars
in the warm ecotope up to 28 DAAS and
lower in the cool ecotope from 0 to 14 DAAS.
All cultivars were similar from 28 to 35
DAAS, but significantly differed in the cool
ecotope. Pungwa showed the lowest decrease
followed by UNZA II at 35 DAAS, while
Nduna showed the highest decrease but not
different from Loerie II in the cool ecotope. In
the warm ecotope, the plants of Nduna
generally showed the highest decrease in
SGD, while those for Loerie II were the
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Table 2: Canopy temperatures (°C) during seedling, booting, early milk and dough develop-
mental stage as affected by ecotope and cultivar

Cultivar Ecotope 2014 Season 2015 Season
(O) (E) SD BT EM Dough SD BT EM Dough
Loerie 11 Warm 19.75 22.84 17.78 2240 ¢ 23.00 2248  26.21 2733 ¢
Cool 23.05 19.51 22.58 25.47 ab 21.15 21.75 21.50 23.79d
Nduna Warm 19.39 22.84 17.78 2227 ¢ 23.05 22.31 26.78 29.79 a
Cool 23.59 19.76 22.86 25.80 ab 21.11 2227 2225 22.86d
Pungwa Warm 19.40 22.26 17.66 21.96 ¢ 23.43 2249 2597 2798 a
Cool 23.64 20.26 22.89 2590 a 21.25 22,59  21.82 23.82d
UNZA 11 Warm 19.69 22.82 17.09 22.33¢ 23.13 22.68  26.63 28.46 b
Cool 23.13 19.68 22.20 25.37b 21.08 2227  21.29 23.35d
LSD 1,05 CxE ns ns ns 0.497 ns ns ns 1.082
Cultivar Loerie II 21.17 21.17 20.18 23.94 22.08 22.11 23.86 25.56
means Nduna 21.30 21.30 20.37 24.04 22.08 2229 2452 26.30
Pungwa 21.26 21.26 20.28 23.93 2234 2254  23.89 25.90
UNZAII 21.25 21.25 19.65 23.85 22,10 2247  23.96 25.91
LSD 1,05 C ns ns ns ns ns ns ns ns
Ecotope Warm 19.56b 22.69a 17.60b 22.24 23.15a 2249 2640a 28.46
means Cool 23.35a 19.80b 22.63a 25.64 21.15b 2222 21.72b 23.35
LSD t(.05 E 0.558 0.430 0.699 0.249 0.347 ns 0.479 0.541

SD = Seedling, BT = Booting, EM = Early milky, Warm = Chiawa, Cool = Lusaka and ns = not significant at
5% probability level (P< 0.05). Means followed by the same letter at same developmental phase are not signifi-

cantly different at 5% probability level (P< 0.05) using Tukey's LSD test.

lowest at 0 and 21 DAAS and Pungwa at 7 to
14 DAAS.

In both ecotopes, during the 2014 season,
plants of Loerie II and Pungwa required 35
DAAS of functional SGD, while Nduna
needed 28 DAAS in both ecotopes,
respectively to reach physiological maturity
(Table 3). Heat tolerant UNZA II was
inconsistent, recording 7 days shorter in the
warm ecotope compared to 35 DAAS in the
cool ecotope. UNZA 1I (65.40%) showed a
longer SGD, while Loerie II and Nduna were
the same with shorter SGD with flag leaf
senescence of 95.20% and 95.60%,
respectively under the warmer Chiawa
ecotope. Under the cooler Lusaka ecotope,
Nduna (72.60%) had longer SGD, while
Pungwa (98.60%) and UNZA 1I (97.40%)
were the same and showed the highest loss in
SGD.

However, in the 2015 season, the warm
ecotope conditions accelerated the loss of
SGD, recording 100% SGD at physiological
maturity for all cultivars. It is also apparent
from Table 3 that SGD was lost earlier, at 21
DAAS for Nduna, 28 DAAS for Pungwa and

UNZA 11, while Loerie II between 28 and 35
DAAS before completing grain filling. In the
cool ecotope, Pungwa (89.60%) showed the
longest SGD, while Nduna (99.60%) and
Loerie I (98.70%) were similar and the
shortest. This early loss of SGD during the
2015 season explains the low DM production
and accumulation. The early loss of SGD can
potentially reduce assimilate availability for
grain filling in the warm ecotope. Thus, grains
could be shrivelled and light, due to limited
assimilates, consequently compromising grain
yield and quality (Balla et al. 2014). It also
explains the observed high CT, since
transpirational cooling is only supported by
green leaves. Therefore, the completion of
grain filling during the 2015 season could
have been supported by photosynthesis from
the spikes and assimilate remobilization,
which is stimulated by leaf senescence
(Cossain and Reynolds 2012).

Significant (P = < 0.05) differences observed
in SGD among cultivars implied different
timings in their flag leaf senescence (onset,
initiation, and rate of the process), and that
long SGD under high temperature stress could
sustain grain filling and increase grain yield
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as was earlier reported by other studies in
wheat (Kamal et al. 2019; Anderegg et al.
2021). The benefit of long SGD is derived
from transpiration, promoting heat dissipation
and protecting soluble proteins (especially of
photosystem II and Rubisco) and the
destruction of membranes by lipid
degradation (Latif et al. 2020). Therefore
cultivars  showing longer SGD  with
photosynthetic competencies (having green
leaves with chlorophyll with capacity to carry
photosynthesis optimally), provided there is
an unlimited sink capacity accompanied by
production and accumulation of assimilates,
could be desirable for wheat production in
warm ecotopes.

Dry matter accumulation

Interaction between ecotope and cultivar
significantly (P =< 0.05) affected the DM
production and accumulation. More DM was
produced and accumulated in the warm
Chiawa ecotope than in the cool Lusaka
ecotope throughout the 2014 season (Table 4).
DM increased in the range of 12.6%
(Pungwa) to 45.6% (Loerie II) compared to
the cooler ecotope at 40 DAS, 26.8% (Nduna)
and 27.0% ( Pungwa) at 60 DAS, 7.2%
(UNZA 1I) at 76 DAS, 27.4% (Loerie II) to
27.6% (Nduna) at 90 DAS and 8.7% (Loerie
II) to 18.1% (Pungwa) at physiological
maturity.

However, at physiological maturity, the plants
of Pungwa and UNZA II maintained DM in
both ecotopes, though Pungwa was higher
than UNZA 1I. In the warm ecotope, Loerie 11
increased by 12.68%, while Nduna decreased
by 18.62%, compared to the cool ecotope.

Under warm ecotope conditions, Loerie II
(4.780 g plant-1) recorded the highest
accumulated DM, while Nduna (4.170 g plant
-1) and UNZA 1I (4.164 g plant-1) which
were similar and lowest. In the cool ecotope,
Nduna with 5.124 g plant-1 had more DM,
while Loerie II and UNZA II were similar,
but lower. UNZA II and Nduna accumulated
excess DM at physiological maturity during
the 2014 season, suggesting un-disrupted
physiological processes especially
photosynthesis. This was supported by longer

flag leat SGD of 34.6% (UNZA 1I) and 4.4%
(Nduna), which remained at physiological
maturity and could have been functional
(Table 3). Cultivar Pungwa showed an early
peaking and a high DM accumulation, which
could imply an adaptive mechanism to high
temperature stress. Short, gradual and/or
continuous rise in temperatures have been
reported to switched on escape adaptive
mechanism through early establishment and
attaining of physiological maturity, or
avoidance, or resistance and/or tolerance
(through relatively longer duration) (Gursoy
et al., 2012; Wang et al., 2014; Poudel and
Poudel, 2020).

During 2015, the interaction effect between
ecotope and cultivar was not significant (P =
< 0.05) from 40 to 76 DAS (Table 4).
However, the main effects of ecotope and
cultivar were highly significant (P = < 0.001)
in the accumulation of DM. High
temperatures in the warm ecotope increased
DM by 18.85% at 40 DAS, but decreased by
12.20% and 14.12% at 60 and 76 DAS,
respectively. Plants of Loerie II tended to
accumulate less DM in the range of 9.2%
(1.32 g plant-1) to 15.8% (0.28 g plant-1)
compared to those of Pungwa from 40 to 76
DAS The accelerated senescence of flag
leaves during this season could have reduced
the photosynthetic capacities of all cultivars,
causing low DM accumulation from 60 DAS
until physiological maturity in the warm
ecotope, compared to the cool ecotope. At a
later stage, Loerie Il and Pungwa maintained
DM in both ecotopes, though Pungwa was
higher than Loerie II, UNZA II increased DM
by 15.91% in the warm ecotope, while Nduna
decreased by 49.57%. Thus, the decreased
DM in the warm ecotope showed limitations
in photosynthesis, photoassimilate
partitioning, canopy cooling which depends
on availability assimilates for root water
absorption, which could make DM
unavailable for growth and grain formation.

The significant (P = < 0.05) differences
observed in this study are supported by
previous research, where genetic constitution
is the main factor for responses of wheat to
high temperature stress (Moshatati ef al.
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2012; Deery et al. 2019; Anderegg et al.
2021). However, the high temperatures in the
warm Chiawa ecotope led to two different
responses, depending on the season. During
2014, the high temperature stress reaction in
the seedling development stage could have
triggered heat tolerance in all cultivar plants.
Thus the entire crop life was acclimatized to
higher ambient temperatures, which enabled
normal functioning, more DM production
than in the cool ecotope, as found by Gursoy
et al. (2012) and Wang et al. (2014). The
decline in DM accumulation observed after 40
DAS during 2015, suggests failure of plants to
maintain the induced acclimation and
disrupted physiological processes
functionality due to the increase in hours of
exposure to high temperatures. Poudel and
Poudel (2020) attributes disrupted
photosynthesis to breakdown of the enzyme
rubisco activase and rubisco, vacuolar
collapse, loss in membrane integrity,
disturbance of cellular homeostasis leading to
accelerated leaf senescence. Thus, any
induced acclimation or adaptation could
therefore have been reversed in the warm
ecotope (Moshatati et al. 2012).

CONCLUSION

It is evident that wheat cultivars with inherent
or acquired adaptive physiological
mechanisms to high temperature stress can be
grown in a warm ecotope and produce well
filled in grains and produce wheat yields. All
cultivars showed 30C low CT than their
temperatures in cool ecotope in 2014 and 30C
to 60C high CT than their cool ecotope in
2015. Cultivars terminated their DM
production and accumulation in the warm
ecotope 7 days earlier than in cool ecotope.
DM accumulation was quick in 2014 and
slows in 2015 in the warm compared to the
cool ecotope. Loerie Il and Pungwa produced
and accumulated more DM for longer
durations during the seasons and maintained
high DM in both ecotopes at physiological
maturity. The heat tolerant cultivar (UNZA 1I)
generally, did not perform better than the
other cultivars in both ecotopes. Nduna had
fast accumulation of DM in both ecotopes
during the seasons. Pungwa showed
superiority with 52.8% SGD and 39.8% SGD

remaining at 28 days after anthesis in 2014
and 14 days after anthesis in 2015 in the
warm ecotope, respectively when other
cultivars had lost over 65% and 76% of the
SGD and maintained its DM at physiological
maturity in both seasons. Pungwa with longer
SGD, low CT and more DM accumulation
suggests the ability to support plant growth
and could enhance wheat production in warm
ecotope. Based on these results, Pungwa and
Nduna could offer better options for
cultivation under cool ecotope while Pungwa
could be suitable for the warm ecotope. The
responses of Nduna and Pungwa in the warm
ecotope suggest induced acclimation with
potential to support plant growth and wheat
production.
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