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Abstract: Climate change is a major environmental stressor that would adversely affect tropical
agriculture, which is largely rain-fed. Associated with climate change is an increasing trend in
temperature and decline in rainfall, leading to prolonged and repeated droughts. The purpose of this
study was to determine the effect of climate variables such as temperature, relative humidity, vapor
pressure deficit (VPD), and soil water on the phenology, biomass, and grain yield of soybean crops.
A greenhouse experiment was set in a split plot design with three average environmental conditions
as the main plots: E1 (36 ◦C, RH = 55%), E2 (34 ◦C, RH = 57%) and E3 (33 ◦C, RH = 44%). Additionally,
there were three water treatments: W1 (near saturation), W2 (Field capacity), and W3 (soil water
deficit) and two soybean varieties (Afayak and Jenguma). These treatments were replicated nine
times. The results showed that high temperatures (E1) accelerated the crop development, particularly
at flowering. Additionally, increased atmospheric demand for water under a high temperature
environment resulted in high evapotranspiration, leading to high transpiration which probably
reduced photosynthetic activity of the plants and thereby contributing to biomass and grain yield
loss. Biomass and yield were drastically reduced for the combined effect of high temperature (E1)
and drought (W3) as compared to combined effect of ambient temperature (E3) and well-watered
condition (W1). Increasing temperatures and erratic rainfall distributions associated with climate
change poses a potential threat to the soybean production in Ghana.

Keywords: drought; smallholders; climate change; soybean; Ghana

1. Introduction

Changes in weather components are largely responsible for the frequent yield vari-
ability and gaps that have been recorded in the literature, especially in Sub-Saharan Africa
(SSA) [1,2]. Within the last few decades, the impact of the rapidly increasing tempera-
tures and erratic rainfall patterns on crop yields have become more evident in the SSA [3].
An analysis of weather patterns between 1960 and 2000 in Ghana indicated a general tem-
perature rise of about 1 ◦C over the whole country [4]. Associated with this is a decline in
rainfall, which generally decreases from south to north [2].

Indeed, projections show that these trends will continue at least into the near fu-
ture [1,5]. These developments spell adverse conditions for rain-fed agriculture, especially
due to the inherently low productivity of the soils. The most cultivated and dominant
soils in the Guinea savanna zone of Ghana which is the hub for soybean cultivation are the
acrisols, which are characteristically low activity clay soils [6] that have a coarse texture as
well as low water holding capacities. In particular, soils in northern Ghana have degraded
over time, with some losing almost 50% of the top soils and becoming very gravelly and
shallow [7]. Though soils of the middle belt are inherently deeper, they are also degrading
at very fast rates.

The combination of rapidly changing weather and the declining soil productivity has
adverse consequences on crop growth [8]. First, the crop development rate is accelerated

Agriculture 2022, 12, 43. https://doi.org/10.3390/agriculture12010043 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture12010043
https://doi.org/10.3390/agriculture12010043
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0002-8062-3499
https://doi.org/10.3390/agriculture12010043
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12010043?type=check_update&version=1


Agriculture 2022, 12, 43 2 of 13

when the ambient temperature increases [9], thereby shortening the overall life cycle of
the plants. As a consequence, the crop spends less time in the field accumulating biomass,
leading to reduction in size, shorter reproductive duration, and reduced overall yield [9].
Second, the plant respiration rate increases with temperature [10], resulting in a reduced
net assimilate accumulation [11]. Therefore, even under non-limiting soil water conditions,
crop growth would be impaired under increasing temperature conditions. Additionally,
increased temperatures would increase the potential evapotranspiration while reducing the
vapor pressure, with a resultant increased evaporative demand on the crop [11]. If rainfall
reduces as projected under climate change, soil water replenishment and availability
would also be adversely affected, especially due to agricultural drought (low water storage
capacity). Literature sources have indicated that the combined effect of high temperature
and drought has more detrimental effects on yield and grain number as compared to their
individual effects [12]. A study carried out by Jumrani and Bhatia [11] showed a significant
decline in the seed yield of soybean sown at high temperatures of 38 and 42 ◦C with yield
reductions of 42 and 64%, respectively. It was also indicated that the decline was very high
at all temperatures (30, 34, 38 and 42 ◦C) when plants were subjected to water stress.

An understanding of how plants adapt to the increasing climate change impact is
necessary to guide policies and practices that should be developed to minimize the impacts,
especially as many sub-Saharan governments seek to expand the cultivation of some
crops into their non-traditional growing belt. In Ghana, soybean (Glycine max) is one crop
that is promoted out of their traditional growing areas in the south to more savannah
locations found in the southern coastal zone and in the northern locations. The desire to
achieve this lies in the superior protein and oil content compared with the other traditional
legumes (such as cowpea, Phaseolus spp., etc.). The successful introduction of soybean
crops into northern Ghana would address the nutritional protein needs that is often a
challenge in those locations. Yet, whether or not the changing weather and soil challenges
would support the policy drive is yet to be fully understood. Questions of how different
varieties will tolerate the increasing heat and water stress still continue to remain open.
Presumably, the longer-duration high yielding variety Jenguma (110–115 days), grown in
Ghana would better adapt to the stressed environments than the shorter-duration varieties
(e.g., Afayak), since the longer natural life cycle of the former could offset the shortening
effect of increasing temperatures. This hypothesis is yet to be validated.

It is the purpose of this study to investigate, with the aim of gaining further un-
derstanding of the responses of the development, the growth and yield of two soybean
varieties of contrasting life cycles (namely Jenguma and Afayak) to increased temperature
and water stress conditions under greenhouse conditions.

2. Materials and Methods
2.1. Site Description and Experimental Set Up

This study was carried out at the University of Ghana, Soil and Irrigation Research
Centre (SIREC)—Kpong (6◦9′ N and 0◦4′ E, 22 m alt) which is located within the coastal
savannah zone of Ghana. The soil used is classified as Typic Calciustert [13], locally known
as Tropical Black Clay called Akuse series [14]. The soils were potted and placed in three
(3) growth chambers constructed by covering a wooden framework with transparent plastic
sheets. The dimensions of each chamber were 3.0 m (length), 0.8 m (width), and 1 m (height).
The temperatures within the chambers were not controlled to maintain constant values.
However, different temperature regimes were realized based on the number and size of
windows created on the sides of the chambers. Two of the three chambers, E1 and E2, had
two and four window openings respectively, each of size 35 cm by 35 cm, resulting in an
average seasonal temperature of 36 ◦C for the chamber with two windows and 34 ◦C for
the one with four windows. The third chamber, E3, which served as the control had half of
the polythene sheet removed from all sides to allow free wind circulation resulting in an
average seasonal temperature of 33 ◦C. The day-to-day variations in the temperature and
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relative humidity in this chamber reflect conditions that would pertain naturally on crop
fields.

2.2. Treatment Structure

Each chamber received six treatments replicated nine times comprising two soybean
varieties (V1 = Afayak: TGX 1834-5E and V2 = Jenguma: Tax 1445-2E) widely cultivated in
northern Ghana [15] and three water regimes: W1 (post-flowering soil water content kept
near saturation), W2 (soil water content kept near field capacity throughout the growing
period, and W3 (post-flowering drying cycle). The total experimental units were 162 pots
with 54 in each growth chamber. The experiment was laid out in a split-plot design, with
the temperature chambers as the main plot with the other factors (water and varieties)
being the sub-plots randomized within each main plot (chamber). The Jenguma (Tax 1445-
2E) variety has an attractive grain color (cream), high oil content about 20%, is resistant
to pod shattering in the field, and is a determinate. Jenguma has an approximate grain
yield of 1.7–2.8 t/ha (17–28 bags/ha) [16]. Afayak (TGX 1834-5E) variety is also resistant to
shattering, lodging, resistant to pest infestation with a potential yield of 2.0–2.2 t/ha and is
also determinate. Both varieties are effective in the control of Striga hermonthica [17].

The pots which had dimensions of 15 cm diameter and 14 cm width were filled with
soil to a bulk density of 1.34 g/cm3, resulting in 2 kg of sieved soil per pot. The potted soils
were pre-saturated with water and allowed to drain for two days before sowing. Before
transferring the pots to the chambers, the emerged seedlings were nursed in a larger screen
house for 14 days to ensure uniformity and then thinned to 1 plant/pot. At 15 days after
emergence (DAE), the pots were transferred to the growth chambers. The pots continued
to receive watering to maintain the soil water at or near field capacity until flowering time
when water treatments were imposed. The pots were weighed every other day and topped
up with water for those treatments that required so. For W1, water was applied to saturate
the pots with a head of 2 cm which was allowed to drain, transpire or evaporate before
the re-watering to saturation. For W2, the soil water continued to be maintained at field
capacity with no ponding. In the case of W3, watering frequency was reduced to achieve
a longer drying cycle until maturity. In total W1, W2 and W3 received 21,900, 14,800 and
11,100 mL, respectively, by the end of the growing period. The water content in the pots
under W1 and W2 were between 0.35–0.4 gg−1 and 0.25–0.3 gg−1, respectively. For W3,
the water content declined from 0.30 gg−1 at the onset of water stress imposition to about
0.1 gg−1 at maturity.

2.3. Weather Variables Measurements

The weather variables (temperature in ◦C and relative humidity in %) were measured
in each growth chamber five times daily (6 am, 9 am, 12 noon, 3 pm and 6 pm) throughout
the growth period using a combined temperature and humidity meter (BioTemp 1 × 1.5 V
AAA). As the measurements were manual, no data could be collected in the night. The
average temperatures and relative humidity in each of the growth chambers were used to
estimate the daily vapor pressure deficit (VPD) following [18]:

VPD =
100− RH

100
× SVP (1)

SVP = 610.7× 10
7.5T

237 + T
(2)

where SVP is the standard vapor pressure (Pa), RH is the relative humidity (%), and T is
the temperature (◦C).

The potential evapotranspiration in each chamber was measured on daily basis by
measuring the decrease in the level of water in measuring beakers that were placed in
the chambers.
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2.4. Plant Development

The plant development was determined as the number of days to (i) 50% emergence,
(ii) 50% flowering, (iii) 50% podding, and (iv) 50% physiological maturity. The time to
reach each developmental stage was also expressed as the growing day degrees (GDD) or
cumulative thermal time TT, defined as

GDD = TT = ∑(Tav − Tb) t (3)

where Tav (◦C) is the average daily temperature in a given chamber, Tb (◦C) is the base
temperature and, t is time. The value of Tb = 10 ◦C was taken from the literature [19].
Additionally, data were collected on plant height, number of leaves, and rate of node
appearance using selected plants that were tagged soon after emergence.

2.5. Plant Growth and Yield

Plants were harvested sequentially during the growth period. Four (4) dry matter
harvests were carried out at vegetative (28 DAE), flowering (35 DAE), pod formation
(50 DAE) and at maturity stages. The dry matter was determined after oven drying for
three days at 70 ◦C. At physiological maturity, the matured pods (i.e., color turned yellow
to brown) were harvested to determine yield parameters such as pod number, seed number
and seed weight. The undamaged pods were detached from the plants and counted,
manually threshed and the undamaged seeds counted after which the seeds were oven
dried and the seed dry weight estimated.

2.6. Statistical Analysis

The data were analyzed with the analysis of variance (ANOVA) using GenStat statisti-
cal software (12th edition, 2009, VSN International Ltd., Hemel Hempstead, UK). Means
were separated using the Duncan Multiple Range Test and compared at 5% level of signifi-
cance. Microsoft Excel (Office 2013, Microsoft Corporation, Redmond, WA, USA) was used
for data entry and graphical representation of data were with Sigma Plot (2006 version,
SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Weather Conditions in the Chambers and Watering Regimes

Temperature variations during the growth period showed that the daily average
temperature range for E1 (highest temperature) was from 29.7 to 41 ◦C, (Figure 1a) but
the mean was 36 ◦C, giving a variability (CV) = of 7%. The temperature range for E2 were
between 29.6 and 38 ◦C while E3 (ambient) were between 29.1 and 37.5 ◦C. Environment
E2 and E3, had means of 34 and 33 ◦C, respectively, with both having CVs of 6%. On
hourly time scale, the ranges were far higher (not shown). Indeed, the daily cycle data
indicated that by early morning, the temperatures in all the chambers were similar but the
greatest differences were observed at 3 pm. The effect of night time temperatures were
not measured. Contrary to the temperature patterns, the relative humidity was lowest for
E3 and highest for E2. In general, the RH declined over time (Figure 1b). The average
relative humidity over the growing period in the chambers were 54, 57 and 44% for E1,
E2, and E3, suggesting a drier condition for E3 than E1 and E2, respectively. Although the
plants in E1 and E2 were under higher relative humidity, the higher temperatures in these
environments increased the stress on the plants.
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Figure 1. (a) Temperature (◦C) and (b) relative humidity (%) in the growth chambers throughout the
duration of the experiment.

3.2. Effect of Temperature on Plant Development

The variety Afayak attained 50% flowering (average 38 DAE) earlier than the Jenguma
variety (40 DAE) on chronological time basis. However, when expressed in thermal
time units, the differences were not significant (Table 1). Differences in temperature in
the different chambers influenced plant development. Plant development, especially to
maturity, was somewhat faster under E1 (36 ◦C) than the cooler environments in the case
of Afayak. In general, the Afayak variety appeared to be more sensitive to temperature
differences than the Jenguma variety.

Table 1. Chronological days and thermal time for developmental stages.

Environment Variety
Flowering Podding Maturity

CT (DAE) TT (◦Cd) CT (DAE) TT (◦Cd) CT (DAE) TT (◦Cd)

E1 (36 ◦C) Afayak 37 894 48 1176 97 2416
E1 (36 ◦C) Jenguma 39 928 52 1265 101 2506
E2 (34 ◦C) Afayak 38 895 50 1194 104 2530
E2 (34 ◦C) Jenguma 40 935 52 1234 101 2429
E3 (33 ◦C) Afayak 40 893 50 1134 97 2271
E3 (33 ◦C) Jenguma 41 913 52 1174 101 2360

Environment (Envt) 0.001 0.123 0.001
Variety (Var) 0.003 0.001 0.001
Envt × Var 0.604 0.178 0.001

CT, chronological time; TT, thermal time; DAE, days after emergence.

With regard to plant height, both varieties (Afayak and Jenguma) produced the highest
mean heights in E1 (36 ◦C) with Afayak showing a more rapid increase than Jenguma
(Figure 2a). Similarly, environment E1 had the 10 nodes formed by 48 DAE for the Afayak
variety whereas the same number of nodes appeared on 50 DAE for Jenguma (Figure 2b).
Thus, the Afayak variety showed greater sensitivity to increasing air temperature with
regard to node appearance. Jenguma showed little or no difference in the number of nodes
formed in all three environments prior to flowering.

Although there was no difference in the total number of nodes formed for both
varieties in all three environments, the rate of node appearance differed. The total number
of leaves for Afayak in E1, E2 and E3 were 35, 25 and 32, respectively, at 50 DAE, while
Jenguma had 37, 35 and 41 for E1, E2 and E3, respectively.



Agriculture 2022, 12, 43 6 of 13Agriculture 2022, 12, x FOR PEER REVIEW 6 of 14 
 

 

 

 

 
Figure 2. Differences in (a) plant height and (b) node appearance (c) leaf appearance for the two 
varieties under varying environment (E1: 36 °C, RH: 55%; E2: 34 °C, RH: 57%; and E3: 33 °C, RH: 
44%). 

Although there was no difference in the total number of nodes formed for both vari-
eties in all three environments, the rate of node appearance differed. The total number of 
leaves for Afayak in E1, E2 and E3 were 35, 25 and 32, respectively, at 50 DAE, while 
Jenguma had 37, 35 and 41 for E1, E2 and E3, respectively. 

3.3. Patterns of Biomass Accumulation 
Plants in E2 recorded the highest mean total dry weight (TDW) (p < 0.05) of 2.39 

g/plant at the end of the vegetative stage while those in E1 recorded a TDW of 1.51 g/plant 

Afayak

Days After Emergence (DAE)

10 20 30 40 50

Pl
an

t h
ei

gh
t (

cm
)

10

15

20

25

30

35

40

45

E1 
E2 
E3 

Jenguma

10 20 30 40 50

(a)

10 20 30 40 50

N
um

be
r o

f N
od

es

0

2

4

6

8

10

12
 E1 

 E3 
 

Days After Emergence (DAE)

10 20 30 40 50

Afayak Jenguma
   E2 
 

(b)

Afayak

Days After Emergence (DAE)
10 20 30 40 50

N
um

be
r o

f  
Le

av
es

0

10

20

30

40 Jenguma

10 20 30 40 50

 E1(36°C & 55%)
 E2 (34°C & 57%)
 E3 (33°C & 44%)

(c)

Figure 2. Differences in (a) plant height and (b) node appearance (c) leaf appearance for the two
varieties under varying environment (E1: 36 ◦C, RH: 55%; E2: 34 ◦C, RH: 57%; and E3: 33 ◦C,
RH: 44%).

3.3. Patterns of Biomass Accumulation

Plants in E2 recorded the highest mean total dry weight (TDW) (p < 0.05) of 2.39 g/plant
at the end of the vegetative stage while those in E1 recorded a TDW of 1.51 g/plant
(Table 2). At the flowering stage, Environment E3 had the highest total dry biomass with
mean weights of 5.22 and 6.04 g/plant for both Afayak and Jenguma varieties, respectively
(Table 2). The TDW of the Afayak variety in E3 was significantly higher than those in E1 and
E2 but no significant differences were observed between E1 and E2 while Jenguma variety
in E3 was significantly higher than E1 but not significantly different from E2. However,
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there was no significant difference between the means of the TDW of plants under E1 and
E2, hence no significant difference in plant growth between environments E1 and E2.

Table 2. Effect of environment on total dry biomass weight (TDW) at the vegetative and flowering stages.

Environment
(Envt)

Variety
(Var)

Vegetative
(g/Plant)

Flowering
(g/Plant)

Podding
(g/Plant)

E1 (36 ◦C) Afayak 0.85 4.01 4.57
E2 (34 ◦C) Afayak 2.18 3.52 6.07
E3 (33 ◦C) Afayak 1.83 5.22 7.48
E1 (36 ◦C) Jenguma 2.17 4.69 5.53
E2 (34 ◦C) Jenguma 2.6 5.06 6.62
E3 (33 ◦C) Jenguma 2.82 6.04 8.63

Envt 0.67 0.95 0.35
lsd (0.05) Var 0.61 0.65 0.29

Envt × Var 0.95 1.18 0.43

The overall growth pattern showed a general increase in biomass accumulation as
development stages progressed under each temperature environment and variety (Figure 3).
However, there was a decline in the growth of Afayak from flowering to the onset of podding
in E2. In the case of Jenguma, the decline in growth was sharper for E1 (hottest chamber).
At the podding stage, the highest total dry biomass for both varieties were observed
in E3 while the lowest for Afayak was observed in E2 (Figure 3). In general, increasing
temperature led to a decline in biomass accumulation for both varieties.
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Figure 3. Environmental change on plant biomass accumulation at different developmental stages
(BF, before flowering; Fw, flowering; Pd, podding) in two soybean varieties. (E1: 36 ◦C, RH: 55%,
E2: 34 ◦C, RH: 57% and E3: 33 ◦C, RH: 44%).

3.4. Varietal Differences in Pod and Seed Weights under Varied Temperature

The mean pod weight of the two varieties decreased as temperature increased (Figure 4a).
Pod weight decreased from 4.52 g/plant in E3 to 3.91 g/plant in E1 for Afayak variety
representing 13% reduction while for Jenguma variety, there was a significant decrease in
pod weights from 4.97 g/plant in E3 to 3.81 g/plant in E1 representing 20% loss. Although
for Afayak, the decrease was not significant among the three environments (E1, E2 and E3)
for Jenguma, the difference in the mean pod weights under E3 were significantly higher
than those in the other two environments (E1 and E2). Environment had significant effect
on dry seed weight of both varieties (Figure 4b), with decreased dry seed weight when
temperature increased. Grain yields reduced by 24% and 29% for the Afayak and Jenguma
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varieties respectively. Thus, grain yield was negatively affected by high temperatures.
However, Jenguma had significantly higher yield than Afayak in E3.
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Figure 4. Environmental effect on (a) pod weight and (b) dry seed weight of both soybean varieties.

3.5. Effect of Water Treatments on Yield under Varied Temperature

Imposing water stress at post-flowering (W3) yielded the lowest mean pod weights,
while the near saturation soil moisture condition (W1) recorded the highest mean pod
weights across the different environments (Figure 5a). Means of the pod weights under
water treatment; W1 were different among the environments with those in E1 having the
least mean pod weight. The mean pod weights under the water treatments; W1 and W2
were similar in E1. There were significant differences in pod weights among the water
treatments across environments. The dry seed weight under W1 was significantly higher
than W2 and W3 across environments with the water treatments under E3 having the
highest dry seed weights (Figure 5b). As with mean pod weight, the post-flowering soil
water deficit (W3) had the least dry seed weight in all three environments. Seed weights
under E1 and E2 were statistically different from E3. However, there was no statistical
difference between E1 and E2.
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Figure 5. Interaction of environment and different water regimes on (a) pod weight and (b) dry seed
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of the means).

The interactive effect of temperature and water on pod weights was significant
(Table 3). Generally, pod weight increased as water content increased under reducing
temperature. The combined effect of temperature and water stress led to significantly
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low pod weight under the E1 and E2 conditions with mean yield losses of 63 and 54%,
respectively. Except for the ambient temperature condition (E3), the W3 (soil water deficit)
treatment produced the lowest pod weight among the water treatments while W1 produced
the highest pod weight. The effect of soil water deficit at post-flowering was more severe
in E1 and E2 (with yield declines of 71 and 66%, respectively) relative to those in E3.

Table 3. Effects of environment and water as well as their interaction on seed weight and pod weight
showing varietal differences.

Environment
(Envt) Water Variety

(Var)
Dry Seed

Weight (g/Plant)
Pod Weight

(g/Plant)

E1 (36 ◦C)

1 1 2.39 cd 6.21 efg
1 2 2.14 bcd 5.09 defg
2 1 1.83 bc 4.65 def
2 2 1.99 bcd 4.78 defg
3 1 0.27 a 0.88 a
3 2 0.63 a 1.55 ab

E2(34 ◦C)

1 1 2.20 cd 6.22 fg
1 2 2.66 de 6.62 fg
2 1 1.51 b 4.61 de
2 2 1.76 bc 4.29 de
3 1 0.68 a 1.75 abc
3 2 0.38 a 1.33 a

E3 (33 ◦C)

1 1 2.29 bcd 5.71 efg
1 2 3.15 e 6.76 g
2 1 1.96 bcd 4.43 de
2 2 2.03 bcd 4.36 de
3 1 1.59 bc 3.43 cd
3 2 1.49 b 3.24 bcd

L.S. D (0.05) Envt 0.28 0.70
Water 0.28 0.70

Var 0.23 0.57
Envt ×Water 0.48 1.22

Envt × Var 0.40 0.99
Water × Var 0.40 0.99

Envt ×Water × Var 0.68 1.72
Common letters are not significantly different (p < 0.05) according to Duncan multiple range test. Variety 1 (V1),
Afayak; Variety 2 (V2), Jenguma; Water 1 (W1), near saturation; Water 2 (W2), field capacity; Water 3 (W3), soil
water deficit.

4. Discussion

Temperature and water (rainfall) are major environmental factors that impact plant
growth. In this study, the range of temperatures realized in the chambers mimic those
observed in the tropics and the possible future increases as predicted under climate
change [20,21]. Several authors have predicted increase in temperature over the years [4,20,21].
Data in Ghana has shown that the country has a high temperature with the average annual
temperature ranging between 24 ◦C to 30 ◦C. In spite of this, there are instances where the
temperature can be as high as 40 ◦C in northern Ghana [2]. Similarly, moisture stress due
to erratic rainfall pattern is known to be a major constraint to crop production. Therefore,
the chambers represented field conditions quite well. Furthermore, given the steady tem-
perature rise and the range of soil water used in this study, our treatments provide a good
basis to study the future of soybean performance in the region.

Differences in soybean response to temperature varied with variety, with the response
to temperature for the loss in pod weight in the Jenguma variety being doubled in compari-
son to the effect on the Afayak variety. High daily temperatures reaching 41 ◦C in E1 would
have been detrimental to soybean growth, given that the optimum temperature range is
reported to be between 20 and 35 ◦C [22]. Another study [23] stated that the optimum
temperature (Topt) for soybean growth is generally 30 ◦C. Even in the cooler chambers,
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maximum daily temperatures reached 39 ◦C in E2 and 38 ◦C in E3. Several studies have
shown that temperature influences the development, growth, and yields of crops [24,25].
In this study, differences were observed in the development of the soybean varieties (Afayak
and Jenguma) in the three environments (E1, E2, and E3). The environment E1, which had
the highest average temperature of 36 ◦C led to the shortest time to 50% flowering in both
varieties as compared to the other two environments (Table 1). This pattern of response
conforms to other studies. For example, a study by [26], showed that a certain soybean
variety sown at a high temperature season had a shorter time to flowering of 18 days after
sowing (DAS) compared to 28 DAS for sowing in a cooler season. In another study, [11]
reported that an increase in temperature led to a significant reduction in each phenological
stage in soybean.

In this study, the Afayak variety was more responsive to temperature with regard to
development than the Jenguma variety. Under all the three environments, 50% podding
for Jenguma occurred at 52 DAE (Table 1). Another plant development component that
is affected by temperature is plant height and node appearance. These two components
involve cell division with their rate of appearance higher under elevated temperatures.
In this study, plant height for both varieties increased over time and were enhanced
under increasing temperature (especially under the hottest environment). Earlier research
conducted by [27], showed that increases in temperature enhanced rapid vegetative growth.
Other authors also reported increased height in canola plants under high temperature
conditions [28]. In soybean, node development is a precursor to leaf development, the
main photosynthetic apparatus of the plant. Hence, both node and leaf appearance rates
affect the overall growth and yield. This study indicated that an initial rapid rate of
node appearance was more obvious with the Afayak variety under the high temperature
environment E1 (Figure 2b). The Jenguma variety also showed an increasing rate in node
appearance with increased temperature. This is consistent with the results of research
conducted by [29,30]. Similar trend was observed for number of leaves as node appearance
leads to leaf formation [31].

Elevated temperature also reduced biomass accumulation as earlier indicated by
Hatfield and Prueger [9], who showed that extremely high temperatures reduced signifi-
cantly the total vegetative dry weight of maize. High temperatures potentially accelerate
senescence and decrease leaf chlorophyll content particularly during the grain filling pe-
riod [32,33]. In this study, plants in the elevated temperature environments produced lower
pod weights of between 17 to 40% which could be attributed to increasing temperatures.
Hatfield et al. [8] stated that increases in temperature have the potential to reduce yield by
between 2.5% and 10%. Our finding is also supported by [34] who indicated that soybean
seed yield was sensitive to increase in temperature resulting in seed yield reduction.

Another component of climate change of relevance to plant growth is rainfall. The
water stressed treatment (W3; soil water deficit) had the lowest mean pod weight for all
the environments. This implies that soil water stress condition is capable of reducing pod
weights even under ambient temperature. This is in agreement with the findings by Hatfield
and Prueger [9], which showed that under water deficit conditions, there was reduced
biomass and grain yield under both ambient and high temperature conditions. Reduced
pod and seed yield under soil water deficit situation in this study is due to insufficient
moisture for proper growth and development which may have disrupted photosynthetic
activities. Plants normally close their stomata under water stress conditions resulting in the
reduction in uptake of carbon dioxide and hence, biomass accumulation declines. Qaseem
et al. [34] observed that water stress resulted in 45% reduction in grain yield compared to
the 66 to 71% observed in this study. The higher yield reduction in the current study could
be attributed to the fact that, water stress occurred at the reproductive stage which is known
to be very sensitive to water stress. Moisture stress at the reproductive stage interferes with
the translocation of metabolites (accumulated in the stems and leaves during the vegetative
stage) to the grains, thereby resulting in reduced grain size and hence, grain yield. Another
study explained the reduction in soybean yield under water stress to be attributable to
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hormonal imbalance in the leaves that results in growth inhibition, reduced chlorophyll
content and the relative water content in leaves [35,36]. In effect, continuous biomass
production is impaired, and the final seed production is adversely affected. Another
study [37] attributed soybean yield reduction under water stress during the reproductive
period to accelerated leaf senescence and shortening of the seed filling duration.

Increasing temperature trends will also increase the atmospheric demand for water
as was observed under the highest temperature condition (in the current study) which
recorded the highest potential evapotranspiration (224 mm) while E2 and E3 had cumu-
lative actual evapotranspiration rates of 208 and 185 mm, respectively. Increased water
vapour deficit will lead to increased leaf transpiration rate leading to a higher leaf tem-
perature and hence, reduced photosynthetic activity [9]. Thus, the increasing temperature
trends will increase the atmospheric demand for water. If drought frequency increases
(which is often associated with climate change) then the combination of high temperatures
and drought can be detrimental to plant growth and productivity. This is due to the fact
that the higher evaporative demand at elevated temperature forces the stomata to close and
thereafter leads to reduced transpiration and photosynthesis [38,39]. Hence, less assimilates
are available for optimum growth. These explain the reduction in dry matter accumulation,
pod and seed yield of E1 and also E2 observed in the current study.

The combined effect of both high temperature and water stress on yield of many crops
is believed to be greater than the singular effects of each stress [33]. We have observed
in this study that the interactive effect of increasing temperature led to drastic reduction
in pod and seed weights (Table 3), especially under the highest temperature condition.
Water deficits has been shown to aggravate the effect of increasing temperature on plant
biomass [12,39]. This drastic yield reduction can be attributed to a number of factors such
as higher evaporative demand at increasing temperature which causes the stomata to close
and thereafter leads to reduced transpiration and photosynthesis [40]. Also, if plants are
exposed to extreme temperature conditions, water stress could occur quickly since the plant
lacks sufficient capacity to extend its roots deeper into the soil profile to extract available
water in the deeper soil profile (hence its inability to meet the increased atmospheric
demand). The effect of temperature and water deficit in this study were severe mainly due
to the fact that the combined effect of the stress factors occurred during the reproductive
stage at which time the plants lack adequate plasticity to recover from the effect of the stress
factors. The drastic reductions in the total biomass accumulation at maturity observed for
the environments E1 and E2 at the high temperatures corresponds with the findings by [11]
who also observed that temperature and water stress significantly reduced the total above
ground biomass of soybean at harvest. Other studies [11,33] reported that the interactive
effect of temperature and water stress reduced soybean yield particularly so when water
stress occurred during the reproductive stage. Qaseem et al. [34] reported 56% decrease
in yield of wheat due to combined heat and drought stress which was higher than the
individual effects of 43% and 53% for drought and heat stress, respectively. In all cases,
combined stress of high temperature and soil water deficit were more detrimental than the
individual effect. Thus, the findings of this study agreed with previous observations.

Overall, the Jenguma variety had higher yields than the Afayak variety and appeared to
be more tolerant to environmental (both temperature and soil water) stress. There hasn’t
been any previous comparison regarding the performance of these two varieties under in-
creasing temperature and drought conditions, even though Asafo-Adjei et al. [16] reported
higher grain yields for Jenguma compared to other soybean under ambient temperatures.
However, when the stresses became extreme, both varieties failed in performance.

5. Conclusions

This study provides information on the response of soybean growth and yield under
potential future changes in temperature and soil moisture conditions. Increased temper-
ature beyond the optimal range resulted in the reduction in plant phenology and hence,
the amount of biomass accumulated, reduction in pod and seed weight, and, for that
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matter, grain yield. Additionally, increased atmospheric demand for water under high
temperature environment resulted in high evapotranspiration leading to high transpiration
and consequently reduced photosynthetic activity of the plants, thereby contributing to
biomass and grain yield loss. Both elevated temperature and water stresses post-flowering
significantly impacted plant growth and yield parameters negatively. The combined effects
of the two factors were more severe than the individual stresses. The Jenguma variety
with a longer life cycle was more resilient to the temperature stress than the shorter cycle
variety. However, under severe stress (36 ◦C) conditions, both varieties succumbed. Thus,
increasing temperatures and possible erratic rainfall distribution, associated with climate
change would likely impact adversely on the development, growth, and yield of soybean
crops in Ghana.
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