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Abstract: Food security is a major issue in West Africa. As a consequence of cli­
mate change, increases in temperature and shifts in precipitation will have 
major ramifications for which crops can be grown in the region. Here we con­
ducted an experiment to evaluate the impacts of short­term projected heat and 
water stress on three tomato varieties (Solanum lycopersicum): Oregon Spring, 
Roma VF, and Tropic. The plants were initially cultivated in the glasshouse pro­
grammed at 28/20oC day/night cycle. The treatments investigated were: con­
trol (CT); heat stress (Ht); water stress (Ws) and Heat + together with water 
stress (HtWs). For heatwave treatments, a 35/23oC day/night gradually taken 
up in a cycle was imposed. The water stress conditions were by decreasing the 
soil water field capacity by 50%. Leaf gas exchange and plant production 
parameters were measured. Our result indicated that all varieties suffered from 
significant declines in yield as consequence of the stresses. The heatwave treat­
ment proved more detrimental on the tomato fruit yield than the water stress, 
except when these two treatments occurred in sequential cycles. The results of 
this study suggest that heatwaves and water stress, projected to occur more 
frequently due to climate change, may adversely impact the growth and yield 
of these three tomato varieties. Also, there was an unexpected fruit yield per­
formance comparison among varieties tested in this experiment. 
 
 
1. Introduction 

     Food security is a global issue that is projected to exacerbate as the 
human population grows (Godfray et al., 2010). To meet the United 
Nations Millennium Development Goal of “eradicating extreme poverty 
and hunger”, considerable emphasis have to be placed on the developing 
regions of the world (Pingali et al., 2006), such as West Africa. West Africa 
comprises 15 countries and is home to an estimated 350 million people 
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(30% of the African continent) (United Nations, 
2018). The population of this region is increasing 
rapidly, and is expected to reach 490 million by 2030 
(Hollinger and Staatz, 2015). 
     In some part of West Africa, more than sixty per­
cent of the population are dependent upon rain­fed 
agriculture, which is characterised by low fertilizer 
use, poor seed quality, inadequate water manage­
ment, and low soil fertility (Benin, 2016). Agriculture 
is also negatively influenced by extreme weather 
events, such as heatwaves and droughts (Asare­Kyei 
et al., 2017). Indeed, the United Nations Food and 
Agricultural Organization reported that the drought 
occurred from June to August of 2019 in the Sahel 
region of West Africa, resulted in 9.7 million people 
being exposed to severe food insecurity, leading to 2 
million children being under acute malnutrition (FAO, 
2019). 
     Climate change poses additional concerns for 
food security in West Africa, particularly as the fre­
quency and intensity of extreme weather events are 
projected to increase (Sylla et al., 2016). Combined 
with climate change, the growing human population 
characterized by rain­fed agriculture in West Africa, 
suggest that the eradication of poverty and hunger 
from this region will be challenging. Thus, adaptation 
to future climate plays a crucial role in securing food 
production (Easterling et al., 2007) and will require 
efficient adaptation strategies from the respective 
governments. While, some of these strategies have 
low or no cost and are already used in the region 
(e.g. shifting planting dates or selecting more 
resilient crop varieties), other strategies, such as 
developing new varieties or increasing irrigation, will 
require greater investment (Rosenzweig and Parry, 
1994). 

Tomato: a key horticultural crop in West Africa 
     Tomato (Solanum lycopersicum L.) provides sub­
stantial economic and nutritional benefits for human­
ity (Klunklin and Savage, 2017). This crop is one of 
the world’s most highly consumed fruits (Arah et al., 
2015), with over 177 million tonnes of production 
across ~5 million hectares of harvested land globally 
(FAOSTAT, 2017). Within West Africa, tomato is 
among the top ten horticultural crops in terms of 
yield. In 2016, 3.7 million tonnes were produced 
across 0.7 million ha (FAOSTAT, 2017). This crop is 
typically grown throughout West Africa under rain­
fed conditions, with the greatest yield being achieved 
in the Sudano­Sahelian zone of West Africa, located 
south of the Sahara Desert and north of the humid 
Guinea region (Perez et al., 2017). 

     However, tomato growth and fruit production are 
affected significantly by climate (Petrozza et al., 
2014) and yield is generally reduced in areas with 
extreme weather events (Oladitan and Akinseye, 
2014) such as heatwaves (Hatfield and Prueger, 
2015), flooding (Ezin et al., 2010), and drought, as 
well as pests and diseases (Ximénez­Embún et al., 
2016). The optimum growth rate for most tomato 
varieties require temperatures between 20 and 27°C 
(Nicola et al., 2008) and 400­600 mm of water 
throughout their growing period (Jaria, 2012). 
Temperatures above 32°C can affect vegetative 
growth and reproduction of tomatoes (Pressman et 
al., 2002; Abdelmageed et al., 2003; Müller et al., 
2016), causing decreases in leaf area and plant devel­
opment during the flowering stage (Nduwimana and 
Wei, 2017) and the failure of tomato fruit set (Sato et 
al., 2000). Water stress may lead to poor tomato 
plant growth and productivity through inhibition of 
cell expansion and reduction of stomatal opening 
(Chaves et al., 2003). Water stress also decreases the 
rate of photosynthesis, especially through stomatal 
conductance, as well as abundance of flowers and 
fruiting quality (Murshed et al., 2013). 
     Due to the importance of tomato for the West 
African region and the potential threat of climate 
change on its production, in this work we assessed 
the effect of heatwave and water stress on three 
varieties of tomatoes. We hypothesised that: (1) 
heatwave and water stress (i.e. less than 50% of soil 
water field capacity) will have a negative influence on 
the tomato varieties, causing reductions in fruit yield 
even after recovery period exposure; (2) the effect of 
heatwaves followed by water stress will be more 
severe than either of these stresses alone, causing a 
significant reduction in fruit yield; and (3) seasonally 
adapted varieties of tomatoes will respond different­
ly to heatwaves and water stress, with varieties from 
warmer regions having higher yield than a cool­
region variety. 
 
 
2. Materials and Methods 
 

Plant material and environmental conditions 
     We selected three varieties of tomato, two of 
which are commercially grown in West Africa (‘Roma’ 
and ‘Tropic’), while the third (‘Oregon Spring’) is typi­
cally grown in cooler regions of the world. ‘Roma’ 
variety has a strong, compact stem with determinate 
vines (Gelmesa et al., 2010). This variety has been 
noted to be particularly suited to climatic conditions 
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in Savannah regions of West Africa (Ojo et al., 2013). 
Tropic was bred in the 1960’s in the USA as an inde­
terminate variety adapted to warm, humid climates 
(Strobel, 1970). In contrast, Oregon Spring was bred 
as a determinate tomato for cold tolerance (Baggett 
and Kean, 1986). 
     The experiment was conducted under controlled 
environmental conditions at the Plant Growth 
Facilities glasshouse (PGF) at Macquarie University, 
Sydney, Australia. Seeds obtained from a seed distri­
bution company called Eden Seeds, Australia, were 
germinated in a growth chamber at 22°C in commer­
cial punnets. Six weeks after sowing, seedlings of sim­
ilar height were transplanted to ten litres pots filled 
with 10 kg of soil mix that contained sand, topsoil, 
and rocky grey clay. Thirty­six plants of each variety 
were potted. The plants were initially cultivated in 
the glasshouse programmed at 28/20°C day/night 
cycle (temperature ambient, or TA). We kept a mini­
mum night temperature of 20°C. Then from 04:00 h, 
temperature was increased by 0.5°C every 30 min­
utes, then remained constant at 28°C until 17:00 h. 
Following this, temperature was decreased by 0.5°C 
every 30 minutes to reach the minimum night­time 
temperature of 20°C. This temperature cycle was 
selected as it represents the conditions under which 
tomatoes are commonly grown in West Africa. In 
addition, a 12­hour photoperiod of 600 μmolm­1s­1 
and CO2 concentration of 400 ppm (parts per million) 
were maintained in the glasshouses throughout the 
experiment. 
     After estimating the irrigation water capacity of the 
pots, all pots (with the exception of individuals in the 
water stress treatments, see details below) were 
watered daily to a 100% soil water field capacity (FC) 
which equated to a water holding capacity of 35%. 
The percentage water holding capacity was deter­
mined as the gain in the weight of the soil at satura­
tion point divided by the dried weight of the soil x 100: 
 
% water holding cap.= gain in weight of the soil at saturation point   
                                                                  dried weight of the soil               

x 100
 

 
     All plants were given the same quantity of fertiliz­
er fortnightly using Yates Nutricote Standard Grey® 
fertilizer containing NPK (16:4:4) liquid fertilizer at 
the rate of 1 g L­1. 

Experimental design 
     Our goal was to assess the ecophysiological 
responses of the three tomato varieties to heatwave 
and water stress. For heatwave treatments, a 
35/23°C day/night cycle (temperature high, or TH) 

was imposed, where temperature increased 1°C per 
hour from the minimum night temperature of 23°C 
from 04:00 h (local time) to the maximum day tem­
perature of 35°C then kept constant at this till 17:00 
h. Before been decreased at the same rate until the 
minimum temperature was reached (23°C), were it 
stayed constant again till the 04:00 h, then the cycle 
continued. This temperature range was selected 
based on future heat projections for West Africa 
(Abiodun et al., 2013; Sylla et al., 2016). 
     Presently, there is no consensus regarding future 
rainfall patterns for West Africa (Roudier et al., 
2011), however increases in the frequency of 
drought conditions have been projected for the west­
ern Sahel sub­region (west of ~0°E) (Monerie et al., 
2013). Thus, in this study, we simulated water stress 
conditions by decreasing the soil water field capacity 
by 50%. 
     To avoid location specific effects, the position of 
plants within the glasshouse were randomly rear­
ranged weekly. Once reaching the flowering stage 
(~six weeks after sowing), three treatments together 
with the control were initiated for a total duration of 
eight weeks. Nine individual plants of each variety 
were placed in each treatment.  
Ct ­ Control. Plants were grown at an ambient tem­
perature (TA) consisting of a 28/20°C day/night cycle. 
All individuals were watered daily to approximately 
100% FC. This condition was maintained for these Ct 
plants for the whole duration of the experiment. The 
treatment conditions are explained below: 
1. Ws ‐ Water stress treatment. Plants were grown at 
TA. The soil water field capacity of each individual 
was measured daily using a soil moisture sensor 
(Campbell Scientific Australia Pty Ltd ­Hydro 
sense11®). During the treatment, all individuals were 
watered daily to only 50% FC. This condition was 
maintained throughout the eight weeks of treatment 
application. 
2. Ht ‐ Heat treatment. Plants were exposed to a 
cycle of a 14­day heatwave (TH = 23/35°C night /day) 
followed by 14 days at TA, and were kept well­
watered. This cycle of conditions was maintained 
throughout the eight weeks of treatment application. 
3. HtWs ‐ Heat and water stress treatment. Plants 
were exposed to a 7­day heatwave, during which 
they were well watered then followed by seven days 
of water stress (i.e. 50% FC) at TA. Also, this cycle of 
conditions was maintained throughout the eight 
weeks of treatment application. 
     After this treatments application period, all the 
plants were returned to the Ct conditions (see details 
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above) and allowed to recover for five weeks then 
the experiment terminated. The above conditions 
were simulated to imitate what normally happen in 
nature during a heatwave occurrence. 

Ecophysiological and production measurements 
     Ecophysiological responses were assessed by 
measuring gas exchange traits, which included: tran­
spiration rate, intracellular CO2 concentration (Ci), 
stomatal conductance (gs), and net assimilation rate 
(E). These traits are widely used to evaluate physio­
logical responses of plants to heat­water stress con­
ditions (Nankishore and Farrell, 2016; Duan et al., 
2017). The traits were measured on three mature, 
fully expanded leaves without damage and in good 
health, from five plants per treatment and variety 
using a Licor 6800 portable photosynthesis system (Li 
COR, Lincoln Nebraska, USA). Gas exchange measure­
ments were taken at the third week (i.e. first week 
after complete treatments cycle­W3) and eight 
weeks (i.e. last week of treatment application­W8) 
between 09:30­14:00 h (local time). Also at the same 
period the number of flowers per plant were counted 
from the nine sampling plants per treatment and 
variety. Subsequently, the number of fruits that 
developed on these plants was also recorded. 
Maturity of fruit was determined based on a stan­
dard USDA colour chart (e.g. ‘light red’, UCANR, 
2011). During the termination of the experiment (i.e. 
after the five weeks of recovery period), matured 
fruits were collected and weighed. The fresh and dry 
above ground biomass of the sampled plants were 
weighed and recorded too, with drying undertaken in 
an oven at 70°C for seven days. Measurements were 
noted as Fresh Biomass Weight Without Fruit 
(FWWF), Fresh Fruit Weight (FFW), Total Fresh 
Biomass Weight (TFW).  

Statistical analysis 
     A two­way Analysis of variance (ANOVA) model 
with a correction formula called Satterthwaite 
approximation was performed to determine the 
effects of all the treatments (i.e. water treatment vs 
heat treatment vs both in sequential combination) vs 
control on the tomato varieties, using the lmerTest 
Package (Kuznetsova et al., 2017) in R version 3.4.3 
(R Development Core Team, 2017). As measurements 
were taken on the same individuals over two differ­
ent weeks, we used week as a covariate, with plant 
ID treated as a random effect. Post­hoc tests (Turkey 
contrasts) were used to compare means between 
treatments, and results were considered significant 

when p < 0.05. Statistical differences were reported 
as different letters on each figure. All figures were 
drawn in R using the ‘ggplot2’ (Wickham, 2016) pack­
ages. 
 
 
3. Results 
 
Ecophysiological measurements 
     From figure 1 and Table 1 it can be observed that 
for all the three varieties, transpiration rate differed 
significantly across treatments and weeks. 
Transpiration was generally highest among Ht plants 
and lowest in the HtWs treatment. For ‘Oregon 
Spring’, transpiration rates among Ht plants did not 
differ significantly to Ct, whereas rates were signifi­
cantly higher among ‘Roma’s Ht plants. For both 
Roma and Tropic, transpiration rates between Ct 
plants and Ws were not significantly different (Fig. 1). 

Fig. 1 ­ Transpiration rate (mol m­2 s­1) of three tomato varieties 
(Oregon Spring, Roma and Tropic). The treatments consi­
st of Control (Ct), Water stress (Ws), Heat + Water stress 
(HtWs) and Heat (Ht). W3 and W8 = weeks of treatments 
imposition with measurements. Bars with the same let­
ter are not significantly different at P<0.05 according to 
Turkey's test.
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     In general, plants exposed to heatwave stress had 
higher rates of intracellular CO2 compared to plants 
in the other treatments. The lowest values occurred 
among HtWs plants, with similar patterns for the 
three varieties (Fig. 2). Stomatal conductance (gS) 
across the three varieties was generally higher in Ht 
plants, and lowest in the HtWs treatment (Fig. 3, 
Table 1). However, treatment, week, and their inter­
actions differed significantly for each variety. Among 
Oregon Spring and Roma varieties, Ct and Ht plants 
had significantly higher gS than the HtWs plants. For 
Tropic, the Ht plants had significantly higher gs than 
HtWs plants in the weeks observed (Fig. 3, Table 1). 
Net assimilation rate (E) differed significantly for the 
weeks and the interaction between treatments and 
weeks among all the three varieties (Fig. 4; Table 1). 
  
Production measurements 
     For the three varieties, the number of flowers was 
greater in both of the heatwave treatments (Ht and 
HtWs) compared to the Ct and Ws treatments. Ht 
treated plants had significantly the highest number 
of flowers. Also, by the end of the treatment applica­
tion (w8), ‘Oregon Spring’ had an average of 8.5 (± 
0.6 SD) flowers among plants in the Ws treatment, 

Fig. 2 ­ Intracellular CO2 response (Pa) of the three tomato varie­
ties (Oregon Spring, Roma and Tropic). The treatments 
consist of Control (Ct), Water stress (Ws), Heat + Water 
stress (HtWs) and Heat (Ht). W3 and W8 = weeks of 
treatments imposition with measurements. Bars with the 
same letter are not significantly different at P<0.05 
according to Turkey's test.

Table 1 ­ Intracellular CO2 response (Pa) of the three tomato varieties (Oregon Spring, Roma and Tropic)

Tomato varieties Treatments Weeks Interaction 
F­value P value F­value P value F­value P value

Number of fruits
Oregon Spring 399.681 < 0.001 350.074 <0.001 0.0466 <0.001
Roma 206.190 < 0.001 243.735 < 0.001 61.612  0.019
Tropic 289.064 < 0.001 453.048 <0.001 84.548 < 0.001
Number of flowers
Oregon Spring 27.092   0.07 19.494 0.177 10.069 0.409
Roma 19.226   0.1568 27.351 0.1130 36.571 0.0289
Tropic 76.114   0.001 74.866 0.001 62.638 0.0033
Intracellular CO2 response
Oregon Spring 15.867   0.231 766.736 <0.001 12.037 0.3126
Roma 46.786  0.015 1.007.011 < 0.001 41.736 0.007
Tropic 41.423 0.023 11.552 0.285  0.9491 0.420  
Assimilation Rates
Oregon Spring 25.944  0.088  295.82 <0.001 7.449 <0.001
Roma 0.2935  0.829  911.11 <0.001 27.802 <0.001
Tropic 21.725  0.131 1322.9 <0.001 25.296 <0.001
Stomatal conductance
Oregon Spring 59.115 0.006 119.84 <0.001 72.924 <0.001
Roma 81.714 0.002 131.58 < 0.001 7.443 <0.001
Tropic 37.627 0.032 259.27 <0.001 11.078 < 0.001
Transpiration Rates
Oregon Spring 65.636   0.04 253.232 <0.001 13.997 0.247    
Roma 23.232 <0.001 237.1 <0.001 9.214 <0.001
Tropic 13.053 <0.001 241.49 <0.001 5.393 0.002

The treatments consist of Control (Ct), Water stress (Ws), Heat + Water stress (HtWs) and Heat (Ht). W3 and W8 = weeks of treatments 
imposition with measurements. Bars with the same letter are not significantly different at P<0.05 according to Turkey's test.
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and 15 (± 4) and 20 (± 7) flowers on plants in the 
HtWs and Ht treatments, respectively (Fig. 5). For 
both ‘Roma’ and ‘Tropic’, the average number of 
fruits that developed per plant differed significantly 
across treatments, weeks, and their interactions 
(Table 1). All three varieties produced fewer fruits 
under both heatwave treatments. This effect was 
most pronounced for Roma where, by W8 of the 
treatment period, Ct plants had produced an average 
of 19.4 (± 8.9) fruits per plant compared to Ht plants 
(Ht: 2.6±2.4 and HtWs: 0.8±1.8), and significantly 
more fruits than plants in the Ws treatment 
(9.8±4.4). Oregon Spring produced more fruits in the 
heatwave treatments compared to the warmer vari­
eties (Fig. 6, Table 1). 
     In general, heatwave treatments resulted in 
greater reductions to the harvested fruit weight than 
the water stress treatment. However, harvested 
fresh fruit weight (FFW) was higher among Ct plants 
compared to the other treatments (Fig. 7). This dif­
ference was significant for ‘Roma’ and ‘Tropic’ (Table 
2), although there was no significant difference 
between Ct and Ws treatments for ‘Oregon Spring’. 

For ‘Roma’ and ‘Tropic’ we found no significant dif­
ferences among treatments when we compared 
Fresh Biomass weight without fruits (i.e. FWWF = 
Fresh Biomass excluding fruit). However, ‘Oregon 
Spring’ biomass was significantly greater for Ht plants 
than the other three treatments. For this variety, 
heatwave stressed plants were able to maintain 
growth at the expense of fruit production. We found 
a significant difference in the total biomass weight 
(TFW) (due to the adding of fruits weight) among 
treatments (Fig. 7, Table 2).  
 
 
4. Discussion and Conclusions 
 
     We simulated the impacts of climate change by 
assessing the response of three varieties of tomato 
(‘Roma’, ‘Tropic’, ‘Oregon Spring’) to heatwave and 
water stresses. We found that assimilation rate, tran­
spiration rate, intracellular CO2 response, and stom­
atal conductance were all elevated under heatwave 
stress. In addition, we extended upon previous stud­
ies on tomatoes (e.g. Nankishore and Farrell, 2016; 

Fig. 4 ­ Net assimilation rate response (µmol m­2 s­1) of the three 
tomato varieties (Oregon Spring, Roma and Tropic). The 
treatments consist of Control (Ct), Water stress (Ws), 
Heat + Water stress (HtWs) and Heat (Ht). W3 and W8 = 
weeks of treatments imposition with measurements. 
Bars with the same letter are not significantly different at 
P<0.05 according to Turkey's test.

Fig. 3 ­ Stomatal conductance (mol m­2 s­1) of the three tomato 
varieties (Oregon Spring, Roma and Tropic). The treat­
ments consist of Control (Ct), Water stress (Ws), Heat + 
Water stress (HtWs) and Heat (Ht). W3 and W8 = weeks 
of treatments imposition with measurements. Bars with 
the same letter are not significantly different at P<0.05 
according to Turkey's test.
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Fig. 5 ­ Average number of flowers per plant for the three toma­
to varieties (Oregon Spring, Roma and Tropic). The treat­
ments consist of Control (Ct), Water stress (Ws), Heat + 
Water stress (HtWs) and Heat (Ht). W3 and W8 = weeks 
of treatments imposition with measurements. Bars with 
the same letter are not significantly different at P<0.05 
according to Turkey's test.

Fig. 6 ­ Average number of fruits per plant for the three tomato 
varieties (Oregon Spring, Roma and Tropic). The treat­
ments consist of Control (Ct), Water stress (Ws), Heat + 
Water stress (HtWs) and Heat (Ht). W3 and W8 = weeks 
of treatments imposition with measurements. Bars with 
the same letter are not significantly different at P<0.05 
according to Turkey's test.

Table 2 ­ ANOVA (F­value and P­value) comparing the impact of 
the treatments on the harvested fresh fruits and aerial 
biomass measurements that developed on three varie­
ties of tomato (OregonSpring, Roma and Tropic)

Fig. 7 ­ Fruit yield (marketable harvested fresh fruit) and aerial 
biomass accumulation response for the three tomato 
varieties (Oregon Spring, Roma and Tropic). The treat­
ments consist of Control (Ct), Water stress (Ws), Heat + 
Water stress (HtWs) and Heat (Ht). Measured during the 
termination of experiment (i.e. after allowing for five 
weeks’ recovery from the treatments). FWWF=Fresh 
Biomass weight without fruits; FFW=Fresh fruits weights; 
TFW= Total fresh biomass weight.

Tomato varieties Treatments

F­value P­ value
Fresh weight without fruits (FWWF)
Oregon Spring 3.04 0.046
Roma 1.18 0.335
Tropic 1.93 0.148
Harvested fresh fruits weights (FFW)
Oregon Spring 14.66 <0.001
Roma 18.00 <0.001
Tropic   9.79 <0.001
Total fresh weight (TFW)
Oregon Spring   6.75      0.002
Roma 19.89  <0.001
Tropic 10.96 <0.001

Sivakumar and Srividhya, 2016; Duan et al., 2017; 
Zhou et al., 2017) by assessing the impact of these 
stresses individually and sequentially on fruit yield, 
which is crucial from a socio­economic and food 
security perspective especially in region like West 
Africa. We found that these studied three tomato 
varieties experienced greater decline in yield (i.e. 
harvested fresh fruit weight) due to heat wave stress 
compared to water stress. However, under water 
stress fewer flowers were formed, indicating that 
heatwave stress results in a higher rate of aborted 
flowers compared with water stress, since its higher 
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number flowers did not transform to more fruits. 
Unsurprisingly, a greater impact on the plants fruit 
yield occurred when exposed to both stressors 
sequentially (i.e. heatwave then water stress togeth­
er). Plants exposed to this treatment (i.e. HtWs) were 
unable to form fruit despite having more flowers 
than plants exposed to water stress only. 
     Water and heat stress affect photosynthesis and 
other physiological processes of tomatoes 
(Nankishore and Farrell, 2016; Duan et al., 2017; 
Zhou et al., 2017). Thus, as climate change intensi­
fies, tomato yield in West Africa may decline due to 
the predicted higher frequency of heatwaves 
(Engelbrecht et al., 2015). High temperature can 
deactivate enzyme activity involved in the photosyn­
thetic process, reducing or inhibiting photosynthesis 
(Rennenberg et al., 2006). This, in turn, has been 
reported to cause a 2.5% to 10% decline in yield for 
numerous crop species (Hatfield et al., 2011). In 
tomatoes, heat stress also has the potential to affect 
the viability of pollen (Hatfield and Prueger, 2015) 
resulting in failure of fruit set (Sato et al., 2000). 
Nevertheless, the impacts of heatwaves can be allevi­
ated with irrigation. Here, we found that stomata 
closed when the plants in ambient temperature were 
under water stress, which invariably led to lower 
rates of leaf gas exchange. This was not the case for 
the plants under the heatwave treatment that 
remained well­irrigated, these plants consistently 
had higher values of stomatal conductance. 
     Crops differ in their capacity to recover from heat­
wave and water stress. For instance, some grains like 
maize (Zea mays L.) and rice (Oryza spp.) require a 
10­day period of normal conditions (i.e. lower tem­
perature and irrigation) after heat stress to enable 
the development of fruits (Hatfield and Prueger, 
2015). For our experiment, a period of 14 days of 
normal conditions (i.e. 28/20°C day/night cycle and 
well­watered) between heatwave­imposed stress 
was not enough for plants to recover and produce 
fruits from the flowers formed, although the magni­
tude of the impacts on fruit production varied among 
the varieties. ‘Tropic’ and ‘Oregon Spring’ varieties 
had significantly higher fruit yield than ‘Roma’. This 
finding highlights the vulnerability of these tomato 
varieties to heatwave and water stress. High temper­
ature can affect allocation of resources, such as 
above­ and below­ground tissues, with a tendency 
towards higher shoot­to­root ratios (Way and Oren, 
2010). Neither heatwave or water stress, individually 
or sequentially, significantly affected vegetative 
biomass of the three tomato varieties, which con­

trasts to yield. Under all treatments within this exper­
iment, the three varieties continued to have normal 
vegetative growth; however, flowers and the conse­
quent fruit yield were drastically affected indicating 
the importance of optimal conditions (i.e. tempera­
ture and water) to facilitate plant reproduction (Peet 
and Welles, 2005; Parvej et al., 2010). 
     Initially, we hypothesised that heat stress would 
have a greater negative impact on the yield of 
‘Oregon Spring’, the cool region variety, compared to 
the warm region varieties, i.e. ‘Roma’ or ‘Tropic’. 
However, our results indicate the opposite, suggest­
ing that Oregon Spring may out­perform either 
‘Roma’ and ‘Tropic’ under similar conditions. This 
finding may indicate a higher plasticity in ‘Oregon 
Spring’ and a higher adaptive capacity. We suggest 
future research to explore the genetic characteristics 
of ‘Oregon Spring’ in response to heatwave and 
water stress to validate this as a potential variety to 
use under stress climatic conditions in as used in this 
experiment. 
     This study indicated that under a simulated cli­
mate projection of 50% less soil water field capacity 
and a heatwave of 35/23oC­day night cycles for West 
Africa, leaf gas exchange and fruit yield of three vari­
eties of tomatoes were negatively affected, although 
vegetative growth was unaffected. Individually, heat­
wave stress was more detrimental for fruit yield than 
water stress, although experiencing these two stress­
es in sequence had an even greater consequence. 
Hence, ensuring plants are well watered can amelio­
rate some of the negative impacts of heatwave 
stress. Further studies are necessary to confirm the 
relationship existing among the various combinations 
of the heatwave and water stress conditions on dif­
ferent reproductive stages, such as pollen formation, 
pollen development and fertilization of tomatoes. 
Interestingly, the cool adapted variety assessed in 
this work, ‘Oregon Spring’, might represent an alter­
native option in warm temperature regions where 
‘Roma’ and ‘Tropic’ varieties are underperforming, 
provided that irrigation is not limited. 
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