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Abstract. In wheat, night-time transpiration rate (TRN) could amount to 14–55% of daytime transpiration rate (TR),
depending on the cultivar and environment. Recent evidence suggests that TRN is much less responsive to soil drying
than daytime TR, and that such ‘wasteful’ water losses would increase the impact of drought on yields. In contrast, other
evidence indicates that pre-dawn, circadian increases in TRN may enable enhanced radiation use efficiency, resulting in
increased productivity under water deficit. Until now, there have been no attempts to evaluate these seemingly conflicting
hypotheses in terms of their impact on yields in any crop. Here, using the Mediterranean environment of Tunisia as a case
study, we undertook a simulation modelling approach using SSM-Wheat to evaluate yield outcomes resulting from these
TRN trait modifications. TRN represented 15% of daytime TR-generated yield penalties of up to 20%, and these worsened
when TRN was not sensitive to soil drying TR. For the same TRN level (15%), simulating a predawn increase in TRN

alleviatedyieldpenalties, leading toyieldgainsof up to25%.Overall, thiswork suggests that decreasingTRNbut increasing
pre-dawncircadian controlwould be a viable breeding target to increase drought tolerance in aMediterranean environment.
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Introduction

Water use in non-Crassulacean acid metabolism crops is often
assumed to take place only during the day, due to total or near
total stomata closure during the night. As a result, crop models
commonly assume null transpiration rates (TR) during the
night-time. There is, however, evidence showing non-
negligible levels of nocturnal TR (TRN) for many plant
species (see reviews by Caird et al. 2007a; Marks and
Lechowicz 2007; Resco de Dios et al. 2019; Duursma et al.
2019). In crops, studies using gas-exchange or lysimetric
approaches found TRN values ranging from 8–55%
of daytime TR for alfalfa (Medicago sativa L., Abdel-Aziz
et al. 1964), kiwifruit (Actinidia deliciosa (A.Chev.) C.F.
Liang & A.R.Ferguson), apple (Malus domestica Borkh.,
1803; (Green et al. 1989), cotton (Gossypium hirsutum L.,
Tolk et al. 2006), tomato (Solanum lycopersicum L., Caird
et al. 2007b), almond (Prunus dulcis (Mill.) D. A. Webb,
Fuentes et al. 2013), bean (Phaseolus vulgaris L., Resco de
Dios et al. 2015), and, more recently, barley (Hordeum vulgare
L., Even et al. 2018; Sadok and Tamang 2019). In grapevine
(Vitis vinifera L.), large genetic variability in TRN has been
found, and the magnitude of TRN is driving breeding and
irrigation efforts to optimise crop water use (e.g. Rogiers et al.
2009, 2012; Fuentes et al. 2014; Coupel-Ledru et al. 2016).

In wheat, substantial TRN values have been reported
depending on the genotype and the experimental conditions,
particularly vapour pressure deficit (VPD). For instance, using
a gas-exchange approach, Richards et al. (1986) and Rawson
and Clarke (1988) identified wheat genotypes with TRN that
was 23 and 26% of daytime TR respectively. More recently,
Schoppach et al. (2014), using a gravimetric method for
estimating whole-plant transpiration, reported substantial
increases in TRN when nocturnal atmospheric VPD was
increased from 0.4 to 2.2 kPa, leading to TRN values that
could potentially represent 13.8–55% of daytime TR, the latter
being measured at a daytime VPD of 3.2 kPa.

Such non-negligible values could be highly problematic
from a water budget perspective, particularly for rain-fed
wheat grown under semiarid to arid environments where
average nightly VPD often exceeds 1 kPa during the
summer and could be as high as 2 kPa (Rawson and Clarke
1988; Tolk et al. 2006; Alvarado-Barrientos et al. 2015; Bazié
et al. 2018). In wheat, Rawson and Clarke (1988) estimated
that ‘profligate’ genotypes grown in South Australia could lose
as much as 0.5 mm per night under relatively well-watered
conditions, adding that ‘such measurements of night water loss
in wheat crops suggest totals of 40 mm for the season are
possible’.
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Another lesser known body of evidence suggests that even
under water deficit conditions, some wheat genotypes may
continue transpiring at high rates during the night, and
their daytime TR is being reduced by progressive soil
drying, resulting in an increasing contribution of TRN to
total water use under drought. Richards et al. (1986)
observed that the ratio of TRN to daytime TR increased
from 12 to 27% in plants subjected to well-watered and
water-deficit treatments, respectively, and more recently,
Claverie et al. (2018) used a gravimetric approach and
reported a strikingly similar finding on two Australian
wheat genotypes. Combined, the above observations
indicate that reducing TRN under a variety of water
availability regimes is potentially a worthy breeding target
as decreasing TRN would result in reducing seemingly
‘wasteful’ night-time water loss, that is, water that is not
traded for CO2 fixation (Sadok and Jagadish 2020).

Besides the magnitude of nightly water use, the temporal
dynamics of TRN during a given night may play a role in
controlling plant fitness and productivity under water-deficit
conditions. In Eucalyptus, Resco de Dios et al. (2016) found
that pre-dawn, circadian increases in stomatal conductance (gs)
were associated with faster stomatal opening in response to
early-morning increases in photosynthetically active radiation
(PAR), thereby leading to higher carbon assimilation rates and
early-morning radiation use efficiency (RUE). This, in turn,
was associated with increasing productivity and fitness under
drought (i.e. the ‘anticipative hypothesis’). In wheat, evidence
indicates that this phenomenon may exist. Tamang et al.
(2019) identified late-night circadian signatures in TRN time
courses among wheat genotypes, showing that such pre-dawn
increases positively correlated with maximal daytime canopy
conductance (Gs). More unexpectedly, such circadian control
was found to be positively associated with the year of release
of 23 drought-adapted south-Australian wheat cultivars
released between 1890 and 2008, in a manner that indicated
gains of productivity arising from a stronger increase in pre-
dawn TRN over time (Tamang et al. 2019).

Taken together, the outlined evidence points to the general
hypothesis that variation in nocturnal water use may contribute
to wheat yield gains under water-limited environments via two
mechanisms: (i) water conservation by reducing water loss
overnight; and (ii) a steep, late-night increase in night-time Gs

(GsN) leading to an increased RUE. Yet to date, there has been
no effort to examine the relevance of these hypotheses in
terms of their quantitative impacts on yield performance. In the
past, such efforts have been successfully conducted to estimate
yield gains or penalties arising from physiological alterations
that impact daytime TR, using process-based crop models
(e.g. Sinclair et al. 2005, 2010, 2014; Messina et al. 2015;
Guiguitant et al. 2017; Sadok et al. 2019). Although such
approaches have proven highly effective in informing breeding
programs, crop models have not been applied to test
physiological hypotheses examining nocturnal water use.

The main aim of the present investigation was therefore to
use a mechanistic crop model (SSM-Wheat, Soltani and
Sinclair 2012; Soltani et al. 2013) to examine the extent of
yield gains or penalties, arising from the above physiological
traits. Because the default option of crop models is typically a

GsN set at zero, a first goal was to characterise the impacts on
yield of two levels of constant GsN, reflecting TRN values
representing 15 and 44% of daytime TR, which cover most of
the range reported in the literature on wheat. A second goal
was to examine the consequence of these strategies while
assuming an insensitivity of TRN to progressive soil drying
as suggested by Richards et al. (1986) and Claverie et al.
(2018). A third goal of the simulation was to characterise the
effects of simulating a pre-dawn increase in GsN that led to
increasing daytime Gs and dry matter production for a given
solar energy unit captured expressed as an increase of 25% of
RUE. This approach was used to simulate the circadian
mechanism suggested by Resco de Dios et al. (2016) and
Tamang et al. (2019).

The simulation analysis was applied to the highly divergent
environmental conditions of Tunisia, a Mediterranean country
where wheat food supply derived from wheat is threatened by
recurrent drought events that regularly reduce yields by up to
50% (WFP 2011). The SSM-Wheat model was recently used
successfully to simulate yield gains and penalties resulting
from various daytime water use traits and accurately predicted
yield potential gradients encountered within that country
(Sadok et al. 2019). We hypothesised that (i) increases in
nocturnal water use will lead to decreasing yields; (ii) its
insensitivity to progressive soil drying would severely
aggravate that penalty; but (iii) low nocturnal water use
coupled with a pre-dawn increase in GsN would lead to
increasing yields.

Materials and methods
Description of the studied Mediterranean environment
A detailed description of the Tunisian environment is given in
Sadok et al. (2019). Tunisia is a North-African Mediterranean
nation situated in the transition zone between the arid Saharan
climate and the Mediterranean subhumid climate, and covers
three main pedo-climatic subdivisions illustrated in Fig. 1. In
the northern region, yearly precipitation ranges from 400 mm
to over 1500 mm, and the central region typically receives
200–400 mm of precipitation. The southern-most region is
essentially arid (<200 mm precipitation) where local wheat
varieties are grown under 150 mm of precipitation or less
(Perrot 1909; Émile 1950; Abaza 2012). Rainfed durum wheat
(Triticum durum) is the most widely cultivated cereal in
Tunisia and this crop’s production typically decreases along
the north–south precipitation gradient (Latiri et al. 2010).

General model description
The simple simulation model, adapted for wheat (SSM-Wheat)
was used to simulate crop development, growth and yield. This
model, originally developed by Sinclair and Amir (1992) is
described in detail by Soltani and Sinclair (2012) and Soltani
et al. (2013). The SSM model has been applied to geospatial
analyses in the Middle-East (Schoppach et al. 2017) and its
adaptation for wheat grown in Tunisia is fully described in
Sadok et al. (2019). The model was successfully used for
evaluating physiological traits as a basis for releasing drought-
tolerant germplasm in soybean (Sinclair et al. 2010; Carter
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et al. 2016) and maize (Gaffney et al. 2015; Messina et al.
2015).

In the model, plant leaf-area development is calculated as a
function of temperature accumulation expressed as cumulative
temperature units (�C). To obtain daily increase in leaf area
index (LAI), plant leaf area was multiplied by plant density,
which in these simulations was held constant 300 plants m–2

(Soltani and Hoogenboom 2007; Schoppach et al. 2017). Daily
crop growth is a function of the quantity of photosynthetically
active radiation intercepted calculated from LAI, multiplied by
photosynthetically active radiation use efficiency (RUE),
which was set to 2.2 g MJ–1 (Sadok et al. 2019). The
development of soil water deficit, as simulated by fraction
of transpirable soil water (FTSW), results in decreased daily
growth. Grain yield is simulated by assuming a constant linear
increase in harvest index (HI) through the seed filling period
(0.014 g g–1day–1). Therefore, any impacts on crop mass
accumulation will have a direct influence on seed growth
rate (Schoppach et al. 2017; Sadok et al. 2019).

Daytime and night-time weather data and adaptation to
an hourly time step
For these simulations, a grid pattern of 0.312 � 0.312� latitude
and longitude (~29 � 29 km) was established for the wheat-
production areas of Tunisia, resulting in a total of 183 locations.
At each grid location, daily weather data (minimum and
maximum temperature, solar radiation, and precipitation)
were generated for a 33-year period from 1979 to 2008
(Sadok et al. 2019). Because the available weather dataset did
not include VPD values, these were determined based on daily
minimum and hourly temperature values. Briefly, VPD
calculated using daily minimum temperature is subtracted
from the VPD calculated with hourly average temperature as
outlined by Tanner and Sinclair (1983). As minimal (i.e.
nocturnal) VPD was also needed, the daily minimum
temperature of the day after was used. The following equation
was applied in order to compute nocturnal VPD (VPDN)
transitions for each night.

VPDN ¼ ð½24� H�=10Þ � VPDN;i

þ ð½H � 24�=10Þ � VPNN;iþ1;
ð1Þ

where H is the hour of the day (0–24) and VPDN,i and VPDN,i+1

are the VPDs calculated using the minimum temperature of the
current day (i) and the following day (i + 1) respectively.

To take into account the genetic variability in the
transpiration time courses and response curves of TR to
VPD through the daily cycle, the model was modified to
function at an hourly time step (Sadok et al. 2019) while
taking into account daytime and night-time VPD. This was
necessary since SSM-Wheat originally operated on a daily
time step where daily TR (TRDaily) was calculated as follows:

TRDaily ¼ DMPDaily � ðVPDDaily=TECÞ; ð2Þ
whereDMPDaily is the daily drymass production, VPDDaily is the
weighted daily VPD and TEC is a constant transpiration
efficiency coefficient set to 5.8 Pa for wheat (Schoppach et al.
2017). This conversion from daily to hourly weather data input
was successfully used previously in SSM models for sorghum
(Sinclair et al. 2005), soybean (Sinclair et al. 2010), maize
(Messina et al. 2015) and wheat (Sadok et al. 2019).

Soil data
The model treats soil as a bucket represented by the volume of
soil colonised by the roots that expands with increasing depth
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Fig. 1. General location of Tunisia in (a) and map of the country
(b) highlighting its 24 governorates, the three main regional
subdivisions (Latiri et al. 2010) and average yearly (1909–1996)
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of water extraction front as described in Sadok et al. (2019).
Briefly, the fractions of sand, silt, clay, rock fragments and
bulk density were obtained for each grid location using the
Harmonised World Soil Database (HWSD 2012), and these
data were used to define curve number for runoff, volumetric soil
water content at saturation and at drained upper limit, extractable
soil water and drainage factor (Gijsman et al. 2002). Similarly,
root growth and water extraction parameters were set as in Sadok
et al. (2019). Maximal soil depth was assumed not to exceed
1.2 m across all simulated locations and the maximum increase
per biological day in depth for water extraction was set at 3 cm.
The extraction zone was set at 0.2 m depth at plant emergence.
Water used by the plant is located in the root system extraction
zone, between the soil surface and the root system water
extraction front. Rainfall was the only source of water input
to the soil and soil water loss was considered to occur via plant
uptake, soil evaporation, runoff and drainage below the root
extraction depth (Sadok et al. 2019).

Integration of nocturnal variables in SSM-Wheat
Given the goals of this study, the simulation required integrating
new variables reflecting nocturnal canopy conductance (GsN,
described in following section) and hourly TRN values. This is a
new development that was not part of previous uses of the model
SSM-Wheat. Here, TRN was calculated as:

TRN ¼ GsN � LAI� VPDN �WSF; ð3Þ
where VPDN is the hourly night-time VPD and WSF is a water
stress factor. Since SSM-Wheat originally did not take into
account TRN, other adjustments in the code were necessary.
Because SSM calculates daytime TR based on crop mass
accumulation, it can result in abrupt transitions in TR
between days and nights. In order to obtain more realistic
transitions, we allowed the model to operate in a ‘hybrid
mode’ during the transition, but not during the day where the
model runs as detailed in the literature (e.g. Soltani et al. 2013).
That is, to calculate hourly TR during the three last hours before
sunset using the formalism for calculatingTRN.The resultingTR
transitions (Fig. 2) are consistent with observed diel VPD time
courses (e.g. Bazié et al. 2018) and the resulting water losses are
counted as part of daytime TR in our simulations.

Simulations
Simulations of optimum sowing dates and daytime water use
traits were done exactly as in Sadok et al. (2019). These were
done initially to determine the optimum sowing date at each
location based on maximum yield calculated using the
‘standard’ traits model. A single optimal sowing date for
each location was then calculated by averaging the best
sowing dates from each year. In the analysis, arid and
Saharan regions in the south of the country were excluded
as wheat yields did not exceed 0.3 t ha–1 over 50% of the years,
and such low yields were not considered to be economically
viable. No nitrogen limitation was simulated in the present
study so that the yield results reflected only the environmental
limitation of water availability and no irrigation was
implemented in these simulations. An initial set of
simulations were made for a ‘standard’ genotype with a

null GsN, leading to a null TRN, a standard RUE set at
2.2 g MJ–1 and a threshold in fraction of transpirable soil
water (FTSWTh) at which partial stomata closure started to
cause a decrease in daytime TR that was set at a typical value
of 0.5 (Schoppach and Sadok 2012; Sadok et al. 2019).

Another set of simulations examined the effects on yield
stemming from different nocturnal traits. The first series of
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Fig. 2. Simulated hourly time courses of vapour pressure deficit (VPD,
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kPa–1, (ii) GsN = 0.107 mm H2O h–1 kPa–1, (iii) same GsN as (ii) but with a
circadian increase during the last 3 h of the night resulting in 25% increase
in radiation use efficiency (RUE). See ‘Materials and methods’ for details.
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simulations examined the effects of imposing a non-zero GsN

(set at two average nightly levels: 0.033 and 0.107 mm H2O
h–1 kPa–1). The lowest and highestGsN values were determined
based on experimental data gathered on wheat by Rawson and
Clarke (1988) and Schoppach et al. (2014) respectively. The
lowest GsN values were estimated based on a TRN of 0.5 mm
H2O per night measured in the field under a night-time VPD of
1.5 kPa for aLAIof 1.ThehighestGsNvalueswere determinedby
calculating the slope of TR response to nocturnal VPDmeasured
by Schoppach et al. (2014), but excluding the two extreme TRN

measurements that were measured under night-time VPDs
exceeding 1.5 kPa. TRN sensitivity to soil drying was
simulated by making TRN responsive to progressive soil
drying by decreasing TRN at the typical FTSWTh of 0.5

Finally, a third series of simulations examined the yield
responses arising from imposing a pre-dawn, circadian
increase in TRN over the last 3 h of the night, which was
positively correlated with an increase in the slope
of daytime TR response to VPD (Tamang et al. 2019).
Based on that study, a genotype with a GsN of 0.033 mm
H2O h–1 kPa–1 and 25% increase in pre-dawn TRN over the last
hours was simulated to exhibit 25% increase in RUE relative to
the standard genotype (GsN = 0 mm H2O h–1 kPa–1 and no
increase in pre-dawn TRN or RUE). In order to simulate a 25%
increase in TRN over the last hours of the night despite the
typical decrease in pre-dawn VPD conditions, GsN was
simulated to increase according to the following exponential
function during the three last night-time hours:

GsN ¼ GsN � 14:092e�0:754H ; ð4Þ
where H represents the number of hours before sunrise.
Despite these increases in late night GsN, a 25% increase in
TRN was hardly achieved because of the steep decrease in
VPD conditions and TRN time course was usually more akin to
alleviate a decrease than a clear increase (Fig. 2). In order to
isolate the effect of the circadian increase coupled with a
25% increased RUE from the base effect of TRN, the genotype
expressing the trait (GsN of 0.033 mm H2O h–1 kPa–1 and
25% increase in pre-dawn TRN and RUE) was also compared
with a ‘standard’ genotype displaying only a GsN of 0.033 mm
H2O h–1 kPa–1 with no circadian increase and unchanged RUE.

Data analysis
In each location and year, the effects of the night-time traits
were evaluated through three main indexes; (i) the yield ratio
between the average yield of the standard genotype and the
yield resulting from the same genotype expressing the
evaluated night-time traits; (ii) the probability of getting a
yield advantage from the considered trait over the 33
simulated years; and (iii) the average decrease in yield
variability coefficient due to the introduction of the trait of
interest. For each location, the yield variability coefficient
(CVYield) was calculated as a function of the standard deviation
of the yield (SDYield) and the average yield (mYield) as follows:

CVYield ¼ ðSDYield=mYieldÞ � 100; ð5Þ
Yield variability was defined as the value of the coefficient with
the trait minus the value of the coefficient without the trait.

Negative values therefore indicate that the considered trait
reduces the year-to-year yield variability. All the statistical
analyses were done using Microsoft Excel 2016 macros. The
maps were generated using R scripts (ver. 3.4.2, R Core Team
2017) using a kriging method to extrapolate data between
simulated points (Schoppach et al. 2017; Sadok et al. 2019).

Results

The average TRN resulting from the two imposed GsN levels of
0.033 and 0.107 mm H2O h–1 kPa–1 was, respectively, 15 and
44% of daytime TR. These values are consistent with the range
reported on wheat by Richards et al. (1986), Rawson and
Clarke (1988) and Tamang et al. (2019), but are below the
more extreme value of 50% of the average daytime TR
identified by Schoppach et al. (2014).

Irrespective of the level of night-time water loss, imposing
a non-zero TRN resulted in yield decreases across all of
Tunisia, with near-zero probabilities for yield increase and
higher variability in wheat yields (Fig. 3). The yield decreases
were more pronounced in the more arid central and southern
regions of the country, while the northern part was relatively
less affected. Not surprisingly, the highest yield penalties were
attributed to the highest GsN regime (0.107 mmH2O h–1 kPa–1,
representing on average 44% of daily TR). This level of
nocturnal water use resulted in the most extreme yield
decreases, reaching up to 60% in the food-insecure central
and southern regions of the country, and was accompanied
with substantial increases in yield variability (Fig. 3d–f).
Further, those decreases were quite significant even when
imposing a less aggressive TRN (GsN = 0.033 mmH2O h–1

kPa–1), which represents a night-time water use equivalent to
15% of daytime TR (Fig. 3a–c). In this case, the yield
decreases incurred in the north, central and south regions of
Tunisia averaged 10, 15 and 20%, with smaller increases in
yield variability of up to 10%, particularly observed in the
north (Fig. 3c).

As illustrated in Fig. 4, those decreases were slightly
amplified relative to the previous scenario when TRN

became insensitive to progressive soil drying, with penalties
averaging 2 and 8% over the whole country for the low and
high GsN scenarios respectively. Under this condition, and
similar to the first case (i.e. sensitivity to FTSW), the severity
of yield penalties gets larger along a north–south gradient,
particularly for the most water-consumptive TRN regime (GsN

= 0.107 mm H2O h–1 kPa–1). Under that scenario, potential
yield losses reached 70% in the central and southern regions,
which were associated with substantial increases in yield
variability, to up to 35–40% in the north-central regions
(Fig. 4). For the less aggressive TRN regime (GsN = 0.033 mm
H2O h–1 kPa–1), yield losses in the north, central and southern
regionsaveraged respectively10,20and25%,with the same level
of variability as in the previous scenario.

In sharp contrast to the above, simulating a predawn
increase in TRN leading to an increased RUE compared
with a standard genotype with a zero TRN not only
alleviated some of the yield penalties reported, but resulted
in yield gains in the northern part of the country, despite
imposing a GsN of 0.033 mm H2O h–1 kPa–1, (Fig. 5a–c).
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Although yields decreased by 5–10% in most of the central and
southern regions, the yield losses due to TRN representing 15%
of daytime TR (Fig. 4a–c) were alleviated by pre-dawn TRN

increase enabling RUE to raise (Fig. 5a–c). Gains of up to 5%
were observed in the north, with marginal effects on yield
variability. An exceptional 25% increase was also simulated at

the tip of Nabeul’s Governate (extreme north of the country),
but this result was strongly influenced by the impact of the
surrounding sea areas on the VPD estimates and should be
interpreted carefully. Such gains, however, were relatively
uncertain, as the probability for yield increase is never >0.6
for the northern regions.
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On the opposite, simulating the same behaviour (i.e. a
predawn increase in TRN leading to an increased RUE)
but compared with a standard genotype exhibiting a
GsN = 0.033 mm H2O h–1 kPa–1 without circadian increase
in TRN nor effect on RUE revealed more substantial and
systemic yield increases. In this case, yield gains ranging
from 10 to 15 and 25% (Fig. 5d) were found for the
central, northern and southern regions, respectively, with a
high probability (>0.7). Such gains were associated with a
marginal effect on yield variability, which ranged from –5% to
+5% (Fig. 5e, f). The increases in yield observed were the

result of higher daytime TR and carbon acquisition enabling
rapid use of water by the crop so that a greater proportion of the
soil water was used to support transpiration and crop growth,
rather than lost in soil evaporation.

Discussion

Wheat production is key to Tunisian food security and is
regularly threatened by drought events that often generate
yield losses of nearly 50%, as happened multiple times
during the last decade (USDA-FAS 2005, 2007; 2009,
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(TR), which are insensitive to progressive soil drying. The components of the figure are as described in the caption for
Fig. 3.
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2011, 2013, 2016; WFP 2011). Therefore, the deployment of
cultivars equipped with drought tolerance traits is particularly
desirable for the country. Recently, Sadok et al. (2019)
identified daytime TR-based traits resulting in water
conservation that led to yield increases in major wheat
growing areas across the country. However, while such
traits were shown to be effective in other crops (e.g.
Sinclair et al. 2005, 2010; Messina et al. 2015; Guiguitant

et al. 2017), there was no attempt at examining the possible
yield benefits or decreases resulting from variation in
nocturnal water use. Here, based on published research
documenting significant diversity in TRN in wheat, along
with evidence for its circadian, pre-dawn control and its
relationship with daytime gas exchange, we leveraged crop
simulation modelling to examine the potential of such traits for
further increasing wheat yield in Tunisia.
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Reducing whole-night TRN may be a good breeding target
to enhance water conservation

In wheat, all of the studies examining night-time water use
concluded that TRN or GsN is not null (Richards et al. 1986;
Rawson and Clarke 1988; Schoppach et al. 2014; Tamang
et al. 2019). In fact, none of the 92 genotypes examined in all
of these studies combined exhibited a TRN of zero, with values
representing 8–17% of daytime water use reported under
night-time VPD ranging from 0.37 to 1.4 kPa. The VPD
range tested in these studies is consistent with field
conditions, particularly in semiarid environments during the
summer, where overnight nocturnal VPD averages often
exceed 1 kPa, sometimes reaching 2 kPa or higher on
certain nights (Rawson and Clarke 1988; Tolk et al. 2006;
Alvarado-Barrientos et al. 2015; Bazié et al. 2018). For the
night-time VPD conditions in Tunisia and GsN = 0.033
mmH2O h–1 kPa–1, the simulation analysis indicated that
wheat had TRN values in the range of 15% of the daily
water use. This additional water loss at loss resulted in non-
marginal yield penalties of 5–20% in all wheat production
environments encountered in Tunisia (Fig. 3). Furthermore,
the analysis points to even more severe yield penalties (up to
25%, Fig. 4) if TRN is not sensitive or less sensitive to soil
drying than simulated for daytime TR as found in Richards
et al. (1986) and Claverie et al. (2018).

Because TRN and its response to drought are typically never
considered in breeding programs, these results point to an
additional, untapped potential to ameliorate wheat drought
tolerance in Tunisia. This could be done by breeding for
genotypes with the lowest possible TRN that are
additionally highly sensitive in response to soil drying (i.e.
TRN decreasing at high FTSWTh). Although there are obvious
logistical costs associated with screening TRN response curves
to FTSW, a phenotypic screen based on whole-plant TRN of
potted plants would be a feasible and cost-effective approach
for local breeding programs.

Maximising pre-dawn increase in TRN as a breeding target
to enhance radiation use efficiency

When simulating a late-night, circadian increase in TRN, the
analysis confirmed the hypothesis that productivity gains may
arise from pre-dawn increases in stomata conductance if that
increase is associated with an increase in RUE as suggested by
Resco de Dios et al. (2016) and Tamang et al. (2019). Despite
imposing such increase for a relatively ‘profligate’ genotype
exhibiting a TRN that was 15% of daytime TR, the net result
was a yield increase (of up to 5%) in the northern regions
(Fig. 5a). Relative to a standard genotype with a TRN of 15%
of daytime TR but with no pre-dawn TRN increase, those gains
increased from 10 to 25% with high probability across the
entire country (Fig. 5d–f). Such gains stemmed from the
positive relationship between pre-dawn increases in TRN

and higher daytime TR and dry matter production (DMP).
Therefore, increasing its conductance in return for a higher
DMP appears to be a worthwhile trade-off in regions with
sufficient rainfall. Finally, the simulations showed that an
extreme level of TRN, as high as 44% of daytime TR,
generated by the highest simulated GsN would result in

dramatic decreases in yield. These decreases cannot be, in
any case, compensated by any daytime trade-off (data not
shown).

Taken together, the above findings indicate that
conservative genotypes with low TRN but with a strong
circadian, pre-dawn increase in TRN would maximise the
yield benefits under water-limited conditions in the
Mediterranean environment of Tunisia. Based on this
simulation, the expected yield gains appear to be significant,
and may be even more pronounced if nocturnal traits are coupled
with other daytime water-saving traits. From a modelling
perspective, the results of this investigation point to the need
for a more accurate estimation of nocturnal water use and its
environmental, physiological and genetic drivers.

Caveats and recommendations for future research

This simulation analysis is to our knowledge the first effort
attempting at evaluating the quantitative impacts on yields
resulting from variation in nocturnal transpiration in any crop.
In this effort, we used data from a relatively limited set of
observations that were consistent despite differences in
methodologies used for estimating TRN (gas exchange,
Richards et al. 1986; Rawson and Clarke 1988: lysimetric,
Schoppach et al. 2014; Tamang et al. 2019) combined with a
specific crop model (SSM-Wheat). Therefore, further
investigations are critically needed to assess those values
and their range over a wider spectrum of experimental
conditions and genotypes and to quantify their yield
impacts using different crop models. This implies (i)
modifying crop models such that they capture non-zero
stomata conductance during the night; (ii) relying on
directly measured daytime and night-time VPD values
(which we had to simulate in this study); while (iii) taking
into account seasonal and climatic variation of weighted VPD
for transpiration estimation (Ghanem et al. 2020).
Furthermore, more basic research is needed in the eco-
physiology of night-time transpiration to better understand
and model its implications not only in terms of water use, but
also with respect to key processes such as hydraulic
redistribution in the soil, dark respiration, nutrient uptake
and patterns of growth (Neumann et al. 2014; Yu et al.
2019; Fricke 2019).
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