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Summary

� Nocturnal stomatal conductance (gsn) represents a significant source of water loss, with

implications for metabolism, thermal regulation and water-use efficiency. With increasing

nocturnal temperatures due to climate change, it is vital to identify and understand variation

in the magnitude and responses of gsn in major crops.
� We assessed interspecific variation in gsn and daytime stomatal conductance (gs) in a wild rel-

ative and modern spring wheat genotype. To investigate intraspecific variation, we grew six

modern wheat genotypes and two landraces under well watered, simulated field conditions.
� For the diurnal data, higher gsn in the wild relative was associated with significantly lower

nocturnal respiration and higher daytime CO2 assimilation while both species exhibited decli-

nes in gsn post-dusk and pre-dawn. Lifetime gsn achieved rates of 5.7–18.9% of gs. Magnitude

of gsn was genotype specific ’and positively correlated with gs. gsn and gs were significantly

higher on the adaxial surface. No relationship was determined between harvest characteris-

tics, stomatal morphology and gsn, while cuticular conductance was genotype specific. Finally,

for the majority of genotypes, gsn declined with age.
� Here we present the discovery that variation in gsn occurs across developmental, morpho-

logical and temporal scales in nonstressed wheat, presenting opportunities for exploiting

intrinsic variation under heat or water stressed conditions.

Introduction

Plant responses to nocturnal environmental conditions are proba-
bly an under-represented field of plant ecophysiology. Nocturnal
stomatal conductance (gsn) describes the active opening of stom-
ata at night and is independent of passive cuticular conductance
(gmin), which is estimated to account for up to one-tenth the val-
ues observed for gsn (Duursma et al., 2019). Nocturnal stomatal
behaviour is at first sight a conundrum; while daytime stomatal
opening (gs) balances the exchange of CO2 for photosynthetic
CO2 assimilation (A) with water transpired, gsn appears to main-
tain water loss with no carbon gain, reducing whole plant water-
use efficiency and potentially increasing vulnerability to subse-
quent heat and drought stress (Howard et al., 2009). In addition,
gsn may increase exposure to harmful pollutants such as ozone
(Matyssek et al., 1995). The responses of daytime gs are well
established (Lawson & Matthews, 2020); demonstrating closure
in response to decreases in light, humidity and high CO2, and
opening in response to the inverse conditions. By contrast, gsn
responses have been species specific; demonstrating both positive
(Caird et al., 2007) and insensitive gsn (Barbour & Buckley,
2007) to increasing vapour pressure deficit (VPD) and CO2

(Zeppel et al., 2012; Resco de Dios et al., 2013b). These
behaviours suggest a responsive role to gsn, which only occurs at
night, overriding normal daytime response.

Moreover climate change is resulting in global nocturnal (min-
imum, Tmin) temperatures rising up 1.4-fold faster than daytime
temperatures (Peng et al., 2004; Sillmann et al., 2013; Screen,
2014; Davy et al., 2017) leading to significant yield losses for
major crop species such as rice (Welch et al., 2010) and wheat
(Lobell & Ortiz-Monasterio, 2007; Garcı́a et al., 2016). For a
recent review, see Moore et al. (2021). These increases in Tmin

are having a greater impact on yield than daily maximum temper-
atures (Tmax; Cossani & Reynolds, 2013; Martre et al., 2017).
However, little consideration has been given to gsn at different
stages of development. In wheat, most research has focussed on
the impact of rising Tmin on the reproductive growth stages (e.g.
anthesis and grain filling), reporting between 4% and 10% yield
losses for every 1°C increase in Tmin for winter (Hein et al., 2019)
and spring wheat (Lobell & Ortiz-Monasterio, 2007; Garcı́a
et al., 2016). Any increases in diurnal ambient temperature are
usually accompanied by increases in water use and loss by crops.
At night, plants experience often highly contrasting environmen-
tal conditions to those experienced in the day; including signifi-
cant drops in temperature, high humidity and dew-fall and
lowered wind speed (Fig. 1; Jones, 2013).

Accounting for up to 55% of daytime water loss (Caird et al.,
2007; Schoppach et al., 2014), gsn occurs in crop and noncrop
species alike (Resco de Dios et al., 2019). At a larger scale, land-
surface models indicate that an increase in gsn from 0% to 5%
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could account for a reduction in available soil moisture of up to
50% in semiarid areas, emphasising the vital but often over-
looked role of gsn in large-scale water systems as many models
assume gsn to equal 0 (Lombardozzi et al., 2017). Although high
gsn appears indicative of low water-use efficiency (Claverie et al.,
2018; Schoppach et al., 2020), as yet, a single species-wide role
of gsn has yet to be established (Caird et al., 2007; Fricke, 2019;
Resco de Dios et al., 2019).

Roles for gsn have been proposed: positive correlations have
been observed between gsn and the breakdown of starch (Easlon

& Richards, 2009; dos Anjos et al., 2018) and a role in the main-
tenance of growth (Fricke, 2019); promoting continuous water
flow from the roots, aiding nutrient uptake and distribution
while maintaining the turgor required for expansion (Donovan
et al., 2001; Snyder et al., 2003; Marks & Lechowicz, 2007).
Conversely, high gsn has also been shown to reduce hydraulic
redistribution, limiting transpiration the following day. This
could culminate in reduced plant productivity if daily water-use
efficiency (Wi) is low (Howard et al., 2009). Noted by Resco de
Dios et al. (2016), gsn is often higher pre-dawn than post-dusk,

Fig. 1 A schematic summarising the main
factors influencing diurnal water movement.
At night, low temperatures, low vapour
pressure deficit (VPD) and wind speed
culminate in low boundary layer
conductance. Accordingly, high boundary
layer resistance limits the rate of nocturnal
transpiration (Tn), stomatal conductance (gsn)
and minimum leaf conductance (gmin). Under
the cooler nocturnal temperatures, the
canopy also experiences lower rates of
respiration and less water loss from the soil.
The soil is cooler and hydraulic redistribution
may occur in the root zone. As dawn
approaches, dew-fall and guttation can occur
as water vapour in the air condenses on the
cooler leaf surface and hydathodes expel
concentrated solutions to a near water
vapour saturated boundary layer. Foliar
uptake of H2O occurs in some species,
providing an alternative water supply to the
aerial parts of the plant. As the sun rises,
temperatures and wind speeds increase,
leading to high VPD and low boundary layer
resistance. These conditions promote high
rates of soil evaporation, root water uptake,
transpiration and stomatal conductance.
Under these conditions, characteristics such
as high leaf emissivity and glaucousness serve
to deflect high intensity solar radiation,
cooling the leaf to maintain low levels of
photorespiration, protect from
photoinhibition and mediate evaporative
cooling under increased temperature loads.
Schematic modified from images created by
Carvalho (2019) and Lobell (2017). Arrows
indicate plant (green), soil (blue) and
environment (grey)-centric processes.
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leading to the conclusion that this behaviour also serves to max-
imise carbon acquisition at dawn when VPDs are low (Resco de
Dios et al., 2016; Schoppach et al., 2020). This antecedent
response highlights a potential role for gsn to coordinate daytime
exchange of CO2 and H2O in response to either a circadian cue
(e.g. dawn or dusk) or a consistent but short-term event, for
example heatwaves, increased soil water availability or decreased
availability of starch under low CO2.

As gs regulates the exchange of CO2/H2O during the day, gsn
could be a potential mechanism for facilitating the uptake of O2

and release of respiratory CO2 at night. With up to 70% of daily
net photosynthetic carbon fixation estimated to be re-released via
respiration in the following evening (Atkin et al., 2005, 2007;
Liang et al., 2013), gsn could play a part in facilitating nocturnal
cellular expansion and repair (Daley & Phillips, 2006; Even
et al., 2018; Fricke, 2019). Recently an optimisation model was
proposed based upon trade-offs between leaf temperature, evapo-
rative cooling and respiration (Wang et al., 2021).

While the number of publications into crop gsn is growing
(Resco de Dios et al., 2019), most studies have focussed on the
response of gsn in specific developmental periods, for wheat the
reproductive growth stages (booting to anthesis). Clearly differ-
ent growth stages in wheat represent substantial changes in above
and below ground architecture, metabolic capacity and hydraulic
conductance. Understanding the magnitude of gsn and whether it
changes with phenology is vital in identifying a role for gsn but
also in generating targets for improving heat and drought toler-
ance. We hypothesise that nocturnal water loss in the earlier
growth stages could have important implications for establish-
ment and relative growth rate when sensitivity to temperature
changes is greater, due to the smaller size of the plants (Slafer &
Rawson, 1995). We also hypothesise that gsn is higher in geno-
types with intrinsically higher gs and lower Wi a relationship that
has not been fully established (Rawson & Clarke, 1988; Schop-
pach et al., 2014; Resco de Dios et al., 2019). A final omission in
the assessment of gsn is the use of realistic and appropriate condi-
tions for precise experimentation over diurnal periods. To over-
come this we utilised state-of-art controlled environment
technology to simulate realistic diurnal fluctuations in light and
temperature. The objective of this study was first to investigate
genotype-specific differences in gsn, assessing the contribution of
gsn for a modern T. aestivum and wild relative, T. urartu. Eight
wheat cultivars were then investigated for genotypic variation in
gsn under simulated conditions of north-western Mexico, and
whether these differences were growth-stage specific. gmin was
assessed for each cultivar at flag leaf to determine the contribu-
tion of gmin to gsn for each genotype. Finally, variation in stomatal
density, size and ratio were determined, along with harvest char-
acteristics.

Materials and Methods

Diurnal glasshouse measurements

Plants were grown and analysed at Sutton Bonington Campus,
University of Nottingham during the period 7–15 November

2019. Five wild relative plants, Triticum urartu (accession no.
1010001) and five modern spring wheat cultivar, T. aestivum
‘Paragon’, were potted into soil (John Innes No. 2; J. Arthur
Bowers, UK) and drip irrigated twice per day for 1 min with
Hoagland’s solution. Glasshouse conditions were maintained at
25/18°C � 2°C (day/night) under regular mildew, aphid and
thrip control measures. Photosynthetic photon flux density
(PPFD) was maintained to achieve 16 h of light using supple-
mental lighting (Son-T; Philips, Surrey, UK), applying up to
250 μmol m−2 s−1 PPFD at plant height when ambient PPFD
fell below 500 µmol m−2 s−1. During the measurement period,
maximum PPFD at chamber height ranged between 143.7 and
484.0 μmol m−2 s−1.

Using the flag leaf – decimal growth stage 39–40, as defined
by the UK HGCA (AHDB) growth-stage guide, which is based
on the Zadoks 100 point growth scale (Zadoks et al., 1974;
AHDB, 2018) – the ambient response of A/Rd and gs/gsn was
monitored using an infrared gas analyser (IRGA) (LI-6800; Li-
Cor, Lincoln, NE, USA) fitted with a clear-topped chamber. Leaf
areas for the modern genotype were between 4.8–6 cm2 and 1.5–
2.4 cm2 for T. urartu. To enable true assessment of gs and gsn to
ambient conditions, a carboy bottle buffered the ambient air
from the glasshouse to the IRGA. As such, CO2 concentration
was not controlled within the chamber. Measurements were
taken every 5 min with a match every 30 min for 24 h. Due to
the small signal-to-noise ratio of the T. urartu samples, measure-
ments of Rd were discounted from the analysis and discussion.

One wild relative plant and one modern genotype were mea-
sured per 24 h period using two IRGAs. Key diurnal periods
were compared between replicates; dusk (1 h before sunset:
21:00–22:00), dawn (1 h after sunrise: 06:00–07:00) and post
dawn (4 h after sunrise: 10:00–11:00).

Growth room conditions and plant material

Six modern spring wheat cultivars were chosen: ‘Paragon’,
‘Cadenza’, ‘Pavon76’, ‘Vorobey’, ‘Sokoll’ and ‘Borlaug100’. The
latter three are common high yielding check cultivars grown in
the Yaqui Valley (Obregon, Sonora, NW Mexico) as part of
CIMMYT field trials. Two Watkins landraces were also selected
with reported high (accession no. 468-W468) and low (accession
no. 483-W483) intrinsic water-use efficiency. Seeds were strati-
fied for 3 d on damp filter paper at 5°C, sown into compost
(Levingtons, M3, Everris, Ipswich, UK). After 2 wk, seedlings
were potted into loam soil representative of the Centro Experi-
mental Norman E. Borlaug (CENEB) research station (Yaqui
Valley, Sonora, Mexico; 27.370°N, 109.930°W). Plants were
randomised and drip irrigated for 3 min 3× day–1, increasing to
4 min at heading and 5 min at anthesis. When 80% of plants
were at anthesis, a high nitrogen fertiliser was applied for the
remainder of the growing period (5% OMEX Standard; OMEX
Agriculture Ltd, Kings Lynn, UK).

To simulate Mexican monthly temperature fluctuations the
average Tmin and Tmax ambient temperatures were calculated for
the months December (sowing) to April (harvest) for 2014–2018
as obtained from a field weather station (2016–2018, CIMMYT,
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Obregon, Sonora, Mexico) and a weather location located at
Obregon airport (2014–2016, 18 km from the field station).
These values were then applied to the model of Campbell &
Norman (2012) to simulate the daily changes in temperature
(Campbell & Norman, 2012; Fig. 2a) while humidity was main-
tained at 67.2% (�4.5%) with a mean VPD of 0.73 � 0.35
kPa. PPFD was determined following a three-parameter Gaus-
sian sigmoidal function (Fig. 2b), applying a maximum of
1000 μmol m−2 s−1 at solar noon (12:30 h) and providing a
photoperiod of 16 h : 8 h, light : dark. This response was stag-
gered to allow pre-dawn gas-exchange measurements to occur
within normal working hours of 08:00 to 18:00. Carbon dioxide
concentrations were also closely monitored (Fig. 2c). While
mean ambient CO2 slightly increased between December and
March, the maximum mean increase was 4.8 ppm (1.1%) and
reflected an increase in measurements. CO2 then declined in
February to April to concentrations similar to those observed at
the start of the experiment. Gas-exchange measurements inside
the growth room were limited to maximum 2 h with no return
within 1 h to prevent prolonged leaf exposure to high [CO2].

Gas-exchange measurements

Cultivars were measured within specific growth-stage periods as
characterised using the decimal growth-stage system; pre-flag leaf
(‘Pre-GS39’ – GS29-38), fully expanded flag leaf (‘GS39’ –
GS39-42), heading (GS51-59) and anthesis (GS61-69). Only
the main and second tiller of each plant were measured. Using an
infrared gas-exchange system and a 2 cm2 leaf chamber with an
integral blue–red LED light source (LI-6400-40; Li-Cor), leaves
were measured under ambient conditions 1 h before dawn and
4 h after dawn. For the pre-dawn measurements, leaves were
selected with the aid of a dimmed head torch (< 2 μmol m−2 s−1

PPFD at a distance of 50 cm) placed in the dark chamber under
a flow of 300 ml min−1 at 12.4 � 0.44°C leaf temperature,
55.0 � 4.41% RH, 400 ppm extracellular CO2 (Ca). For the
post-dawn measurements, leaves were illuminated with
1000 μmol m−2 s−1 PPFD and measured under a flow of
500 ml min−1 at 16.3 � 0.74°C leaf temperature and 62.5 �
2.56% RH, 400 ppm Ca. For all measurements, leaves were held
in the chamber for no more than 3 min. To distinguish between
adaxial and abaxial surface, porometer (SC-1, Decagon Devices,
Pullman, WA, USA) measurements of gsn and gs at booting
(GS40-49) and anthesis were made for the adaxial and abaxial
leaf surfaces. However, to ascertain concurrent rates of gsn/Rd or
gs/A, IRGA measurements were prioritised.

Cuticular or minimum conductance – gmin

Following the method of Sack et al. (2003), all measurements
were made on fully expanded flag leaves, sampled from the sec-
ond tiller 2 h post dawn. The excised ends were dipped in wax,
photographed for area and weighed to 4 dp. These leaf sections
were placed on coarse wire mesh shelving in a dark growth cabi-
net at 43.1 � 1.4% RH and 25.9 � 1.0°C for 1 h to close
stomata. The mesh shelving allowed airflow to both sides of the
leaf without damaging the leaf surface. Leaf sections were then
weighed at intervals of 20 min over a period of 5 h and placed
back on the mesh, alternating the sides that faced upwards for
maximum contact with the circulating air. Cuticular transpira-
tion was measured as the slope of water loss vs time; the slope of
the decline from 2 to 4 h was used to estimate cuticular transpira-
tion. The value of gmin was calculated as the rate of cuticular tran-
spiration divided by the mole fraction gradient in water vapour
from the leaf to air, assuming the leaf internal air to be fully satu-
rated (Pearcy et al., 2000; Sack et al., 2003). Ambient

Fig. 2 Simulated environmental conditions to mimic monthly fluctuations for a field in Obregon, Sonora, Mexico. (a) The response of photosynthetic
photon flux density (PPFD) was maintained throughout at a maximum of 1000 μmol m−2 s−1. Daily Tmin and Tmax were changed per month (b) for
December (dark blue), January (light blue), February (pink), March (yellow) and April (red), according to average values established between 2014 and
2018 from weather stations on or close to a CIMMYT field site (Obregon, Sonora, Mexico). [CO2] in the growth room was also monitored every 15 min
(c) throughout the growing period. Boxplots show the median (horizontal line), the quartiles (boxes). The whiskers represent 1.5-times the interquartile
range above and below the 75th and 25th percentile respectively, with extreme values indicated as dots, measured during measurement periods. The mean
[CO2] for the month is indicated above each boxplot.
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temperature and RH were measured at leaf height every minute
(TinyTag, Gemini Data Loggers, Chichester, UK).

Stomatal density, size and ratio

Stomatal impressions of the flag leaf (GS39-40) adaxial and abax-
ial leaf surfaces were taken of the same area using clear nail var-
nish. The abaxial surface was identified as the surface with the
most prominent midrib for each leaf. The impression was
removed using clear tape onto a microscope slide. Stomata were
counted from 10 fields of view at ×200 magnification per sample
(total area: 1250 μm2). Stomatal density and measurements of
pore length, guard cell width enabled the estimation of anatomi-
cal maximum stomatal conductance to water (gsmax; Parlange &
Waggoner, 1970; Franks & Beerling, 2009). Measurements were
obtained using IMAGEJ (Rasband, 1997–2018) software at a scale
of 5.36 pixel μm−1. Stomatal ratio was calculated as the number
of stomata found on the adaxial to abaxial surfaces of the leaf.

Biomass and yield

Seeds and dry biomass were harvested c. 2.5–3 wk post anthesis.
Ears were removed and counted for each plant, Three ears were
weighed per plant and then all ears were threshed. The total seed
weight and number was recorded. Harvest index was calculated
as the total grain yield per plant to total aboveground dry biomass
(Thomas & Prasad, 2003). Plant height and tiller number was
recorded into leaf or stem material that was placed in a drying
oven at 70°C for 72 h and weighed.

Statistical analyses

Statistical analyses were conducted in R (http://www.r-project.
org/). A Shapiro–Wilk test was used to test for normality and a
Levene’s test of homogeneity was used to determine if samples
had equal variance. Single factor differences were analysed using
a one-way ANOVA with a Tukey–Kramer honest significant dif-
ference (HSD) test where more than one group existed or using
Student’s t-test in which only two groups were compared. For
linear correlations, Pearson’s correlation coefficient was calcu-
lated. All replicate numbers reported are biological replicates. A
correlation matrix was calculated for all measured parameters
using either an average over all the measurements or separated by
growth stage. For visualisation, only significant (P < 0.05) pair-
wise Pearson correlations with significance are shown. The matri-
ces were created using the R package CORRPLOT (Wei & Simko,
2016).

Results

T. urartu demonstrates significantly higher gsn compared
with T. aestivum

To ascertain whether variation in gs and gsn exists between two
closely related species, diurnal gas-exchange measurements were
made on the flag leaves of wild relative, T. urartu, and modern

cultivar T. aestivum ‘Paragon’ (Fig. 3a). During the day, T.
urartu demonstrated significantly (P < 0.05) higher mean gs
(Fig. 3b; 0.384 � 0.097 mol m−2 s−1) and rates of CO2 assimi-
lation (Supporting Information Fig. S1; 3.79 � 1.14 μmol
m−2 s−1), more than 4-fold and 1.5-fold higher than those
observed for T. aestivum (0.098 � 0.013 mol m−2 s−1 and
2.59 � 0.49 μmol m−2 s−1, respectively). At night, mean values
of gsn were also 3.3-fold higher in T. urartu (Fig. 3c,
0.021 � 0.014 mol m−2 s−1) compared with T. aestivum
(0.006 � 0.004 mol m−2 s−1).

The diurnal data were split into key periods to determine the
impact of the magnitude of gs and gsn on the rates of photosyn-
thesis and respiration respectively. During the day, mean
responses of A and gs were determined for 1 h after sunrise
(‘dawn’), 4 h after dawn and 1 h before sunset (‘dusk’). T. urartu
was able to maintain significantly higher rates of gs (P < 0.0001)
for all three periods (Fig. 3b), enabling significantly (P <
0.0001) greater rates of carbon acquisition in these periods
(Fig. S1). However, consistently high rates of gs resulted in T.
urartu demonstrating values of Wi 2.8-fold lower than that mea-
sured for T. aestivum during the day (Fig. 2d, 0.011 � 0.004
mol CO2/mmol H2O m−2 s−1 and 0.029 � 0.007 mol CO2/
mmol H2O m−2 s−1 respectively).

At night, the diurnal data were split into two further periods of
interest: 1 h after dusk and 1 h before dawn. Again, T. urartu
was able to maintain significantly (P < 0.0001) higher gsn during
both periods (0.035 � 0.04 and 0.017 � 0.03 mol m−2 s−1

respectively); these values were 4.4-fold and 3.1-fold greater than
the values observed for Paragon for the same periods (Fig. 3c). At
1 h before dawn, T. urartu gsn values were 33.3% lower than the
values observed after dusk, while for Paragon this decrease was
55.3%.

Nocturnal conductance in elite lines is genotype and
growth-stage specific

Six modern spring wheat varieties and two Watkin’s Landraces
were measured before and after dawn during six growth stages.
Porometer measurements of gsn at booting and anthesis deter-
mined that adaxial gsn was significantly higher than abaxial gsn in
six of the eight genotypes measured for pre-dawn gsn (Fig. S2a)
and four of the eight for post-dawn gs (Fig. S2b). To our knowl-
edge, this is the first report of this behaviour in wheat. However,
to ascertain concurrent rates of gsn/Rd or gs/A, IRGA measure-
ments were prioritised.

Combining gas-exchange data across all growth stages, signifi-
cant differences were noted between the genotypes for both gsn, gs
(Fig. S3a,b, P < 0.007), A and Rd (Fig. S3c,d; P < 0.02). In
brief, Borlaug100 demonstrated significantly higher gsn across all
growth stages (P < 0.01; 0.063 � 0.048 mol m−2 s−1) when
compared with all other cultivars, with W468 demonstrating the
lowest mean gsn (0.023 � 0.019 mol m−2 s−1). During the day,
Pavon76 had the highest gs (0.502 � 0.176 mol m−2 s−1),
which was only significantly higher than Vorobey and Paragon (P
< 0.03). No significant differences were found between the indi-
vidual genotypes for Rd, while Pavon76 achieved the highest
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Fig. 3 The diurnal responses of (a) stomatal conductance (gs) in five biological replicates of modern genotype Triticum aestivum ‘Paragon’ and wild relative
T. urartu 1010001 over 5 days – the red dotted line indicates the mean stomatal conductance for all measurements taken for each genotype. The response
of the two genotypes was analysed at set periods during the day (b; see the Materials and Methods subsection Diurnal glasshouse measurements).
T. urartu demonstrated significantly higher values of gs 1 h post sunrise (‘Dawn’), during the day (‘Daytime’) and 1 h before sunset (‘Dusk’). In addition,
T. urartu also demonstrated significantly higher nocturnal conductance (c – gsn) compared with the modern genotype during the period 1 h post-dusk and
1 h pre-dawn (‘Pre-dawn’). Measurements are individual data points (n = 5). Boxplots show the median (horizontal line), the quartiles (boxes). The
whiskers represent 1.5-times the interquartile range above and below the 75th and 25th percentile respectively. A t-test was performed and asterisks
indicate the following levels of significance: ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05. When comparing (d) daytime CO2 assimilation
(A) and gs between genotypes, consistently higher gs led to low intrinsic water-use efficiency in the T. urartu (grey triangles) compared with Paragon (black
circles). The dotted line on (b–d) indicates zero gs or gsn.
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values of A (P < 0.05) when compared with Paragon and the
two Watkin’s lines.

When comparing the ratio of Rd/A, a significant negative cor-
relation was observed (R2 = −0.48; P = 0.002). Although this
relationship was not found to be genotype specific (P = 0.439),
there was a general trend observed between growth stage and Rd/
A ratio, with younger growth stages (<GS39, GS39) having
higher values compared with older material (Heading and Anthe-
sis; Fig. S4) however, no significant differences were observed
between the growth stages (P = 0.47).

Separating the data by growth-stage highlights additional
trends (Fig. 4). There was a general trend for decreasing conduc-
tance with age, both at night (Fig. 4a) and during the day (Fig.
4b), however this decrease was genotype specific. Vorobey
demonstrated the greatest decrease in mean gsn and gs between
<GS39 and anthesis (80.24% and 67.04% respectively), while
the smallest decreases were observed for Pavon76 (31.32%) and
Borlaug100 (21.13%).

Five of the eight cultivars indicated significant differences (P <
0.05) in gsn between growth stages (Figs 4, S5). Most significant
comparisons were between <GS39 and heading. No significant
differences were noted between <GS39 and GS39. For the post-
dawn measurements, seven of the eight cultivars indicated signifi-
cant (P < 0.04) differences in gs between growth stages. Growth
stages <GS39 and GS39 also achieved values of gs, which were
significantly (P < 0.04) higher than booting, emergence and
anthesis in the majority of cases. Borlaug100 was the only cultivar
to show no significant difference in gs throughout <GS39 to
anthesis (P = 0.23). In summary, the magnitude of gsn was

genotype specific, accounting for between 5.7% (�2.1%) to
18.9% (�3.6%) of the gs values 4 h after dawn.

In general, genotypes with the greatest mean gsn, saw the great-
est percentage decreases in the proportion of gsn to gs as the plants
aged, for example gsn in Borlaug100 fell from 16.9% of post-
dawn gs at <GS39 to 9.6% gs at anthesis. Conversely, those
plants in which mean lifetime gsn was low (<0.027 mol m−2

s−1), gsn made up a greater proportion of water loss as these plants
reached anthesis; Paragon achieved one of the lowest mean gsn
during its lifetime (0.03 mol m−2 s−1) – however, it demon-
strated the second greatest decline in gs from <GS39 to anthesis
(65%). Subsequently, gsn climbed from 9% of daily gs to 14.7%.

Significant positive relationships were noted between A and gs
(Fig. 5a) and gs and gsn (Fig. 5b). A significant negative correla-
tion was noted between Rd and gsn (Fig. 5c) and between Rd and
A (Fig. S4; R2

adj = −0.48, P = 0.002) between the genotypes
grown in the growth room. No significant relationship was deter-
mined between mean lifetime A and gsn (Fig. S6a; R2

adj = 0.44,
P = 0.27), however a significant positive correlation was deter-
mined between gsn at GS39 (R2

adj: 0.71, P = 0.05) and booting
(R2

adj: 0.87, P = 0.014) and A achieved at anthesis (Fig. S6b).
This decrease in gs and A over time was accompanied by signif-

icant increases in Wi over time (Fig. S7). With the exception of
Borlaug100 and W483, all genotypes demonstrated between a
51.0% (Pavon76) and 89.9% (Vorobey) increase in Wi when
comparing <GS39 and anthesis. While W468 and W483 were
selected were due to high and low water-use efficiency in the
field, there was no significant difference in Wi between these
genotypes (P = 0.21), nor was any single growth-stage Wi was

Fig. 4 The responses of (a) pre-dawn (gsn) and (b) 4 h post-dawn (gs) stomatal conductance in six modern spring wheat genotypes and two Watkins
landraces (W468 andW483) from tillering (<GS39) to anthesis. The stomatal conductance data for each genotype is separated into five broad growth
stages (see Gas-exchange measurements section for more details). Significant differences (P < 0.05) are indicated in the top right hand corner of each plot.
Asterisks indicate the following levels of significance: ***, P < 0.001; **, P < 0.01; *, P < 0.05. Data are the means with standard deviation (n = 4–6).
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significantly different when comparing these two Watkins lines.
However, there was a significant effect of growth stage within
each of the other six genotypes measured (P = 0.003). Com-
bined, Wi was also not significantly different between the
Watkins genotypes and the modern genotypes (P = 0.782).

Measurements of cuticular conductance (gmin) were performed
at flag leaf (GS39-42). Measurements of gsn at flag leaf were on
average 3.3-fold (Paragon) to 15-fold (Pavon76) higher than
measurements of gmin (Fig. 6a), suggesting that while gmin does
contribute to nocturnal water loss, stomata at this growth stage
are actively open at night. gmin was also significantly different
between genotypes (P = 0.003) with cadenza reporting the

greatest values (0.0077 � 0.0017 mol m−2 s−1) and Pavon76
the lowest (0.0027 � 0.0009 mol m−2 s−1).

Flag leaf stomatal density and ratio were also collected from all
eight genotypes (Fig. 6b,c). Genotype-specific significant (P <
0.05) differences in stomatal density were only observed when
comparing the abaxial (lower) leaf surfaces. In general, abaxial
pores and guard cells were shorter (Fig. S8a) and thinner
(Fig. S8b) with smaller estimated pore area (Fig. S8c). The
smaller size and density of the abaxial guard cells culminated in
smaller abaxial gsmax for the majority of genotypes (Fig. S8d). Sig-
nificant differences were found between the genotypes for all four
parameters (P < 0.001). While A was found to positively

Fig. 5 The growth-stage specific relationship between (a) CO2 assimilation (A) and stomatal conductance (gs) under 1000 μmol m−2 s−1 PPFD, (b) the
relationship between pre-dawn gs (gsn) and gs and finally, (c) the rate of respiration (Rd) and gsn. Data are the means (n = 4–6) with standard deviation of
six modern spring wheat genotypes and twoWatkins landraces (W468 and W483) and indicate the following growth stages; pre-flag leaf (dark green),
flag leaf (light green), booting (purple), heading (dark pink) and anthesis (orange). The coefficient of determination (R2 value) was determined for each
relationship and is shown in the bottom right corner of the plot along with the P-value. Asterisks indicate the following levels of significance; ***,
P < 0.001; **, P < 0.01; *, P < 0.05.

Fig. 6 (a) The minimum conductance (gmin), (b) stomatal density on the adaxial (light grey) and abaxial (dark grey) flag leaf surfaces of six modern spring
wheat genotypes and two Watkins landraces (W468 andW483). The stomatal ratio, the number of stomata on the bottom of the leaf (AB, abaxial)
compared with the top (AD, adaxial) of the eight genotypes was also estimated (c). For (a) boxplots show the median (horizontal line), the quartiles
(boxes), while the whiskers represent 1.5-times the interquartile range above and below the 75th and 25th percentile respectively. For (b) and (c), data are
the means (n = 4–6) with standard deviation.
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correlate (P = 0.01, R2
adj = 0.82 – Fig. S6a) with abaxial gsmax

and height negatively correlated with abaxial gsmax (P = 0.02,
R2
adj = −0.78; Fig. S6a), there was no significant correlation

ascertained between the stomatal measurements and gsn when
culminating the data across the lifetime of the plants. In terms of
growth-stage-specific comparisons, only adaxial gsmax and guard
cell width was found to positively correlate with gsn at heading
(P = 0.05, R2

adj = 0.71; Fig. S6b) and flag leaf (P = 0.05, R2
adj

= 0.71; Fig. S6b) respectively.
For all genotypes, there were more stomata on the adaxial sur-

face than on the abaxial surface resulting in stomatal ratios > 1,
despite the greater gsn observed from the adaxial surface in most
lines. These ratios were only significant for Pavon76, W468 and
Sokoll.

A significant positive correlation was observed between stom-
atal density and seed number (Fig. S9; R2

adj = 0.71, P = 0.05).
Conversely, a negative significant correlation was observed
between stomatal ratio and seed weight (Fig. S9; R2

adj = −0.74,
P = 0.035); plants with higher stomatal densities on the abaxial
surface achieved greater numbers of heavier seed.

Genotype-specific harvest traits

On average, the Watkins genotypes had the fastest rates of develop-
ment (see Fig. S9), were generally taller than the modern cultivars
– 98.3 � 1.5 cm compared with 81.9 � 9.7 cm (Fig. S10a),
exhibiting the highest number of tillers: 36.5 � 7.5 cm compared
with 20.8 � 5.1 (Fig. S10b). W483 (41.9 � 5.2 g) and Paragon
(37.2 � 2.2 g) produced the greatest total dry biomass while Bor-
laug100 produced the lowest (19.1 � 1.4 g; Fig. S10c). Stem and
leaf dry weight (DW) were consistent amongst all genotypes (34.6
� 3.6% and 65.4 � 3.6% of total DW respectively; Fig. S10d).
Total DW was negatively correlated with harvest index (R2 =
−0.89, P = 0.003) and gs at heading (R

2 = −0.84, P = 0.009).
While the modern genotypes produced higher numbers of

heavier seeds per plant, the Watkins genotypes produced greater
numbers of smaller ears with smaller, less numerous seed content
(Fig. S10e,f). The modern cultivars produced between c. 5 and
25 ears per plant, while the Watkins lines produced c. 25–45
(Fig. S10e). Seed weight was negatively correlated with stomatal
ratio only (R2 = −0.74, P = 0.035).

Harvest index (HI) was significantly different (P < 0.0001)
between the genotypes; Borlaug100 had the highest HI, signifi-
cantly (2.12 � 0.07, P < 0.05) higher than the Watkins lines.
Although the lowest HI values were observed in W483 (1.00 �
0.05), these values were not significantly different to modern
genotype, Paragon (1.15 � 0.59). HI was negatively correlated
(Fig. S6b) with height (R2 = −0.91, P = 0.001) and total DW
(R2

adj = −0.89, P = 0.003). While the genotype with highest
lifetime gsn also demonstrated the highest HI (Borlaug100), this
relationship was not significant (R2

adj = 0.62, P = 0.09).

Discussion

Nocturnal conductance still represents a biological enigma that
has wide reaching implications for crop water use, especially

under conditions of heat and drought. This study has determined
genotypic variability in gsn for wheat lines grown under simulated
environmental conditions of a north-western Mexican field (Fig.
2). These conditions – which are representative of 40% of wheat
grown globally – are characterised by progressively warmer days
and cool nights. Under these conditions, a significant positive
correlation was observed between gs and gsn (Fig. 5b), with both
measurements declining as the plants aged (Figs 3, 4). The mag-
nitude of gsn was leaf surface and genotype dependent, declining
as the plants aged. Cuticular conductance was also genotype
specific (Fig. 6a) and significantly lower than gsn.

The diurnal response of gsn

Evidence suggests that gsn has a circadian rhythm; characterised
by a decrease in gsn after dusk and an increase in gsn pre-dawn
(Caird et al., 2007; Resco de Dios et al., 2013a). This response
has been documented for tree species, dicots (Resco de Dios
et al., 2015, 2016) and for crops such as maize (Tamang &
Sadok, 2018) and wheat (Schoppach et al., 2014; Claverie et al.,
2016). Diurnal measurements provide key information on any
antecedent behaviour of gsn and highlight any coordinated rela-
tionships with gs, photosynthetic carbon uptake and respiratory
carbon release.

In this study, high gsn in the wild relative (T. urartu) was posi-
tively correlated with high gs (Fig. 3), which was also reflected in
the genotypes measured in growth room study (Fig. 5b) and has
been reported in the literature (Cavender-Bares et al., 2007). The
relationship between high gs and gsn has been linked to increases
in specific leaf area (SLA; Tamang & Sadok, 2018) and relative
growth rate (Resco de Dios et al., 2019). In general, the wild rela-
tives of modern wheat tend to have higher SLA (McAusland
et al., 2020) compared with their modern counterparts; support-
ing the observation that high gs and gsn maintain a resource-
acquisitive strategy under well watered conditions (Cheng et al.,
2016).

Despite significantly different magnitudes gsn for all time peri-
ods studied during the diurnal, both the wild relative and modern
cultivar demonstrated a decline in gsn during the night from dusk
to before dawn (Fig. 3c). This decrease in gsn contrasts with other
species within the published literature, which suggests that stom-
ata close in response to the onset of night and open before sunrise
to maximally acquire carbon under low VPD conditions (Resco
de Dios et al., 2016). The plants used in this study were not
exposed to highly variable VPD and perhaps these results support
the findings of those reported by Auchincloss et al. (2014) and
Hassidim et al. (2017); with A being more limited by biochemi-
cal processes than the rate of stomatal opening in the period after
dawn. While slow stomatal closure at the onset of night could
play a role in maintaining hydraulic processes, a decline in gsn
pre-dawn may indicate a water-conservative approach to sunrise
or a response to low temperature (Agurla et al., 2018).

There are significant, species-specific differences in the rate of
stomatal closure and opening in response to light (McAusland
et al., 2016, 2020). In species with dumbbell or graminaceous
guard cells, there is a significant positive correlation with the
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magnitude of opening or closing and the maximum rate of
response. There is also evidence that the higher the initial gsn the
more rapid the opening when exposed to an increase in light
(Wachendorf & Küppers, 2017). There may be a trade-off
between the magnitude of stomatal opening pre-dawn (and sub-
sequent water loss) and the rate of opening in response to dawn.
In short, a plant that can rapidly open its stomata in response to
dawn does not need to maintain high gsn before dawn. If pre-
dawn gsn is negatively correlated with speed of stomatal opening,
the magnitude of pre-dawn gsn may reflect prioritisation between
water loss and early-morning carbon gain dependent on water
availability. The long-term impact of this behaviour has yet to be
explored and will depend on many in vivo and environmental
factors; the speed of photosynthetic induction (and therefore the
concentration of intercellular CO2 - Ci - and RuBisCo activa-
tion), the availability of starch (Kwak et al., 2017) and pre-dawn
soil water availability due to competition or environmental
stresses (Yu et al., 2019). Quantifying variation in response and
magnitude of gsn in key nocturnal periods will be critical for
screening crops for heat and drought tolerance.

The magnitude of gsn is growth-stage specific

While the magnitude of gs peaks at leaf maturity and declines
towards leaf senescence (Field, 1987), less is known about intrin-
sic variation in gs throughout the lifecycle of wheat. From these
data, we have determined that gs declines from vegetative stages
towards anthesis for the majority of genotypes (Fig. 4b) – in line
with rates of CO2 assimilation (Fig. S6b) – and that gsn also fol-
lows this trend (Fig. 4a). For some genotypes, these declines were
not significant, for example Borlaug100, Cadenza and W483.
For Borlaug100, the genotype with the highest HI, both gsn and
gs were not significantly different between the growth stages. In
general, genotypes with the greatest mean lifetime gsn also saw the
greatest percentage decreases in their contribution to daytime gs.

While high gs can preclude low water-use efficiency, under well
watered conditions high gs also promotes greater rates of carbon
assimilation (Lawson & Blatt, 2014), biomass accumulation and
light interception (Blum, 2009; Tricker et al., 2018). With strong
positive correlations between gs and gsn, it is possible that the
magnitude of gsn reflects a method for fine tuning gas exchange
across each 24 h period to optimise water uptake, growth and
water loss during plant lifetime, a hypothesis that is in line with a
recent model based on optimisation theory (Wang et al., 2021).
While high gsn may improve yield under well watered conditions,
it may also reduce heat tolerance under drought conditions by
preventing complete plant rehydration before dawn (Kavanagh
et al., 2007), especially if insensitive to heating (Rogiers &
Clarke, 2013; Claverie et al., 2018). This suggests that although
gsn has a role to play in the establishment and growth of the plant,
there may be an optimum gsn, one that facilitates the regulation
of growth through water uptake/turgor maintenance while
demonstrating some sensitivity to temperature and water avail-
ability. The plants in this study were maintained under well
watered conditions, however declining gs and gsn after anthesis
could reflect a switch in priorities from maintenance of growth to

initiation of rapid senescence. More studies are needed to investi-
gate whether these growth-stage specific changes are fine tuned to
reflect whole plant priorities under stressed environmental condi-
tions such as heat or drought.

There is a fine balance between photosynthesis, biomass pro-
duction and respiration (Rd), with leaf-level A strongly coupled
to Rd (Wang et al., 2020). In the growth room, nocturnal con-
ductance was found to negatively correlate with respiration (Fig.
5c), with greater values of gsn accompanying smaller rates of CO2

release in younger leaf material. However, the range of Rd and gsn
values are both very small, making it difficult to attribute a simple
causal relationship between gsn and CO2 release. Rd is a key pro-
cess driving growth processes at night (O’Leary et al., 2017) and
is strongly influenced by temperature (Posch et al., 2019)
although it has not been determined whether gsn substantially
contributes to the nocturnal thermoregulation of leaves at high
temperatures or is simply a mechanism to mediate the release of
CO2. Accumulation of CO2 could inhibit the cytochrome respi-
ration pathway (Resco de Dios et al., 2019) and in the absence of
gsn, gmin is thought to be insufficient to alleviate increases of CO2

(Even et al., 2018).
In the work presented here, plants were not exposed to heat

stress. Rd is typically more sensitive to changes in temperature
than A (Posch et al., 2019), therefore to further investigate the
role between gsn and Rd, nocturnal heat and/or drought stress
should be applied. Interestingly, while many studies have shown
gsn decreasing under drought and heat (Rawson & Clarke, 1988;
Cavender-Bares et al., 2007), gsn in wheat has been shown to
increase, irrespective of water availability, under small increases
in nocturnal VPD (Claverie et al., 2018). This perhaps unex-
pected response requires more experimentation and highlights
that, although variation exists in the plants in this study, even
greater variation in gsn may exist in response to different combi-
nations of abiotic stress.

The magnitude of gsn is genotype specific

Significant differences in mean lifetime gsn were observed
between the modern genotypes, accounting for between 5.7%
and 18.9% of mean daytime gs, which is consistent with the liter-
ature (Duursma et al., 2019) and supports the observation that
there is variation to be exploited (Claverie et al., 2018) for
drought and heat tolerance in wheat (Sadok & Jagadish, 2020).
While the range of gsn was low compared with some studies, it
should be noted that these plants still exhibited gsn under con-
trolled, well watered conditions with no changes in water avail-
ability or VPD. In addition, under the well mixed conditions of
the growth room, it is unlikely that the magnitude of gsn observed
in this study reflected differences in boundary layer between the
genotypes. In the field, increases in Tmin and wind speed would
exacerbate any water losses at night through increasing the rate of
evapotranspiration and reducing the boundary layer. Identifying
variation in nocturnal water loss contributes to a growing body of
work that nocturnal transpiration is underpinned by a wealth of
genetic variation to be exploited for optimising crop water-use
efficiency (Duursma et al., 2019; Resco de Dios et al., 2019).
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While this variation has mostly been explored in woody species
(Daley & Phillips, 2006; Phillips et al., 2010; Coupel-Ledru
et al., 2016; Resco de Dios et al., 2016), interest is growing
around wheat (Claverie et al., 2018; Schoppach et al., 2020).
While the work here mostly focusses on pre-dawn responses, even
greater variation in gsn may also be observed at dusk (1 h after
sunset) or integrating water losses throughout the night (Fig.
3b).

These genotype-specific differences extended to gmin at flag leaf
(Fig. 6a), with a >3.8-fold difference between the lowest and
highest values, gmin did not correlate with gsn but contributed
between 6.6% and 30.1% of the value of gsn. This high degree of
intraspecific variation suggests that gmin should always be assessed
with gsn and, as we have shown with gsn, could be growth-stage
specific in wheat (Duursma et al., 2019). It was also interesting to
note that the magnitude of gsn is perhaps leaf-surface specific
(Fig. S2a), with up to 1.2–1.3-fold greater rates of nocturnal
water loss from the adaxial surface (0.125 � 0.04 mol m−2 s−1)
compared with the abaxial surface (0.051 � 0.01 mol m−2 s−1)
despite no consistency with morphology. This trend was also
observed for post-dawn measurements, with adaxial gs consis-
tently higher than abaxial gs (Fig. S2b). While morphological
amphistomaty is thought to provide a gas-exchange advantage,
shortening the pathways of CO2 and H2O exchange and promot-
ing rapid growth (Drake et al., 2019), it is unclear why the stom-
atal aperture on the two surfaces of the leaf would respond
differently at night. This behaviour could reflect more nocturnal-
specific fine tuning of diurnal requirements for gas exchange.

Finally, HI was also genotype specific, demonstrating a signifi-
cant positive correlation with gs. With a strong positive correlation
between gsn and gs, these results suggest that although any selection
against high gsn may improve drought tolerance or water-use effi-
ciency (Sadok& Jagadish, 2020), there may also be a yield penalty,
perhaps through limiting growth rates or dawn carbon acquisition
(Resco de Dios et al., 2016, 2019). For this study, variation in gs
under well watered conditions did not show strong correlations
with individual harvest characteristics such as biomass, height and
grain weight (Fig. S9). However, variation in gs and gsn may be an
indicator of tolerance under water or high temperature stress, with
those genotypes able to maintain higher gs (and gsn) also maintain-
ing cooler canopies and greater yields (Fischer et al., 1998; Lu
et al., 1998; Fischer & Edmeades, 2010). This would provide a
tractable means of selection for improved genotypes, but using
low gsn and/or low gs under nonstressful conditions.

The relationship between gsn, gmin and stomatal
characteristics

Cuticular conductance varies between species and is dependent
on the growth environment (Sack et al., 2003); decreasing under
drought and low humidity (Kerstiens, 1996). gmin has also been
shown as the primary source of water loss from expanding oak
leaves (Kane et al., 2020), therefore it is conceivable that while
gmin was only up to 15-fold lower than gsn at the flag leaf, it could
also vary with age; contributing considerably more water loss in
young wheat leaf material.

There are very few data available to link stomatal anatomical
characteristics with nocturnal behaviours, with most published
literature reporting changes in density and size due to large-scale
environmental factors, for example lower densities under warmer
temperatures (Rogiers & Clarke, 2013) and higher densities
under high VPD (Claverie et al., 2016). While we found signifi-
cant differences in stomatal density and ratio at flag leaf between
the genotypes studied (Fig. 6b,c) these values did not correlate
with gsn at flag leaf. Although stomatal size also varied between
the genotypes, only adaxial guard cell width positively correlated
with flag leaf gsn (Figs S6b, S8).

In amphistomatous species grown under well watered condi-
tions, high adaxial to abaxial (AD : AB) densities have been
linked to improving parallel CO2 diffusion in the leaf, increasing
mesophyll conductance and leading to higher rates of carbon
acquisition (Drake et al., 2019; Pathare et al., 2020). Although
one of the three genotypes to demonstrate significant AD : AB
density also had the highest lifetime CO2 assimilation (Pavon76;
Fig. S3), there are too few genotypes in this study to conclusively
link this trait with improved carbon acquisition. It is possible that
the occurrence of high AD : AB densities may be more common
under the optimum conditions presented here. The common
observation of lower AD : AB densities generally reflects a need
to conserve water by increasing AB densities in the more fre-
quently shaded areas of the plant (Mott et al., 1982), in this way,
high AD : AB ratios would not be advantageous under heat or
water stress.

Variation in stomatal density is generally accompanied by
changes in other anatomical characteristics such as vein density
(Claverie et al., 2016) and root epidermal thickness (and aqua-
porin density) to optimise plant vascularisation in line with
water demand. While root physiology are not covered in this
work, roots are intrinsically linked to water uptake and the
hydraulic status (Wasson et al., 2012) of the aboveground plant;
with deeper roots leading to cooler canopies and greater yields
(Li et al., 2019). As noted by Claverie et al. (2018), wheat
grown under high nocturnal VPD demonstrates significantly
higher gsn and significantly greater root biomass than plants
grown under low VPD, therefore it would not be unsurprising
if a link arose between root growth, water availability and gsn
for these genotypes. Further analyses of wheat genotypes under
water and heat stress conditions need to be conducted to deter-
mine whether gsn plays a role in drought or heat tolerance and
how gsn interacts with other nocturnal traits to sustain or
improve yields.

Conclusions

Here we describe genetic, developmental and morphology-
dependent variation in nocturnal stomatal conductance in wheat
together for the first time. Our results demonstrate that even
under the well watered conditions used, different growth stages
in wheat represent substantial variation in leaf-level nocturnal
conductance and therefore contribute to aboveground water loss.
Not only should this variation be taken into account for mod-
elling crop water-use efficiency and nocturnal water flux, it
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should also be considered when selecting for water-use efficiency
and for heat- and drought-tolerant genotypes for an increasingly
warm climate. To do this, knowledge of trade-offs of high or low
gsn with other whole plant processes and with yield under a range
of growing environments is required. The use of programmable
controlled growth environments to impose realistic thermal
regimes – which can uncouple confounding environmental vari-
ables – is a powerful tool in dissecting the role of gsn in plants.
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