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Abstract. Nocturnal transpiration (E) can reduce water productivity by causing water 
loss during a period without photosynthetic activity. This study quantifies tomato noc-
turnal E under greenhouse conditions, comparing two irrigation managements (full 
irrigation – FI vs. Deficit irrigation – DI) and four fertilization treatments (raw com-
post vs. sieved compost vs. mineral vs. no fertilization), addressing a key gap in under-
standing potential inefficiencies in crop water use. Physiological and environmental 
parameters were monitored weekly from transplanting to harvesting at four different 
hours each day (06:00, 12:00, 18:00, and 24:00). At harvest, fruit yield, quality, and 
water productivity were assessed. Only irrigation significantly affected E, with FI plants 
exhibiting higher daytime E rates (+11–16%) than DI. Stomatal conductance varied by 
time but was not influenced by irrigation. Nocturnal E persisted at ~12–13% of day-
time rates, indicating residual stomatal opening. Under FI, E positively correlated with 
leaf temperature and vapor pressure deficit, while under DI, E was more influenced 
by environmental temperature, reflecting tighter environmental control under water 
stress. Neither irrigation nor fertilization significantly affected total (on average 64.1 
Mg ha⁻¹) or marketable fruit yield (about 77.5% of total yield). Water productivity was 
significantly higher under DI (+14.7%) than FI (21.5 kg m⁻³). DI also increased fruit 
dry matter content (+6.5%) and slightly lowered fruit pH without affecting total solu-
ble solids, titratable acidity, or electrical conductivity. 

Keywords:	 transpiration, stomatal conductance, water productivity, fruits’ quality, 
fruits’ yield.

HIGHLIGHTS

-	 Nighttime transpiration was ~12–13% of daytime, unaffected by irriga-
tion management

-	 Deficit irrigation improved water productivity by 14.7% without yield loss
-	 Deficit irrigation increased fruits dry matter without altering other qual-

ity traits
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1. INTRODUCTION

Water is a critical and increasingly limited resource 
for agricultural production, directly affecting both crop 
growth and yield. However, the increase of water pro-
ductivity (WP) remains a major challenge, particularly 
in the face of climate change, growing food demand, 
and the increasing frequency of drought events (FAO, 
2021; IPCC, 2022; Borin, 2023). Among the physiologi-
cal processes involved in plant water use, transpiration 
(E) plays a fundamental role in leaf temperature (Tleaf) 
regulation and gas exchange, ensuring the uptake of CO₂ 
necessary for photosynthesis (Taiz and Zeiger, 2015). 
Stomata regulate the exchange of gases between the 
leaf ’s internal air spaces and the atmosphere, playing a 
crucial role in balancing CO₂ uptake for photosynthesis 
with the prevention of excessive water loss. Due to this 
dual function, they have become a key target in strate-
gies aiming to enhance WP in crops (Nguyen et al., 
2023). However, under suboptimal environmental con-
ditions, stomatal behavior can result in unproductive 
water loss. For instance, stomata may remain partially 
open during periods of water stress to support photosyn-
thesis, leading to a significant reduction in WP (Flexas 
et al., 2013). While traditional strategies have focused on 
steady-state stomatal conductance (gsw), recent attention 
to stomatal kinetics and responsiveness offers promising 
alternatives to enhance WP without compromising car-
bon assimilation (Nguyen et al., 2023).

Efficient irrigation systems aim to align water supply 
with plant water demand to maximize productivity. Irri-
gation is commonly based on reference evapotranspira-
tion (ET0) – which depends on environmental variables 
such as solar radiation, air temperature, vapor pres-
sure deficit (VPD), and crop coefficient (Kc) (Pereira et 
al., 2025). However, this simple approach can fall short 
of capturing crop-specific physiological responses and 
developmental stages, needing adjustment, for exam-
ple, considering the deficit irrigation (DI) management 
(Gong et al., 2020). To overcome this limitation, crop E 
models that incorporate factors such as leaf area index 
(LAI), stomatal resistance, and crop development stage 
have been proposed (Choi and Shin, 2020). Quantifying 
crop evapotranspiration (ETc) has thus become essential 
for implementing more targeted and water-efficient irri-
gation strategies (Sharma and Bhambota, 2022).

Since E is closely linked to plant physiology, it can 
serve as a reliable indicator of crop growth and devel-
opment. For this reason, designing irrigation strategies 
based on E models has become an increasingly impor-
tant approach to improve irrigation efficiency (Jo et al., 
2021). Various methodologies have been developed to 

estimate E, including the Penman–Monteith, Stang-
hellini, and Priestley–Taylor models, or to measure E 
through experimental approaches using soil water bal-
ance (Strati et al., 2018), gsw via porometers (Toro et 
al., 2019), sap flow (Lascano et al., 2016), and weighing 
lysimeters (Choi and Shin, 2020).

Despite these advances, comparatively little atten-
tion has been given to the substantial water losses that 
occur during the night. Recent evidence suggests that 
nocturnal E, though not associated with carbon assimi-
lation, may account for a considerable fraction of daily 
water loss. Across a wide range of C₃ and C₄ plant spe-
cies, nighttime E has been reported to range from 5% to 
15% of daytime E rates, with values reaching as high as 
30% under specific environmental conditions (Caird et 
al., 2007a; Fricke, 2019).

Carbon exchange and water vapor loss through E 
represent the two major mass flow processes in plants 
during the day. Interestingly, both continue at night to 
some extent through partially open stomata (Fricke, 
2019). Nighttime E has also been observed in crops 
grown under artificial lighting and in arid field condi-
tions, suggesting that nighttime E is both widespread 
and environmentally persistent (Resco de Dios et al., 
2016; Fricke, 2019).

The physiological role of nocturnal E remains debat-
ed. However, Fricke (2019) suggests that it may offer 
several benefits, including the maintenance of hydrau-
lic conductivity, facilitation of nutrients transport, and 
preservation of leaf water potential. Nighttime water 
loss may also facilitate respiratory CO₂ release through 
open stomata, a process essential for leaf expansion, par-
ticularly under stress conditions such as drought and 
salinity (Fricke, 2019). Under these circumstances, leaf 
expansion at night may represent a more efficient use of 
absorbed water compared to daytime, contributing to 
stress acclimation mechanisms. In Solanum lycopersi-
cum (tomato), for instance, Lanoue et al. (2017) observed 
a modest but measurable increase in nighttime E (from 
22:00 to 06:00), despite the absence of nocturnal light-
ing. Although this effect was less pronounced than in 
Eustoma grandiflorum (lisianthus), the results suggest 
that tomato exhibits circadian regulation of gsw. Notably, 
despite similar photosynthetic rates, tomato plants accli-
mated to red-white and red-blue LED lighting showed a 
reduction in overall water use efficiency by 25% and 31%, 
respectively, compared to those grown under high-pres-
sure sodium (HPS) lamps. These findings imply that noc-
turnal E can substantially impact WP, especially under 
artificial lighting conditions. From an agronomic per-
spective, nocturnal water loss can lower WP by consum-
ing irrigation resources without contributing to biomass 
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accumulation and carbon assimilation. Nevertheless, var-
iation in nighttime E among species and genotypes sug-
gests opportunities for genetic selection. A survey of wild 
and cultivated tomato species showed a range of night-
time E from 8% to 33% of daytime values, highlighting 
substantial intra- and interspecific variability and breed-
ing potential (Caird et al., 2007b).

Despite the economic importance of tomato, quan-
titative assessments of nocturnal E in this species 
remain limited, and no threshold values have been pro-
posed for breeding purposes. In particular, the occur-
rence of nocturnal E that do not contribute to biomass 
formation may represent a hidden inefficiency in the 
plant’s water balance.

This study addresses this gap by quantifying night-
time water loss in greenhouse-grown tomato under dif-
ferent fertilization and irrigation management, also 
assessing the quanti-qualitative tomato response.

2. MATERIALS AND METHODS 

2.1. Experimental site and materials

The study was conducted in a tunnel greenhouse at 
the “L. Toniolo” experimental farm of the University of 
Padova (45°21’00” N, 11°57’02” E; 7 m a.s.l.) from June 
to September 2022. The climate of the area is classified 
as sub-humid, with an average annual temperature of 
13.5 °C. The average annual precipitation (1994–2021) 
is 830 mm, but evapotranspiration typically exceeds pre-
cipitation from April to September by approximately 260 
mm (Berti et al., 2014). The soil is classified as Fluvi-Cal-
caric Cambisol (CMcf) with a silty loam texture (IUSS 
Working Group WRB, 2014). It has a field capacity and 
wilting point of 34% (v/v) and 13.5% (v/v), respectively, 
a bulk density of 1.45 Mg m⁻³, and a slightly alkaline pH 
(approximately 8).

2.2. Experimental layout

Before transplanting, two soil tillage operations 
were performed using a rotary tiller. Fertilization was 
applied between the two tillage operations, followed by 
the installation of a drip irrigation system and the trans-
planting of seedlings. One polyethylene drip line was 
installed for each tomato row. The drip lines (16 mm 
diameter) had in-line drippers inserted along the pipe 
at 0.5 m spacing, with a discharge of 1.1 L h-1. Tomato 
(HEINZ 1281 F1 - Furia Seed) transplanting took place 
on June 14, 2022, with a planting density of 2.5 plants 
m⁻², whereas harvesting on September 27, 2022.

The irrigation volume was determined using soil 
moisture sensors (Teros 10 - METER Group, Inc., Pull-
man, WA, USA) placed at three different depths (20 cm, 
40 cm, and 60 cm). Irrigation was applied when in the 
soil layer explored by the plants’ roots, remained the 
60% of the available water, restoring soil moisture to 
field capacity. The seasonal irrigation volume was meas-
ured using a water meter.

The experiment followed a split-plot design, with 
two irrigation management as the main factor (plots of 
45 m × 4 m each) and five levels of fertilization as the 
second factor (subplots of 7.5 m × 4 m each), for a total 
of 10 plots. The main factor included irrigation at 100% 
ETc (FI) (for a total irrigation volume of 320 mm) and 
at 75% ETc (DI) (for a total irrigation volume of 240 
mm). The fertilization factor included mineral fertiliza-
tion, raw compost, fractionated compost (<2 mm), and 
a control without fertilization. The amount of fertilizers 
applied provided 150 kg N ha⁻¹, 100 kg P₂O₅ ha⁻¹, and 
200 kg K₂O ha⁻¹ to the crop. The characteristics of the 
compost used in the experiment are reported in Table 1.

2.3. Tomato monitoring

From June 28 to September 6, 2022, physiologi-
cal (E, gsw, quantum yield of photosystem II - PhiPS2, 
VPDleaf, Tleaf) and environmental (Tref) parameters were 
manually measured weekly in six plants per plot using 
a porometer-fluorometer (LI-600, LI-COR Biosciences, 
Lincoln, NE, USA). Measurements were taken at four 
different hours of the day (06:00, 12:00, 18:00, and 
00:00). The choice to measure six plants per plot was 
made to allow the assessment of 60 plants (six plants 
across ten plots) within approximately one hour, thereby 
minimizing the potential influence of time on the meas-
ured parameters. Additionally, leaves’ chlorophyll con-
tent (SPAD index) was measured at 12:00 using a port-
able chlorophyll-meter (SPAD-502, Minolta, Japan). 

Table 1. Chemical properties of compost used

Element Content

Total N 2.0 %
Total C 22.4%
P 6373 mg kg-1

K 26549 mg kg-1

Cd 0.74 mg kg-1

Cr 36.96 mg kg-1

Cu 104.64 mg kg-1

Pb 37.37 mg kg-1

Zn 247.55 mg kg-1



56 Francesco Morbidini et al.

On September 13, 2022, three plants per plot were 
sampled to determine the fruit quality by measuring dry 
matter content after oven drying at 65 °C, total soluble 
solids (TSS) content (°Brix), electrical conductivity, and 
pH. Yield was quantitatively assessed two weeks later, on 
September 27, 2022, by harvesting five plants per plot. 
At the end of the growing season the WP was calculated 
using the following equation: 

2.4. Statistical analyses 

Descriptive statistics were calculated for all data-
sets to assess the main characteristics of the data dis-
tribution. The normality and homoscedasticity of 
residuals were evaluated using the Shapiro-Wilk test 
(Shapiro & Wilk, 1965) and the Bartlett test (Snedecor 
& Cochran, 1989). When these assumptions were not 
satisfied, Z-score normalization was applied (Cheadle 
et al., 2003).

A linear model was fitted using the ‘lm()’ function in 
R software (Bates et al., 2015) to evaluate E as a function 
of irrigation regime and sampling hour, including their 
interaction, across the full dataset. The same approach 
was used to assess crop yield, WP, and fruits’ quality-
related parameters – dry matter content, TSS content, 
electrical conductivity, and pH – as functions of irri-

gation and sampling hour, including their interaction, 
using the complete dataset. 

Post hoc analyses were conducted using the 
‘emmeans’ package (Lenth et al., 2021) to estimate mar-
ginal means, in combination with the ‘rstatix’ or ‘mult-
comp’ packages (Kassambara, 2019), applying the Sidak 
method for multiple comparisons.

The correlation between all variables analyzed and 
T was examined by calculating Spearman’s rank correla-
tion coefficients using the R function ‘cor’ with method 
= “Spearman”.

3.RESULTS AND DISCUSSION

3.1. Crop’s physiological traits 

The analysis of fertilization and irrigation effects 
revealed that neither fertilization nor the interaction 
between the two factors significantly influenced E and 
gsw. Therefore, based on these results, we focused exclu-
sively on irrigation, excluding fertilization from subse-
quent analyses.

Considering the entire growing cycle, we observed 
that E varied significantly over time and between irri-
gation regimes. The analysis of the irrigation manage-
ment × sampling hour interaction across the full dataset 
revealed significant effects on E (Figure 1). At 12:00, the 
highest E rates were recorded, with FI showing signifi-

Figure 1. Crop transpiration (E) (mmol H2O m-2 s-1) (A) measured in two irrigation management, one with s with 100% ETc irrigation 
(FI) and the other with 75% ETc irrigation (DI) assessed at four sampling hours (6:00 – 6, 12:00 - 12, 18:00 - 18, and 24:00 - 24). Different 
lowercase letters indicate significant differences between irrigation managements (p-value ≤ 0.05). The box shows the quartiles of the data-
set, while the whiskers extend to show the rest of the distribution.
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cantly higher values (+11.1%) than the DI. At 12:00 the 
solar radiation usually peaks as well as the VPD, which 
might have driven stomatal opening and E, as previously 
suggested (Grossiord et al., 2020). The higher E observed 
in FI might have been related to the greater water avail-
ability and higher gsw (Chaves et al., 2002). 

By 18:00, E decreased in both irrigation manage-
ments, although it was still significantly higher in FI 
(+15.8%) than DI. This finding is consistent with the 
natural decline in light intensity and air temperature. 
The higher values registered in FI, confirm the rela-
tionship between E and water supply even in the after-
noon. Throughout the daytime, as reported in literature 
(Flexas et al., 2006), DI might have induced partial sto-
matal closure to conserve water, thereby reducing E rate. 
In addition, the higher relative difference at 18:00 than 
12:00 might suggest a cumulative effect of water stress 
over the day under DI.

No significant effect was instead monitored during 
the night measurements (6:00 and 24:00) when E was 
low, but consistently above zero, confirming the findings 
of previous studies (Caird et al., 2007a; Resco de Dios 
et al., 2016). The absence of treatment effects at night 
may suggest that the two compared irrigation manage-
ments in our experimental greenhouse conditions have 
less impact on stomatal behavior during nocturnal peri-
ods. On average across the growing season, nighttime 
measurements showed that E at 06:00 was 1.4 times 
higher than at 24:00, reaching 0.5 mmol H₂O m⁻² s⁻¹. 
This might be related to a pre-dawn stomatal opening 
in anticipation of light, as suggested by the findings of 
Resco et al. (2009).

On average, the daytime E values (12:00 and 6:00) 
were 7.7 mmol H2O m-2 s-1 and 6.8 mmol H2O m-2 s-1 for 
FI and DI managements, respectively. The nighttime E 
values were the 12.0% and 12.9% of the daytime E val-
ues for FI and DI managements, respectively. Our find-
ings agree with Caird et al. (2007b), who measured with 
a portable photosynthesis system a nocturnal E of 10% 
of maximal daytime E. The observed nighttime water 
loss represents a substantial amount of water being lost 
without simultaneous carbon fixation through photosyn-
thesis. Although this reduction in WP was observed, fur-
ther physiological assessments are needed to determine 
possible positive effects, such as lower Tleaf, that may 
enable faster and more effective recovery from daytime 
stress, particularly under DI management.

The gsw was significantly influenced by the sam-
pling time, but not by the irrigation management (Table 
2). This suggests that the differences observed in E 
were not only or primarily due to stomatal behavior. It 
reached its peak at 12:00, with a value of 0.75 mmol H₂O 

m⁻² s⁻¹. It then decreased by about 25% at 18:00, 75% at 
06:00, and 87.5% at 24:00. The higher gsw registered at 
12:00, followed by 18:00, confirms the maximal stoma-
tal opening under optimal light conditions, which might 
explain the corresponding peak in E. The gsw decrease 
registered at 18:00 coincides with the decrease in E, 
reinforcing that stomatal aperture is the primary driver 
of daytime E variation (Flexas et al., 2006). The values 
of gsw registered at 6:00 and 24:00 reflect a slight resid-
ual stomatal conductance corresponding to the non-zero 
E registered. These findings align with studies showing 
that nocturnal gsw, while low, can be physiologically 
meaningful and may contribute to hydraulic redistri-
bution, nutrient uptake, or cooling (Caird et al., 2007b; 
Resco de Dios et al., 2019).

PhPS2 was significantly affected by the hours, exhib-
iting the highest values at 24:00 (0.81) and the lowest at 
12:00 and 18:00 (0.71). Intermediate values were record-
ed at 6:00, which did not differ significantly from those 
at 12:00 and 18:00 (Table 2). No significant differences 
were found among managements for the leaf SPAD val-
ues (56 on average).

3.2. Physiological parameters’ correlation 

The correlation matrices for both night (18:00, 24:00) 
and day hours (6:00, 12:00) in the two irrigation manage-
ments are presented in Figure 2. Only significant correla-
tions (p < 0.05) are described below. E was significantly 
positively correlated with gsw under both FI and DI 
managements during both daytime and nighttime. The 
results are consistent with previous studies showing that 
increased gsw facilitates water vapor loss from the leaf 
surface, thereby enhancing plants’ E (Flexas et al., 2012).

Similarly, a recent study (Savvides et al., 2022) 
documented a positive relationship between gsw and E 
under water-stress conditions, although they observed 
lower E values under DI, a trend not detected in the pre-

Table 2. Crop physiological parameters: stomatal conductance 
(gsw) (mmol H2O m-2 s-1) and quantum yield of photosystem II – 
(PhiPS2) measured in all treatments at the same four different sam-
pling hours (6:00; 12:00; 18:00; 24:00). Different lowercase letters 
indicate significant differences between treatments (p-value ≤ 0.05).

Sampling hours 
Physiological parameters

gsw PhiPS2

6:00 0.20 c 0.77 ab
12:00 0.75 a 0.71 b
18:00 0.58 b 0.71 b
24:00 0.07 d 0.81 a
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Figure 2. Spearman correlation heatmap showing relationships between all analyzed variables (stomatal conductance – gsw; chlorophyll 
fluorescence – PhiPS2; reference temperature – Tref; leaf temperature – Tleaf; vapor pressure deficit - VPD) and transpiration (E) within 
the 100% ETc irrigation management (FI) and the 75% ETc irrigation management (DI), assessed at night (6:00h, 24:00h) and day (12:00, 
18:00h) sampling hours. Statistical differences are marked with * (p< 0.05). rho-values are displayed in different colors, and the blank space 
indicate the absent of statistically significant correlations. 
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sent study. Although gsw typically decreases at night, 
the positive nocturnal relationship between gsw and E 
observed in this study may be explained by residual E, 
as it did not drop to zero. This pattern aligns with the 
findings of Caird et al. (2007b). In the nighttime, E 
was also significantly negatively correlated with VPDleaf 
under both irrigation managements. This suggests that 
nocturnal E was more strongly controlled by residual 
stomatal behavior than by atmospheric water demand. 
At nighttime, E was significantly negatively correlated 
with Tleaf and Tref. During daytime, E was positively cor-
related with Tleaf under FI and with Tref under both irri-
gation managements. Additionally, E and VPDleaf were 
significantly negatively correlated at nighttime under 
both irrigation managements, while a positive correla-
tion was observed under FI during daytime. The correla-
tions between E and Tleaf, Tref, and VPDleaf highlight the 
role of E in regulating plant thermal balance and vapor 
pressure dynamics. As reported, E rate drives evapora-
tive cooling, which might affect Tleaf (Gates, 1968). Dur-
ing the night period, without solar radiation input, Tleaf 
is mainly influenced by Tref, and E-induced evaporative 
cooling should be minimal. However, in the present 
study, plants exhibited a non-zero nocturnal E (with 
related incomplete stomatal closure), which might have 
caused water loss, consistently with previous obser-
vations (Coupel-Ledru et al., 2016), promoting slight 
evaporative cooling and thereby lowering Tleaf (Caird et 
al., 2007b). This is consistent with the observed strong 
positive correlations between Tref and Tleaf during the 
night under both FI and DI conditions, suggesting that 
Tref might determine Tleaf at night. At the same time, 
the cooling effect on Tleaf caused by residual nocturnal 
E lowers VPDleaf, since VPDleaf depends on air tempera-
ture, Tleaf, and ambient humidity, as described by Mon-
teith and Unsworth (2013). Indeed, nocturnal VPDleaf 
was strongly positively correlated with both Tref and Tleaf, 
reinforcing the idea that Tleaf plays a key role in noctur-
nal vapor pressure dynamics in greenhouse conditions 
(Caird et al., 2007a; Coupel-Ledru et al., 2016). Thus, 
the nocturnal E, by promoting leaf cooling, might have 
led to a lower VPDleaf, explaining the observed negative 
E-VPDleaf correlation under both FI and DI.

During the day, the dynamics shift due to incoming 
solar radiation, which significantly increases Tleaf. Under 
FI, high E through open stomata enhances evaporative 
cooling, helping to counteract heat buildup (Gates, 1968; 
Jones, 1999). Across the diurnal cycle E and Tleaf are 
often positively covarying because they share a common 
driver (increased solar radiation and air temperature): 
during the midday radiation peak both Tleaf and E can 
rise together even though E acts to reduce Tleaf relative to 

the no-transpiration case. This distinction between caus-
al effect (evaporative cooling) and covariation (common 
forcing by radiation and air temperature) helps explain 
E–Tleaf positive correlations. Moreover, as daytime tem-
peratures rise and humidity drops, VPDleaf increases, 
and well-watered plants can respond by increasing sto-
matal opening, thus sustaining high E. This pattern 
explains the positive E-VPDleaf correlation observed dur-
ing daytime under FI. In well-watered, non-stressed con-
ditions, stomata behave passively, responding directly to 
the evaporative demand driven by increasing VPD rather 
than actively regulating to conserve water, as described 
by Monteith (1995) and Jones (2014). In this context, 
the positive correlations of VPDleaf with Tref and Tleaf 
observed under FI further support the role of air tem-
perature increases in driving vapor pressure dynamics 
during the day. Additionally, the strong positive correla-
tion between Tref and Tleaf during the daytime under FI 
highlights that Tleaf was largely controlled by Tref, even 
under well-watered conditions.

Regarding Tref, the absence of correlation with E 
under FI conditions indicates that when water is not 
limiting, temperature alone is not sufficient to influ-
ence E. This suggests that, also under FI, E might be 
controlled by stomatal and internal plant hydraulic fac-
tors by higher extent than external temperatures alone, 
as reported for water-limited conditions (Chaves et al., 
2002; Medrano et al., 2002) where E is primarily regu-
lated by stomatal responses and internal hydraulic con-
straints (e.g., xylem conductance, water potential), much 
more than being a direct reaction to external factors like 
temperature or VPD. Under DI conditions, plants tend 
to close their stomata to conserve water. This reduces 
evaporative cooling, making the relationship between E 
and Tleaf weaker, as registered in the present study where 
it didn’t result statistically significant. Instead of helping 
cool the leaf, E might become more influenced by the 
Tref. This is consistent with the observed positive correla-
tions between Tref and E and the strong positive Tref–Tleaf 
correlation under daytime DI conditions, suggesting a 
tighter environmental control of Tleaf and E rates under 
water deficit. Under DI, plants can be more sensitive to 
factors like Tref and VPDleaf, which might explain the 
significant relationships between Tref and E, consistently 
with the findings of Patakas et al. (2005) reporting that 
when soil water is limited, plants cannot maintain full 
stomatal control, making E more tightly linked to exter-
nal environmental factors like Tref and VPDleaf, especially 
during daytime when evaporative demand is highest. 

E was negatively correlated with PhiPS2 in both irri-
gation managements during nighttime and in DI dur-
ing daytime. At night, while the E decreases, in both 
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irrigation managements, PhiPS2 might have undergone 
basal photochemical and repair activities as previously 
observed by Flexas et al. (2004) and Baker (2008). Under 
DI, water stress conditions might have altered photo-
synthetic efficiency, including the regulation of electron 
transport rates and photochemical efficiency (Flexas et 
al., 2004). During daytime, under DI, the negative cor-
relation between E and PhiPS2 might reflect how limited 
CO₂ uptake under water-limited conditions, together 
with the light energy, might have caused photochemical 
impairments, including reduced PhiPS2, as demonstrat-
ed in previous studies (Flexas et al., 2004; Chaves et al., 
2009; Lawlor and Tezara, 2009). Differently, under FI, 
adequate water availability might have maintained pho-
tosynthetic efficiency, preventing a significant PhiPS2 
relationship.

3.3. Crop yield and water productivity 

Neither fertilization and irrigation, nor their inter-
action had a statistically significant effect on total fruits 
yield, which showed an overall average of 64.1 Mg ha⁻¹. 
These results are consistent with those reported by 
Bekele (2017), who found that a 25% reduction in irri-
gation volume did not significantly affect tomato yield, 
while improving water productivity. 

In the present study, the proportion of marketable 
yield remained high and comparable between irrigation 
managements, with values of 77.6% under FI and 77.4% 
under DI. This suggests that a moderate reduction in 
irrigation did not compromise fruit yield (Nigatu et al., 
2024). Similar findings were reported by Patanè et al. 
(2011), who demonstrated that DI strategies, including a 
50% reduction in ETc applied during part or all of the 
growing season, did not significantly reduce the market-

able yield. Conversely, Lahoz et al. (2016) observed that 
DI at 75% of ETc led to a 28.2% reduction in water use 
but also resulted in a 16.4% decrease in marketable yield.

Fruits’ production was significantly enhanced under 
DI, with a 14.7% increase compared to FI (21.5 kg m⁻³) 
(Figure 3A). A similar trend was reported by Gragn et al. 
(2023), who noted a progressive increase in WP as irri-
gation levels decreased from 100% to 50% ETc. In their 
study, the highest WP (20.4 kg m⁻³) was achieved at 50% 
ETc, while the lowest (12.0 kg m⁻³) was recorded at 100% 
ETc, which was statistically comparable to 75% ETc.

3.4. Marketable fruits’ quality 

The application of DI increased the fruits dry mat-
ter content (+6.5%) compared to the FI, which recorded 
4.9% (Figure 3B). This parameter is particularly relevant 
for the tomato processing industry, as lower fruit water 
content is associated with improved processing efficien-
cy (Xu et al., 2024). Instead, no statistically significant 
differences were observed between irrigation manage-
ments for TSS, titratable acidity, or electrical conductiv-
ity, with average values of 4.2 °Brix, 6.16, and 4.24 µS/
cm, respectively. However, fruits pH was slightly but 
consistently lower under DI (4.1) than under FI (4.3). 
Previous studies have highlighted the potential of regu-
lated DI to enhance fruit quality in processing tomato by 
increasing TSS and other compositional attributes (Xu 
et al., 2024). For instance, Lahoz et al. (2016) reported 
an 8.4% increase in TSS and a 2.4% rise in the Hunter 
a/b ratio, an indicator of improved fruit redness, under 
DI. However, they did not observe significant changes 
in pH, contrasting with the slight decrease detected in 
our study. Our results agree with the findings of Zhang 
et al. (2017), who found no significant differences in TSS 
between 70% and 100% ETc irrigation managements, 
with values ranging from 5.78% to 5.62%. Their findings 
suggest that moderate water reductions can conserve 
resources without compromising key fruit quality traits. 
These improvements are particularly important for the 
processing sector, as elevated TSS levels contribute to 
increased product yield and reduced processing costs 
(Johnstone et al., 2005).

4. CONCLUSIONS

Nocturnal E in tomato plants, although of low mag-
nitude, was consistently detected at 24:00 and 06:00 
under both FI and DI, indicating that nocturnal water 
loss is not negligible. This residual E, likely driven by 
incomplete stomatal closure, represents a hidden compo-

Figure 3. Average fruits’ water productivity (WP) (kg FW m-3) ± 
SE (A), and average fruits’ dry weight (DW) (%) ± SE (B) meas-
ured in two experimental managements with 100% ETc irrigation 
(FI) and the 75% ETc irrigation (DI). Different lowercase letters 
indicate significant differences between managements (n = 5; p-val-
ue ≤ 0.05, Sidak post-hoc test).
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nent of the crop’s water balance. Its potential physiologi-
cal roles, such as contributing to nocturnal leaf cooling, 
warrant further investigation.

Irrigation management significantly affected day-
time E but not nocturnal values. FI resulted in higher 
E and gsw during peak irradiance (12:00 and 18:00), 
reflecting passive stomatal behavior under high atmos-
pheric evaporative demand. In contrast, DI induced par-
tial stomatal closure and reduced E, particularly in the 
afternoon, showing greater dependence on Tref due to 
limited stomatal control.

DI improved WP by 14.7% without reducing yield. 
Furthermore, DI enhanced fruit dry matter content 
by 6.5%, an important quality attribute for processing 
tomato, without negatively affecting TSS, acidity, or elec-
trical conductivity. These results highlight the potential 
of moderate water-saving irrigation strategies to improve 
WP and fruit quality without yield penalties.
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