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Effects of Regulated Deficit
Irrigation on yields, berry quality,
and resource use efficiency in
the everbearer strawberry
Malling Ace under long-term
production in TCEA

Aikaterini Kouloumprouka Zacharaki*, June M. Taylor,
Michael J. Davies and Mark A. Else

Crop Science and Production Systems, Niab, East Malling, United Kingdom

The effects of Regulated Deficit Irrigation (RDI) on Class 1 yield, berry quality, and
resource use efficiency of Malling Ace, an everbearer strawberry cultivar, were
tested in a Total Controlled Environment Agriculture (TCEA) system over a
cropping period of 10 months. An automated sensor-based irrigation system
was used to ensure coir water and nutrient availability were optimal in the control
(well-watered, WW) treatment. The extent of imposed coir drying in the RDI
treatments was informed by identifying the coir volumetric moisture content
value at which changes in midday stem water potential were first detected in
response to gradual coir drying. Two RDI treatments were then imposed under
standard TCEA conditions for strawberry. In RDI-1, plants received irrigation to
raise the coir volumetric moisture content to a value midway between the
irrigation set point and WW values. In RDI-2, irrigation was applied to maintain
coir volumetric moisture content within a narrow range from the set point. All
RDI treatments were imposed using the automated sensor-based fertigation
system. In a second TCEA experiment, the RDI-1 treatment was imposed during a
split photoperiod (two light and two dark periods in 24 h). In each experiment,
treatment effects of RDI on leaf gas exchange were determined, as were those on
Class 1 yields and berry quality. A series of Key Performance Indicators were
calculated and compared between treatments and with those from conventional
polytunnel strawberry production. The cropping potential of well-watered
Malling Ace grown for 12-months in TCEA was quantified. Total Class 1 berry
yields per plant were reduced by 30-36% in the RDI treatments due to a
combination of lower berry fresh weight and fewer Class 1 berries. Berry
soluble solids content was unaffected. Under the split photoperiod, Class 1
yields and berry quality attributes were similar, with water and nutrient use
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efficiencies being higher in the RDI-treatment. The mean cropping potential of
Malling Ace grown for 12 months in TCEA was 3.3 kg of Class 1 fruit per plant,
which equates to 39.7 kg per m?. After the first cropping flush, the cumulative
Class 1 fruit yield per plant was linear.

KEYWORDS

Malling Ace, Regulated Deficit Irrigation (RDI), Total Controlled Environment
Agriculture (TCEA), photosynthesis (Pn), strawberry, water use, cropping potential

1 Introduction

Strawberry (Fragaria x ananassa) is an economically important
crop; worldwide production reached 10.5 million tonnes in 2023
and is likely to continue to increase steadily (FAO, 2025) the UK
strawberry production was worth £421 million, yielding 106,400
tonnes, whilst UK consumption reached 161,700 tonnes (DEFRA,
2024). The gap is filled by imported berries, worth £57 million in
2023 (DEFRA, 2024). To help to satisfy demand for home-grown
strawberries, and to reduce reliance on imports, growers have
improved cultivation practices by various means, including the
use of substrate media in table-top production, transitioning to
protected horticulture, also known as Controlled Environment
Agriculture (CEA) and incorporating heating and supplemental
lighting, adopting high-yielding cultivars, and implementing
advanced fertigation management techniques to enhance
efficiency and productivity (Van Delm et al, 2016). With the
urgent need to reduce global carbon emissions, growers must
balance yield-enhancing practices with efficient resource use to
maintain profitable productivity. As margins continue to decline,
improving resource efficiency to reduce costs whilst maintaining
good commercial yields and excellent berry quality has become
essential for sustainable strawberry production.

Out-of-season strawberry production in CEA has been
practised by some larger UK soft fruit businesses for several years
(Raffle et al., 2010b) and, in addition to partial import displacement,
the higher market prices (DEFRA, 2025) help to offset the capital
and energy costs associated with glasshouse production (Lieten,
2013). However, due to low ambient light and temperatures in
winter months in the UK, profitable berry production under CEA is
usually limited to 10 months (Raffle et al., 2010). Berry production
under Total Controlled Environment Agriculture (TCEA), also
known as vertical farming, could help to further reduce reliance
on imports by facilitating UK production from October to April,
but several additional challenges must first be overcome before this
approach is viable. Key amongst these is effective and consistent
pollination under TCEA systems (Nishimoto et al., 2023) and year-
round availability of high-health, high quality propagules with a
guaranteed high cropping potential (Kouloumprouka Zacharaki
et al, 2024; K. Swann et al, in press). Although many TCEA
systems are inherently efficient in their water and fertiliser use
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(Kozai and Sasaki, 2013), excessive canopy growth often
necessitates time-consuming and expensive leaf removal during
the fruit production phase. Work is underway to better target
nitrogen inputs to more closely match demand with supply, and
our initial results suggest that nitrogen savings of 50%, compared to
commercial formulations, can be achieved without significant yield
penalties (Stavridou and Else, unpublished)'.

Regulated Deficit Irrigation (RDI) is a proven method of water
saving for many crops (Fereres and Soriano, 2007; Chai et al., 2015)
including tomatoes (Lu et al., 2019), wine grapes (Romero et al.,
2010) and woody crops (Chen et al., 2023), and can also lower
fertiliser use (Chai et al., 2015). Since strawberry is often fertigated,
water savings also translate to fertiliser savings, and so techniques
such as RDI could also help to improve resource use efficiencies and
deliver net zero emission targets (Chen et al., 2023).

In strawberry, RDI has been reported to limit excessive canopy
development of strawberry plants (Grant et al.,, 2010) and extend
post-harvest quality (Akhtar and Rab, 2015). Whilst severe water
stress can reduce yield and berry fresh weight (FW) (Jensen et al.,
2009; Weber et al., 2017), a moderate RDI stress may improve fruit
quality without compromising yield (Weber et al., 2017; Marcellini
etal,, 2023). RDI can increase berry sugar, organic acid, antioxidant
and phenolic contents in some strawberry cultivars (Terry et al,
2007; Giné Bordonaba and Terry, 2010; Weber et al, 2017),
potentially enhancing fruit organoleptic quality and nutritional
value. However, often, although not always (e.g. Dodds et al,
2007) these benefits are achieved because individual fruit FW is
reduced under RDL

Responses to RDI vary amongst cultivars, with some cultivars
showing improved quality under mild stress and others performing
better with full irrigation (Jensen et al., 2009; Weber et al., 2017).
Plant water relations and leaf gas exchange can also be influenced by
RDI treatments (Johnson and Simpson, 2014; Yang et al., 2022) and
so identifying the extent and duration of substrate moisture stress is
crucial for balancing water conservation and crop performance
under RDI (Yang et al,, 2022; Romero et al., 2010). Variation in
response to water deficit stress is well documented amongst
strawberry cultivars (Ariza et al., 2021) and so the point at which

1 Stavridou, E., and Else, M. Nitrogen demand modelling on cultivation

of strawberries.
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the rootzone water deficit stress begins to limit marketable yield will
also differ between cultivars (Fereres and Soriano, 2007).

Additionally, June-bearer and everbearer strawberry varieties
exhibit different responses to RDI. June-bearing cultivars, being
short-day plants, can tolerate more extreme RDI treatments without
significant yield reduction due to their single flowering flush (Nicoll
and Galletta, 1987; Johnson and Simpson, 2014). In contrast,
everbearing cultivars, which are day-neutral or long-day plants,
often show negative yield effects under moderate RDI stress due to
their continuous flowering and fruiting behaviour. Overall, carefully
managed RDI can be an effective strategy for improving strawberry
fruit quality whilst conserving water resources (Perin et al., 2019;
Marcellini et al., 2023), but it is not without risk, especially in
outdoor production, but also in CEA systems (polytunnel/
glasshouse), where environmental conditions fluctuate constantly.

The controlled environment provided by TCEA systems allows
for an extended cropping period under stable growing conditions
and so this approach may be more amenable to using RDI to control
canopy vigour and to improve berry phytonutrient content without
incurring yield penalties. To our knowledge, there are no published
reports of the effects of RDI on strawberry production in TCEA
systems. We quantified the effects of different RDI treatments on the
morphology, physiology, and cropping potential of the everbearer
strawberry cultivar Malling Ace under a controlled environment. In
addition, we compared RDI treatments under a conventional 24-
hour photoperiod and a split photoperiod to investigate whether
alternative light regimes could help compensate for any yield and
fruit quality penalties resulting from RDI. We also compared the
cropping potential of Malling Ace in a TCEA system to that in
conventional polytunnel production, a form of CEA.

2 Materials and methods
2.1 Plant material

Cold stored mini-tray plants of Malling Ace were supplied by
Berry Plants Ltd (Kent, UK) and delivered to Niab East Malling on
24 January 2024; plants were immediately stored at —2°C. On 9
February 2024, thawed plants were planted into 40 cm-long troughs
(6L volume) sited in a controlled environment growth room at East
Malling. Each trough contained buffered CocogreenTM coir, and
each was planted with two plants. To ensure uniform establishment,
all plants received well-watered (WW) fertigation for 54 days. On 3
April 2024, 12 planted troughs were moved to a second growth
room at East Malling.

2.2 Growth room environmental conditions

In Experiment 1, a growth room with a bench-top growing area
of 19 m?% and fitted with white broad spectrum Kroptek LED
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(2.2umol/W) lighting systems delivering a photosynthetic photon
flux density (PPFD) of 500 pmol-m s ™" at canopy level was used.
Environmental conditions were maintained at a day/night
temperature of 22/15°C and relative humidity of 60/80%; with
light and dark periods of 15/9 h respectively providing a Daily
Light Integral (DLI) of 27 mol-m™2.

A similar growth room, with the same lighting system (PPFD
and spectrum) was used for Experiment 2, but with a growing area
of 9 m®. The photoperiod was maintained as in Experiment 1 until
23 April 2024 (74 days after planting), after which the light period
was adjusted to 14 h but was applied in two 7 h periods, with
intervening dark periods of 5 h each (DLI = 25.2 mol-m?).
Thereafter, the lighting schedule maintained until the end of
the experiment.

2.3 Experimental design

Experiment 1 followed a completely randomised block design
with six blocks and three treatments (6 x 3), resulting in a total of 18
experimental plots (df = 10). Each plot comprised one trough
containing two plants, giving a total of 36 plants. Experiment 2
was similarly structured as a completely randomised block design,
but with six blocks and two treatments (6 X 2), resulting in a total of
12 plots (df = 5). As in Experiment 1, each plot consisted of one
trough containing two plants, giving a total of 24 plants. The
experimental layout is illustrated in Figure 1.

2.4 Application of RDI treatments in TCEA

2.4.1 Experiment 1
Three irrigation treatments were applied, based on the Coir
Volumetric Moisture Content (CVMC):

i. A well-watered (WW) control in which CVMC values were
maintained around 65%, which is equivalent to 0.65 m> m>;
il. a Regulated Deficit Irrigation 1 (RDI-1) treatment in which
alternate wetting and drying cycles were imposed once
CVMC values reached 30%;
iii. a Regulated Deficit Irrigation 2 (RDI-2) treatment in which
the CVMC value was set and maintained around 30%.

RDI treatments were informed by preliminary work in which a
coir drying phase was imposed to identify the CVMC value at which
physiological responses to limiting coir water availability could first
be detected in Malling Ace (Figure 2A). Compared to WW values,
statistically significant changes in midday Stem Water Potential
(SWP), often the initial indicator of water deficit stress in plants
(Moriana et al., 2012), were noted once a CVMC value of 30% was
reached, this first occurred on 16 April 2024 (Figure 2B). This
CVMC value was then used as the irrigation trigger point in each
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FIGURE 1

Schematic representation of the experimental design. Two independent experiments were conducted using Fragaria X ananassa Malling Ace under
TCEA. Experiment 1 included three irrigation treatments (WW, RDI-1, RDI-2) arranged in a completely randomised design with 6 blocks (replicates)
per treatment. Each plot consisted of one trough with two plants, totalling 36 plants. Experiment 2 used a similar design with two treatments (WW

and RDI-1), 6 replicates per treatment, and 24 plants in total.

RDI treatment. The frequency and duration of fertigation events to
WW plants was adjusted to achieve a mean run-off volume of 0.5-
2.5% of input volume.

In RDI-1, a fertigation event was then applied to restore coir to
water-holding capacity; this alternate wetting and drying approach
was imposed until 25 November 2024. The fully wetted point for
RDI-1 was originally set at the CVMC values of the WW treatment,
coir drying created hydrophobic conditions which led to significant
losses of water and fertiliser via run-off volumes. Consequently, the
irrigation set point was adjusted so that daily run-off volumes did
not exceed 2.5% — the corresponding CVMC value was 46%.

In RDI-2, CVMC values were maintained within a range of
30-35% throughout the experiment (Figure 3A). Irrigation events
were scheduled only light periods (Figure 3B). After 25 November
2024, both RDI treatments were terminated and coir in all troughs
was rewetted; Class 1 and yields were recorded to the end of
extended cropping on 30 January 2025.

2.4.2 Experiment 2

Malling Ace plants received either the WW treatment or the
RDI-1 treatment, each was imposed as described above (Figure 3C).
Irrigation was triggered both in light and dark periods to try to
ameliorate any negative effects of RDI treatments on Class 1 yields
(Figure 3D). Treatments continued until 28 November 2024 when
the experiment was terminated.

2.5 Coir volumetric moisture content, coir
pore electrical conductivity and run-off

In each experiment, weekly “spot” measurements of CVMC and
coir pore Electrical Conductivity (E.C.). were made using a handheld
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Delta-T “WET” sensor calibrated for coir. Once mean values of coir
pore E.C. in each treatment approached approximately 3.5 mS cm ™,
flushing events were scheduled using mains water only, to prevent
deleterious effects of high coir pore E.C. on fruit expansion. The
number, duration, and timing of flushing events was informed by
continuously monitoring changes in core pore E.C. at different
positions within the trough during each flushing cycle. Flushing
was ended once the mean pore E.C. values in the trough reached 1.5
mS cm; each flushing event was usually completed within 1 h.

In each growth room, volumes of run-off throughout the day
were measured in each treatment using a raised platform and tubing
to collect and channel run-off from two troughs into Decagon
ECRN-50 rain gauges. The frequency of irrigation events and
volumes of water applied to each treatment were recorded via an
in-line water meter, with a digital output (ARAD group - water
meter ARAD SF15) enabling volumes applied to be recorded. The
rain gauges and in-line meter measuring run-off and input volumes
were connected to the Delta-T GP2, and at the end of each day,
volumes of daily input to, and run-off from each trough, and the
mean daily % run-off were calculated automatically using preloaded
scripts. These values were uploaded onto DeltaLINK Cloud reports
and dashboards for real-time monitoring.

2.6 Irrigation application and scheduling

In each experiment, the timing and duration of irrigation events
was controlled using a Galcon DC-4S unit (City Irrigation Ltd,
Bromley, UK) connected to a manifold housing a DC-4S %” valve
for each of the treatments. Within each experiment, each treatment
was irrigated independently, and a fertiliser formulation was
applied to each treatment from a common set of fertiliser tanks.
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FIGURE 2

Changes in coir volumetric moisture contents (A) and midday stem water potentials (B) during the initial drying-down phase for the RDI-1 and RDI-2
treatments, compared to well-watered (WW) values. For RDI-1, treatment differences from WW values approached significance on the eighth
measurement date (1) but were significant at the final date (2). The corresponding coir volumetric moisture content at (2) was used subsequently as
the irrigation trigger point for both RDI treatments. Values are means of six replicate measurements; error bars represent the LSD at P < 0.05. Note

the different x-axis scales in (A, B).

Water was sourced from the mains to ensure a reliable supply
throughout each experiment and fertigation was delivered to each
trough or coir trough via dripper stakes connected to three 1.2 L/h
Netafim non-return drippers.

In each TCEA experiment, Delta-T WET150 sensors were
placed in every trough to measure changes in CVMC, coir
temperature, and E.C. continuously. Sensors were connected to
Delta-T GP2 Advanced Datalogger and Controller units and these
triggered irrigation to each treatment independently once the mean
CVMC value reached the target irrigation set point. For the WW
treatment, the irrigation trigger point was periodically adjusted,
ranging from 63% to 68% CVMC, to maintain a target run-off
volume of 0.5%-2.5%. In the RDI-1 treatment, irrigation was
triggered when the average CVMC reached 30%, with successive
irrigation events applied every 30 minutes until an upper stop point
was achieved. Conversely, in the RDI-2 treatment, a single irrigation
event was applied when the average CVMC reached 30%, and no
further irrigation occurred until the 30% trigger point was reached
again. The GP2s were connected in series to a solar-powered Delta-
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T GPRS modem which allowed remote access for daily monitoring
and adjustment of the irrigation set points.

2.7 Fertigation and plant husbandry

Throughout each experiment, advice on crop husbandry,
fertiliser formulations, and pest and disease control were provided
by a consultant agronomist. All plants were fertigated from three 25
L stock tanks, one containing calcium nitrate, potassium nitrate and
iron EDTA (Tank A); the second containing magnesium sulphate,
potassium nitrate, monopotassium phosphate and trace elements
(Tank B) and the third containing 70% nitric acid, at 1% dilution
(Tank C).

The E.C. and pH of the diluted feed solution at the drippers
were measured weekly with a portable conductivity meter (Myron-
L-6Psi). Dosatrons were used to adjust the E.C. and pH at the
dripper to deliver the required nutrients at different stages of plant
development and cropping. “Spot” measurements of coir pore E.C.
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FIGURE 3

Effects of irrigation strategy on changes in CVMC measured continuously in WW and RDI-treated plants over 7 days and over 24 hours in
Experiments 1 (A, B) and 2 (C, D). These time periods have been selected to demonstrate the different wetting and drying patterns resulting from the
irrigation treatments imposed in each experiment. The effects of the different irrigation scheduling strategies in the RDI-1 treatments on hourly
changes in CVMC are compared between experiments. Values are means of individual continuous measurements made in six replicate troughs.

were measured weekly with a Delta-T “WET” sensor calibrated
for coir.

Two different fertiliser formulations were applied depending on
whether plants in each of the experiments were in vegetative or
fruiting stages. vegetative fertiliser formulation was supplied from
planting to 27 March 2024 after which a fruiting formulation was
applied. The vegetative formulation had elevated levels of nitrogen,
potassium, and magnesium compared to the fruiting formulation,
resulting in an E.C. of approximately 2.26 and a K: N ratio of about
1.2. The fruiting formulation had a lower overall E.C., around 1.79,
and a K:N ratio below 1 to support fruit development and berry
organoleptic quality.

Natupol seeds hives with 15 male bumblebees and male blood
(Bombus Terrestis spp; Koppert, UK) were placed in both growth
rooms on 11 March 2024 to ensure good pollination of the
emerging strawberry flowers. Hives were replaced every 4 weeks,
with some supplementary hand-pollination when needed between
hive replacements.

2.8 Measurement of physiological
parameters

Midday SWP of young, fully expanded leaves was determined
using a Skye SKPM 1400 pressure chamber (Skye Instruments Ltd,
UK); selected leaves were covered carefully with aluminium foil for
90 min prior to measurement (McCutchan and Shackel, 1992).
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“Spot” measurements of gas exchange in fully expanded leaves were
made on two occasions in Experiment 1, on 13 and 24 June 2024,
and two occasions in Experiment 2, on 17 and 24 June 2024, to
determine whether the RDI treatments were impacting on stomatal
conductance (g;) and net photosynthesis (P,). Measurements were
made using a portable infra-red gas analyser (LI-6800 XT, LiCor
Biosciences) at a saturating light intensity of 1,500 wmol-m 25"
(Mochizuki et al., 2013; Jun et al., 2017), with one measurement per
trough (total n = 6 per treatment) with one measurement per trough
(total n = 6 per treatment).

2.9 Class 1 yields and berry quality
attributes

Ripe berries from plants in each trough were harvested twice
weekly from 28 March 2024 to 30 January 2025 for Experiment 1,
and from 5 April to 25 November 2024 in Experiment 2. All berries
were graded based on diameter into Class 1 (> 27 cm) and waste
(<22 cm), and the number and FW for each category were recorded.
Yield data collected at the trough level were subsequently converted
to per-plant values by dividing by two prior to statistical analysis.

In all experiments, berry Soluble Solids Content (SSC) was
measured once a week, in a pooled sample of juice expressed from
three individual berries from each treatment in every experimental
block, using a digital refractometer (Palett 100, Atago & co. Ltd,
Tokyo, Japan).
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2.10 Key performance indicators

In Experiments 1 and 2, KPIs were calculated for the RDI
treatments up to 24 November 2024, 10-month cropping period,
when treatments were ended. For WW plants in Experiment 1, KPIs
were also calculated for the full 12-month cropping period, which
ended 30 January 2025.

In each experiment, water use efficiency (WUE, kg/m?) was
calculated by measuring the total Class 1 yield relative to the volume
of irrigation water supplied. Nitrogen use efficiency (NUE, kg Class
1/kg N) was determined by dividing total Class 1 yield by the total
nitrogen applied through fertigation. In the TCEA experiments,
energy use efficiency (EUE) was calculated as Class 1 yield per light
energy input (g/kWh), using energy consumption data from the
lighting modules.

In each case, economic performance was evaluated by
estimating gross income (£/m?), derived by multiplying the Class
1 yield per square meter by the market price of strawberries (£/kg).

2.11 Statistical analyses

Statistical analyses were carried out using Genstat 22" Edition
(VSN International Ltd). To determine whether differences between
treatments were statistically significant, ANOVA tests were carried
out and Least Significant Difference (LSD) values for p<0.05 were
calculated. For yield prediction, linear regression analysis was
conducted using Microsoft Excel, and the regression equations,
coefficients of determination (R?) were reported.

3 Findings

3.1 Weekly “spot” measurements of CVMC
and coir pore E.C.

In Experiment 1, the cumulative irrigation volume applied per
plant was 30-36% less in the two RDI treatments compared to WW
controls (Figure 4A). Daily volumes of run-off were greater in the
RDI-1 treatment compared to WW values whilst run-off was barely
measurable in the RDI-2 treatment (Figure 4B).

Spot measurements of coir pore E.C. were used to track changes
in the accumulation of “ballast ions” in the coir and to inform the
scheduling of flushing events (Figure 4C). Coir pore E.C. values in
the two RDI treatments were similar to, or lower than, changes in
WW values over the experiment (Figure 4C) and so additional
flushing events were not needed.

3.2 Net photosynthesis (P,) and stomatal
conductance (gs)
In Experiment 1, treatment effects on photosynthesis and

stomatal conductance were measured on 13 June 2024 and 24
June 2024 (Table 1). Initially, there were no significant treatment
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differences (p > 0.05), and measured values of P,, were typical during
cropping for this cultivar. On 24 June 2024, a significant effect of the
RDI-1 treatment on P, (p = 0.014) was noted, and g, was also
lowered although not significantly (Table 1). On 13 June, the
CVMC values for the WW, RDI-1, and RDI-2 treatments were
68%, 33%, and 30%, respectively; on 24 June, these values were 68%,
34%, and 32%, respectively.

In Experiment 2, treatment effects on photosynthesis and
stomatal conductance were measured on 17 June and 24 June
2024 (Table 1). No statistically significant treatment effects were
noted on 17 June, but on 24 June 2024, g, was significantly lower in
the RDI-1 treatment compared to WW values (Table 2).
Corresponding CVMC values recorded at this time in the WW
and RDI-1treatments were 57%, and 32% on the 17 June, and 57%
and 36% on the June, respectively.

3.3 Berry fresh weight (FW), Class 1 yield
and fruit number

In Experiment 1, the mean individual fruit FW for WW plants
was 20 g over the cropping period but was significantly reduced (p =
0.007) in both RDI-1 (18.5 g) and RDI-2 (17.8 g) treatments
(Table 3). This effect led to a lower number of fruits in the Class
1 category, with 96 and 93 per plant in the RDI-1 and RDI-2
treatments, respectively, compared to 140 in the WW treatment. By
28 November 2024 (42 weeks after planting) the cumulative Class 1
yield had reached 2,643 g/plant in WW plants but was significantly
(p = 0.001) lower in RDI-1 and RDI-2 treated plants, at 1,719 and
1,601 g/plant, respectively (Figure 5).

In Experiment 2, there was no significant effect of the RDI-1
treatment on Class 1 yield, number of fruits, berry FW, or SSC
(Table 4). Mean Class 1 yield/plant under the WW and RDI-1
treatments were 2,183 and 2,025 g/plant, with 122 and 111 fruit/
plant in this category, respectively. Mean individual berry FW was
similar, 18.6 and 18.7 g in WW and RDI-1 treatments, respectively.

In both experiments, a dip in flowering and fruit production
occurred after the first fruit flush (13-20 weeks after planting), and
a second dip was noted in Experiment 2 between 26 and 30 weeks
after planting (Figure 6). In the WW treatment, Class 1 yields
ranged from 1,845 to 2,493 g/plant despite all plants receiving very
similar inputs. A similar range in cropping potential was noted in
RDI-1 treated plants, 1,529 to 2,351 g/plant.

3.3.1 Berry soluble solids content

In Experiment 1, apparent treatment differences in berry SSC
(%Brix) values were not significant (p = 0.084). The highest SSC
value recorded was 8.69 under RDI-2, followed by 8.33 in WW and
8.07 in RDI-1 (Table 3). In Experiment 2, mean berry SSC was 8.49
and 8.48 in the WW and RDI-1 treatments, respectively (Table 4).

3.3.2 Cropping potential of Malling Ace in TCEA
Following the rewetting of the RDI plants in Experiment 1 on 28

November 2024, all plants were maintained for a further 8 weeks to

1) quantify the cropping potential of Malling Ace grown in a TCEA
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FIGURE 4

Effects of treatments applied in Experiment 1 on (A) total volume of applied irrigation (L), (B) run-off expressed as a percentage of input volumes, and
(C) mean coir pore E.C. values over the course of the experiment. Irrigation applied and run-off data are the means from two troughs per treatment;
coir pore E.C. was measured in six replicate troughs in each treatment.

TABLE 1 Effects of the WW, RDI-1, and RDI-2 treatments in Experiment 1 on net photosynthesis (P,,, umol m™2 s™) and stomatal conductance (g, mol
m~2 s7%) in Malling Ace. “Spot” measurements were made with a Li-Cor 6800 IRGA unit during and shortly after the initial drying down phase (13 and
24 June 2024, respectively) to determine whether the RDI treatments were impacting on leaf gas exchange.

13 June 2024 24 June 2024
Irrigation Treatment P, (umol m™2 s7%) gs (mol m2s7Y P, (umol m™2s™% gs (mol m=2s™)
ww 190 ‘ +32 0.205 0057 238 £ 11 0.405 ‘ £0.079
RDI-1 192 ‘ +26 0.252 +0.093 165 £59 0.250 ‘ +0.192
RDI-2 200 ‘ +1.9 0.231 +0.058 23.3° £20 0.408 ‘ +0.114
Prob(f) NS NS 0.014 NS
LSD(5%) 50

Values are means from one plant in each of six replicate troughs per treatment, with standard errors. Statistical significance was assessed using ANOVA; different letters denote significant
differences at p < 0.05. NS = not significant; LSD (5%) = 5.0.
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TABLE 2 Effects of the WW, and RDI-1 treatments in Experiment 2 on net photosynthesis (P,,, pmol m~2 s™*) and stomatal conductance (gs, mol m~2
s7Y) in Malling Ace. “Spot” measurements were made with a Li-Cor 6800 IRGA unit during and shortly after the initial drying down phase (17 and 24
June 2024, respectively) to determine whether the RDI treatment was impacting on leaf gas exchange.

17 June 2024

Irrigation Treatment P, (umol m=2s7%)

gs (molm=2s

24 June 2024

) P, (umol m=2s7Y) gs (mol m=2s7)

WwWw 20.85 ‘ +2.45 0.300 +0.10 ‘ 21.96 +0.86 ‘ 0.405 +0.07
RDI-1 14.67 ‘ +5.83 0.150 +0.12 ‘ 18.28 +3.75 ‘ 0.227 +0.08
Prob(f) NS NS ‘ NS ‘ 0.030
LSD(5%) ‘ ‘ 0.154

Values are means from one plant in each of six replicate troughs per treatment, with standard errors. Statistical significance was assessed using ANOVA; different letters denote significant

differences at p < 0.05. NS = not significant; LSD (5%) = 5.0.

environment for 12 months, and 2) determine whether the
suppressive effects of the RDI-1 and 2 treatments on Class 1
yields were alleviated once plants were returned to WW conditions.

At the end of this 51-week growing period, the mean Class 1
yield in WW plants was 3,310 g/plant comprising 171 berries with a
mean fruit FW of 19.6 g and a SSC of 8.4 (Table 5). Across all
treatments and replicates, Class 1 yield per plant ranged from
2,724 g to 4,015 g. The cumulative Class 1 yield/plant increased
linearly from the beginning of the start of the second fruiting flush
(Figure 7). Class 1 yields in plants previously subjected to RDI
treatments continued to increase at the same rate as when under
RDI (data not shown).

3.3.3 KPIs

In Experiment 1, KPIs were superior under the WW irrigation
treatment compared to RDI-1 and RDI-2 treatments (Table 6).
Higher yield per plant in WW consequently resulted in higher yield
per m*> and higher monthly mean yield per plant, whereas
differences between RDI-1 and RDI-2 treatments were minimal.

Resource use efficiencies varied across treatments (Table 6).
WUE was highest under RDI-1, followed by WW, and lowest in
RDI-2. Similarly, NUE was improved in RDI-1 compared to WW,
suggesting that moderate deficit irrigation could enhance nutrient
efficiency, although perhaps at the expense of marketable yield.

EUE followed the same pattern as yield, with the highest values
observed in WW and marked reductions under both RDI
treatments, reflecting lower biomass production per unit of

TABLE 3 Effects of the WW, RDI-1, and RDI-2 treatments in Experiment 1
(9), and SSC (%Brix) of Malling Ace after 43 weeks in the TCEA system.

energy consumed. Accordingly, gross income per m* was highest
in WW, with lower values in RDI-1 and RDI-2 reflecting the
yield penalties.

Under the extended 51-week cropping period in WW, Class 1
yield exceeded 39 kg per m?, with WUE, NUE, and EUE all showing
favourable values that underscore the productive potential of
Malling Ace in TCEA systems.

In Experiment 2, strawberry productivity and resource use
efficiency were again compared between WW and RDI-1
treatments. In this split photoperiod regime, yield per m* and
average monthly Class 1 yield per plant were higher in WW,
though differences were less pronounced than in Experiment 1.
Under the split photoperiod, WUE and NUE values were greater in
the RDI-1 treatment, indicating that water and nitrogen inputs were
used more efficiently. However, EUE and gross income remained
marginally greater under WW, consistent with the higher fruit
yields achieved in this treatment.

4 Discussion

The sensor-based automated precision irrigation system
deployed here maintained CVMC in WW plants within a narrow
and optimum range throughout the 12-month experiment. The
frequency and duration of fertigation events was managed to
achieve a mean daily run-off value of 1.7% of input volumes over
the experiment which ensured a high water use efficiency (see

on mean Class 1 yield (g/plant), number of Class 1 fruits per plant, fruit FW

Irrigation treatment Yield (g) N. of fruits SSC (%Brix)
WW 2,643.17° +380.62 139.58° +17.74 19.98° +1.55 8.33 +0.42
RDI-1 1,718.99" ‘ +304.11 95.50" +12.49 18.48" +0.94 8.07 +0.27
RDI-2 1,601.04" ‘ + 188,51 93.08" +8.63 17.79° +0.79 8.69 +0.30
Prob(f) 0.001 <0.001 0.007 0.069
LSD(5%) 429 19 1.2 05

Class 1 yield and fruit number data are averages from two plants in each of six replicate troughs per treatment; mean berry FW was calculated by dividing Class 1 yield by fruit number at each
harvest date and averaging over the cropping period, and SSC are mean values from three ripe berries taken from plants in each of six replicate troughs per treatment. Different letters denote
significant differences at p < 0.05. NS = not significant; LSD (5%) = 5.0.
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FIGURE 5

Cumulative Class 1 yields (g/plant) of Malling Ace achieved under
the WW, RDI-1, and RDI-2 treatments in Experiment 1. Ripe fruits
were harvested, counted, and weighed from 28 March to 28
November 2024 (43 weeks). Data are average Class 1 yields from
two plants in each of six replicate troughs per treatment.

below). At these low run-off volumes, flushing of accumulated ions
is limited and so coir pore E.C. tends to rise which, if left unchecked,
would reduce fruit expansion rate and lower Class 1 yields. Eight
flushing events were applied in Experiment 1, and since the water
used was incorporated into the WUE calculations, further water
savings could be achieved if bespoke fertiliser formulations were
designed for TCEA production.

In the initial coir drying phase, we used the CVMC value at
which significant changes in midday SWP were first detected in
vegetative plants, relative to WW values, as the irrigation set point
for subsequent irrigation events. In longer-term experiments, this
approach is preferable to replacing a percentage of the
evapotranspiration measured in well-watered plants at each
irrigation event to impose a deficit irrigation stress (e.g. Grant
etal., 2010) since some plants adapt by reducing canopy area (Savee
et al., 1993). In combination with stomatal closure, these long-term
adaptive responses reduce water demand and so over time. even
70% of well-watered irrigation can result in substrate moisture
contents in supposedly RDI-treated plants gradually returning to
well-watered conditions.

Spot measurements during the cropping phase under a typical
photoperiod (Experiment 1) confirmed that the RDI treatments
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FIGURE 6

Effects of WW and RDI-1 treatments on cumulative Class 1 yield (g/
plant) of Malling Ace under a split 14-hour photoperiod (Experiment
2) from 28 March to 28 November 2024. Data are average Class 1
yields from two plants in each of six replicate troughs per treatment.

altered leaf gas exchange and shoot water balance, although the
CVMC at the time of the measurements influenced values of P,, and
g Despite the intermittent nature of the reduced leaf gas exchange
under both RDI strategies, total Class 1 yields were reduced by 30-
36% in RDI-treated plants due to effects on both berry number and
FW. These effects were first noted at the beginning of the second
fruiting flush, suggesting that RDI suppressed flower initiation and/
or expression and also reduced berry FW. The latter effect is well
known (Liu et al., 2007; Grant et al., 2010; Weber et al., 2017; Yang
et al,, 2025) but berry FW under the deficit irrigation treatments
reported here (17.8-18.48 g) is notably higher than those reported
by Grant et al. (2010), (5.5-10.1 g across cultivars) and Weber et al.
(2017) (10.44-11.71 g across cultivars and treatments). Again,
cultivar differences are evident with Ariza et al. (2021), with their
lowest observed berry FW of 23.8 g under deficit irrigation.

The lower Class 1 fruit number in RDI-treated plants in
Experiment 1 aligns with the findings of Liu et al. (2007), who
also reported a slight, though not statistically significant, reduction
in berry number per plant under deficit irrigation. Weber et al.
(2017) reported a slight reduction in fruit number over a three-
month deficit irrigation experiment but again, differences were not
significant. Our experiments extended over a longer duration (10

TABLE 4 Effects of the WW and RDI-1 treatments in Experiment 2 on mean Class 1 yield (g/plant), number of Class 1 fruits per plant, fruit FW (g), and
SSC (%Brix) of Malling Ace after 43 weeks under a split photoperiod.

Irrigation treatment Yield (g) No. of fruits SSC (%Brix)
ww 2,182.61 +247.32 121.75 +104 18.61 +1.09 8.49 +031
RDI-1 2,024.75 +327.64 111.00 +125 18.71 +177 8.48 +029
Prob(f) NS NS NS NS ‘

LSD(5%) 444.47 17.93 24 0.32 ‘

Class 1 yield and fruit number data are averages from two plants in each of six replicate troughs per treatment; mean berry FW was calculated across the cropping period. SSC are mean values
from three ripe berries taken from plants in each of six replicate troughs per treatment averaged over the cropping period. Different letters denote significant differences at p < 0.05. NS = not
significant; LSD (5%) = 5.0.
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TABLE 5 Effects of the WW, RDI-1, and RDI-2 treatments in Experiment 1 on mean Class 1 yield (g/plant), number of Class 1 fruits per plant, fruit FW
(g), and SSC (%Brix) of Malling Ace after 51 weeks in the TCEA system.

Irrigation treatment Yield (g) N. of fruits FW (g) SSC (%Brix)
Ay 3,306.66" +409.22 178.75* +19.07 19.39% + 115 8.41 +0.43
RDI-1 2,301.38" +432.51 132.42% + 1594 17.93* +0.95 8.10 +0.31
RDI-2 2,120.40° +276.78 127.75* +14.99 17.28* +0.77 8.66 +0.27
Prob(f) <0.001 0.001 0.005 NS
LSD(5%) 474.15 22.59 113

Values for the RDI treatments incorporate data from the 43 weeks of the RDI treatment and the 8 weeks after rewetting. Class 1 yield and fruit number data are averages from two plants in each of
six replicate troughs per treatment; mean berry FW was calculated across the cropping period. SSC are mean values from three ripe berries taken from plants in each of six replicate troughs per

treatment averaged over the cropping period. Different letters denote significant differences at p < 0.05. NS = not significant; LSD (5%) = 5.0.

cropping months) compared to those reported by Liu et al. (2007),
which lasted only three months. This prolonged exposure to RDI
may have amplified the suppressive effects of RDI on flower
initiation and expression. Similar responses to deficit irrigation
have been reported in other studies (Grant et al., 2010; Yang et al,
2025), although one cultivar (“Idea”) in the first study showed an
increase in yield under deficit conditions. Responses to RDI are
cultivar-specific: cropping of “Eve’s Delight” yield was significantly
reduced by deficit irrigation but not that of “Flamenco”. Indeed,
water-stressed strawberries often exhibit increased root:shoot ratios
resulting from slowed above-ground growth, an adaptive response
to rootzone water deficits (Grant et al., 2010; Martinez-Ferri et al.,
2016). This reallocation of resources, coupled with stress-induced
hormonal changes such as elevated abscisic acid concentrations, is
likely to result in flower inhibition leading to lower Class 1 yields in
RDI treatments (Terry et al., 2009).

Between the two RDI treatment in Experiment 1, Class 1 yield,
berry number, and individual berry FW were lower in the RDI-2

compared to the RDI-1 treatment, these differences were not
significant. The yield penalties incurred under the RDI treatments
were due to a combination of effects on berry FW and the number
of fruits in all categories, not just the Class 1 category. Class 1 yields
had, in fact, begun to diverge from WW values in mid-July 2024
(Figure 5) at the beginning of the second fruiting flush, these later
flowers would have been initiated under TCEA conditions.

In Experiment 2, no negative effects of RDI on Class 1 yields
were observed but effects on leaf gas exchange were again detected.
We suggest that the shorter light periods lowered the cumulative
daily stress of RDI-treated plants such that flower initiation,
expression, and fruit size was not affected, relative to WW values.
Irrigation in the dark period was also allowed whenever the set
point was reached in Experiment 2, and this too presumably helped
to alleviate RDI stress-induced effects on flower initiation,
expression, and berry size.

At the end of the cropping periods, total Class 1 yields per plant
were lowered by 17% in WW plants under the split photoperiod in
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FIGURE 7

Cropping potential (Class 1 g/plant) of well-watered Malling Ace grown in TCEA under a standard photoperiod (15 h) for 12 months. Blue bars
represent mean weekly cumulative yields from the beginning of cropping (Week 17 after planting, June 2024) to the end of the experiment (Week 51
after planting, February 2025). Predicting cumulative yield per plant in this growing system can be achieved by fitting a linear regression model to the

mean weekly cumulative yield data (y = 87.52x —1002.2; R? = 0.99).
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TABLE 6 Effects of irrigation treatments on KPIs calculated for Malling Ace grown under TCEA in Experiments 1 and 2 (43 weeks), and for the

extended cropping period (51 weeks).

Experiment 1

43 weeks

RDI-1 RDI-2

Yield (Kg:m ) 31.72 20.63 19.21
E:/e;lr;ny: )e 1d per month 293.69 191.00 177.89
WUE (kg/m®) 21.80 22.50 18.75
NUE (kg/kg N) 154,57 171.40 142.99
EUE (g/kWh) 31.76 20.65 19.24
Gross income (£/m %) 190.30 123.80 115.3

Experiment 2

51 weeks 43 weeks
RDI-1 RDI-2 ww RDI-1
39.68 27.62 25.46 26.20 2430
300.61 209.22 192.90 274.15 25423
2239 24.71 20.74 26.37 27.24
163.73 191.36 161.41 163.89 17429
32.70 2276 20.98 28.10 26.06
238.10 165.70 152.8 157.10 145.80

KPIs are: Class 1 yield per m” (kg) at a planting density of 12 plants/M; mean monthly Class 1 yield (g/plant); WUE, kg Class 1 yield/m* NUE, kg Class 1 yield/kg N; EUE of light (g/kWh); and
gross income (£/m?). Data were derived from pooled samples of two plants within each of six troughs per treatment in each experiment.

Experiment 2, compared to those in Experiment 1 (Tables 3, 4).
This was again due to effects on both fruit number and berry FW,
but since the percentage of waste fruit were similar in each
experiment (data not shown), the split photoperiod presumably
affected flower initiation and expression. Preliminary data also
suggest that the split photoperiod reduced bee activity and,
therefore, pollination efficiency (Arnold, unpublished) and this
could also have impacted on Class 1 yields. The daily
photoperiod in Experiment 2 was also 1 h shorter leading to a
lower DLI than in Experiment 1, and since Class 1 yields are closely
correlated with light availability (Doddrell, 2023), this too could
have lowered cropping potential. Despite these negative effects of
split photoperiods on productivity even in WW plants, the potential
saving in energy cost afforded by this strategy might be sufficiently
compelling to make this approach economically viable in
commercial TCEA systems, especially since the 2.2 kg Class 1
fruit achieved here is already above that budgeted for by many
commercial vertical farming businesses (Alvarado-Camarillo et al.,
2024; Hutchinson et al., 2025).

Soluble sugar content can be promoted by deficit irrigation in
strawberry (Yang et al., 2025) but Ariza et al. (2021) reported that
only one of the cultivars tested, “Sabrina”, had higher SSC values
under the two most extreme deficit irrigation treatments (T65 and
T85). Often, SSC values are higher in smaller fruit simply due to less
dilution, and so the apparent accumulation of sugars is passive and
not active (Else and Atkinson, 2010). Here, although the RDI
treatments in Experiment 1 significantly reduced berry FW, this
effect was not enough to raise berry SSC values.

In both experiments, the yield gap observed after the first
fruiting flush (weeks 13-20 after planting) in WW plants is most
likely due to a lack of differentiated flowers in the meristem during
the propagation phase (Heide et al, 2013), which then led to
reduced flower expression. Propagule variability is a major
challenge in the strawberry industry and can have significant
effects on cropping potential, pesticide requirements, fruit waste,
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and overall farm emissions, ultimately limiting productivity and
profitability (Durner et al., 2002; Naing et al., 2019). A second drop
in productivity was noted in WW plants in Experiment 2, but not in
Experiment 1. Similar off-periods have been reported by Melis
(2020) and Seonsteby et al. (2021), with the length and severity of the
effect seemingly related to crop load. Sensteby et al. (2021)
suggested that the potential reason for this reduction could be
source limitation for flower initiation, which could have occurred
here under the split photoperiod and lower DLI in Experiment 2.

Growing Malling Ace in TCEA for 12 months delivered mean
Class 1 yields of 3.3 kg/plant, equivalent to nearly 40 kg/m>. As a
comparison, Malling Ace sourced from the same commercial
supplier in 2024 was grown in conventional polytunnel substrate
table-top production at East Malling. Cropping began in June and
ended in early October and Class 1 yield per plant averaged 1.05 kg,
equivalent to 12.6 kg/m>. Although Class 1 yields of 1.4-1.6 kg/plant
from Malling Ace in polytunnel table-top production can be
achieved in years in which light availability is high (e.g. 2023), our
work shows that cropping potential under TCEA could be much
greater. If production in TCEA was timed to deliver locally sourced
fruit between October and April, higher prices for out-of-season
berries would help to offset the variable costs of production (Kozai
et al, 2020), particularly if smart energy use was deployed
(Avgoustaki and Xydis, 2021).

Flowers in the first fruiting flush were initiated during the
propagation phase in the previous year, and the 5-6-week lag
between the first and second flower flushes suggests that
conditions in the commercial propagation facility at that time
were not entirely favourable for flower initiation. From the
second fruit flush of WW plants onwards, the yield trajectory of
Malling Ace plants followed a steady, linear trajectory (Figure 7).
Such a predictable yield pattern not only underscores the cultivar’s
capacity for sustained cropping performance under TCEA but also
provides a robust foundation for developing accurate yield
forecasting models when coupled with precisely regulated
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environmental parameters and effective husbandry and
pollination strategies.

Values of water use efficiency, expressed as kg Class 1 fruit per
m” of water applied, were highest in the RDI-1 (27.24 kg/m®) and
WW (26.37 kg/m”) treatments in Experiment 2. In Experiment 1,
WUE values were highest under the RDI-1 treatment and lowest in
the RDI-2 treatment. The latter was due to a combination of stress
effects on Class 1 yield and on the relatively larger volume of water
needed to rewet the drying coir due to its hydrophobic nature.
These observations are important for optimising deficit irrigation
strategies, since maintaining low substrate moisture contents can
undermine water savings by increasing the volume required to
overcome substrate hydrophobicity (Fields et al., 2014). Dodd and
Kudoyarova (2021) observed similar trends and noted that
moderate water restriction could optimise water-use efficiency but
may compromise overall yield. Early work by Dodds (2008)
reported that an RDI regime in which 80% of well-watered
evapotranspiration rates was applied was optimal for water
savings and Class 1 yields of the June-bearer “Elsanta”, and 70-
80% of field capacity was recommended for balancing yield and
quality with water savings (Yang et al., 2025) .

Generally, our findings were consistent with other studies (Liu
et al., 2007; Yang et al, 2025), demonstrating deficit irrigation
enhanced WUE in strawberries. Grant et al. (2010) reported
improved WUE under deficit irrigation, with cultivars such as
“Elsanta”, “Symphony”, and “Elvira” achieving WUE values of
25.4, 22.7, and 21.6 g/L, respectively; comparable to WUE levels
observed in this study. However, Grant et al. (2010) also noted
considerable variation amongst cultivars, with some exhibiting
substantially lower WUE. In general, the increase in WUE under
deficit irrigation is attributed to reduced g, which lowers
transpiration rates, thereby improving WUE (Ariza et al., 2021).

Treatment effects on NUE were similar to those reported for
WUE which was expected since fertigation was applied to all plants
and inputs were determined by demand for water. Accordingly, the
NUE was greater in the RDI-1 treatments in both experiments.
Enhanced absorption of nitrogen has also been reported in RDI
treatments of studies of other crops (Li et al., 2010; Wang
et al., 2013).

The EUE of lighting and the gross income per m” were highest
in WW treatments reflecting the higher Class 1 yields achieved
under these treatments. In Experiment 1, values were comparable
between the two RDI treatments and followed a similar trend
during the extended cultivation period. Notably, EUE and gross
income under RDI-1 were higher under Experiment 2 than
Experiment 1 due to the maintenance of Class 1 yields in RDI-
treated plants. The EUE and gross income recorded under TCEA in
this study is substantially greater than those reported for
greenhouse or open-field strawberry cultivation (Banaeian et al,
2011), due to outstanding yield outputs of TCEA and the prolonged
cultivation period comparing to other CEA or open field.
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Whilst this study demonstrated the potential of deficit irrigation
to conserve water and enhance nitrogen use efficiency in strawberry
production, it also highlighted a trade-off with yield and fruit quality.
To comprehensively evaluate the feasibility of RDI strategies for
commercial application, future research should consider additional
critical parameters such as energy consumption and economic
viability. Furthermore, given the documented variability in deficit
irrigation thresholds across strawberry cultivars, identifying cultivar-
specific irrigation regimes is essential to effectively balance yield
maintenance and resource conservation. Finally, whilst split
photoperiods present a promising avenue for mitigating yield and
fruit quality reductions observed under deficit irrigation in TCEA
conditions, further investigation is warranted to fully understand
their impact on plant physiology, pollinator activity and efficiency,
fruit biochemical composition, and post-harvest performance.
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