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Irrigation scheduling plays a critical role in improving water use efficiency (WUE), fruit quality, and yield of
crops under increasing water scarcity and climate variability. A global meta-analysis was performed to assess
WUE and crop performance of blueberry and strawberry under different irrigation scheduling approaches using
climate and soil types as moderators. Irrigation scheduling was categorized as 1) over-irrigation (OI;, >110%
evapotranspiration (ET)), 2) full irrigation (FI) as control for comparison (90-100% ET), 3) moderate deficit
irrigation (MDI; 65-90% ET), 4) severe deficit irrigation (SDI; <50%) 5) farmers practice irrigation and 6)
Rainfed/no irrigation. Results indicated that irrigation scheduling across all treatments reduced blueberry and
strawberry yield by —26.3% (SDI) and —40.4% (OI), respectively, while WUE improved by 17.5% and 14.2%
under Rainfed conditions in blueberry and strawberry. Regarding climate types, yields were reduced by —8.0%
and —2.0%, and WUE improved by 10.4% and 26.7% under MDI in semi-humid climates in blueberry and
strawberry, respectively. Across soil types, blueberry yield was reduced by —6.8% and —8.3% in loamy and
sandy soils under MDI. Strawberry yield was reduced by —6.1%, while WUE improved by 24.9% in loam soil
under MDI. Yield was slightly reduced, while WUE improved in both crops under MDI in semi-humid climate
with loamy and sandy soils. We also found that irrigation scheduling significantly influenced WUE and yield,
with climate and soil type strongly affecting crop response. This highlights the need for irrigation management
strategies to be established on a climate- and soil-specific basis. The results of this global meta-analysis suggest
that MDI could be the best option to optimize blueberry and strawberry yield under semi-humid climate and
loamy soil while improving WUE under limited water availability.

1. Introduction

Enhancing water use efficiency (WUE) is a central objective of
modern irrigation management, particularly in regions experiencing
increasing water scarcity (Alharbi et al., 2024). Global freshwater re-
sources are under growing pressure due to rapid population growth,
intensified agricultural production, and climate change-induced alter-
ations in hydrological cycles (Ungureanu et al., 2020). Agriculture
currently accounts for approximately 70% of global freshwater with-
drawals, and a predicted 70% increase in food demand by 2050 is ex-
pected to raise agricultural water consumption by nearly 20% (FAO,
2017). These challenges are further exacerbated by climate change,
which increases evapotranspiration rates and the frequency and severity
of drought events (Borah, 2025). Therefore, optimizing irrigation
management has become a critical strategy for sustaining agricultural
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productivity and water security under future climate change scenarios
(Leghari et al., 2024, 2026).

Berry crops, particularly blueberry (Vaccinium spp.) and strawberry
(Fragaria x ananassa), are among the most economically important
horticultural commodities worldwide and are predominantly cultivated
under irrigated conditions (Menzel, 2025; Pinzon et al., 2026). In the
United States, blueberry production was valued at approximately 713
million USD, contributing approximately 5% of the total fruit produc-
tion value. Strawberries generated more than 2 billion USD in annual
farm-gate sales, representing nearly 12% of total fruit production value
and ranking as the third most valuable fruit after grapes and apples (Yeh
et al., 2023). In 2020, global strawberry production was valued
approximately at 14 billion USD (FAO, 2021). Both crops are charac-
terized by shallow root systems with limited capacity to access water
from deeper soil layers, making them highly sensitive to soil moisture
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fluctuations. In blueberry, fine hairless roots concentrated in the upper
soil profile restrict hydraulic conductivity and exacerbate vulnerability
to water stress, particularly during critical growth stages such as flow-
ering, fruit set, and berry ripening (Ru et al., 2024). Similarly, straw-
berries possess a shallow and dense root system, a short cultivation
cycle, and large leaf area, resulting in high transpiration demand and
pronounced sensitivity to both water deficit and excess throughout the
growing season (Xu et al., 2023). Therefore, suboptimal irrigation
management in these crops can lead to substantial yield losses, reduced
fruit quality, and inefficient water use.

Irrigation scheduling involves the application of water at the
appropriate time and in optimal quantities to maximize crop produc-
tivity while improving WUE and supporting plant growth (Dong, 2023).
Effective irrigation scheduling is particularly critical for optimizing
WUE in blueberry and strawberry production systems, as it aligns water
applications with crop water requirements, soil conditions, and climatic
factors (Janssens et al., 2022). Through this, it reduces water losses
associated with evaporation, runoff, and deep percolation (Surve et al.,
2024). Conventional irrigation practices, often based on fixed intervals
or grower experience, often fail to account for temporal variability in
weather conditions and soil moisture dynamics, leading to inefficient
water use through over- or under-irrigation (Katimbo et al., 2023). In
contrast, data-driven scheduling approaches such as those based on crop
evapotranspiration or real-time soil moisture monitoring have been
shown to significantly improve WUE and irrigation efficiency compared
with conventional methods (Schlank et al., 2024). Soil-based ap-
proaches, including the use of tensiometers, capacitance sensors, and
time-domain reflectometry, provide real-time information on soil
moisture status within the root zone and enable more precise irrigation
decisions once sensory placement is optimized (Singh et al., 2023).
Plant-based indicators, such as leaf water potential, stomatal conduc-
tance, and canopy temperature, offer direct insights into crop water
status and have been successfully applied to improve irrigation man-
agement in berry crops (Espinoza et al., 2017).

Deficit irrigation is an agricultural water management strategy in
which the amount of water applied is intentionally maintained below
the crop full water requirement (Teshome et al., 2023). It can improve
WUE and increase crop productivity and quality by reducing the irri-
gation amount during less sensitive growth stages (Chai et al., 2016;
Palai et al., 2025). Deficit irrigation has emerged as a practical and
cost-effective approach for sustaining agricultural production under
water-limited conditions (Hu et al., 2026). When water becomes limited
or costly, producers may adopt stress management strategies to reduce
water use by implementing controlled deficit irrigation (Kullberg et al.,
2017). Plants respond to water deficit through physiological, biochem-
ical, and molecular changes that directly or indirectly affect yield and
quality (Wahab et al., 2022). To effectively evaluate deficit irrigation, it
is important to consider the soil water retention capacity. Sandy soils
induce rapid water stress, whereas fine-textured, deep soils allow plants
more time to adapt, making deficit irrigation more successful and
profitable in such conditions (Endalu Tura and Tolossa, 2020).

Despite advancements in irrigation technologies and management
strategies, optimizing WUE in blueberry and strawberry production
systems remains challenging due to variability in climatic conditions
and soil characteristics. Differences in irrigation approaches across
studies have led to inconsistent findings, hindering the development of
universally applicable irrigation guidelines. Although existing studies
provide valuable insights into the effects of irrigation on fruit yield,
physiological responses, and quality traits, translating these findings to
generalized recommendations across diverse production systems re-
mains difficult. Therefore, the objective of this study is to conduct a
quantitative synthesis of the available literature through meta-analysis
to evaluate the overall impacts of irrigation scheduling on yield, fruit
quality, physiological traits, and WUE in blueberry and strawberry
under varying irrigation regimes, soil types, and climatic conditions.
Furthermore, this study aims to identify key moderating factors that
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provide critical insights for optimizing irrigation strategies, improve
crop performance and strengthen resilience to increasing water scarcity.

2. Materials and methods
2.1. Literature search and data collection

Original studies for this meta-analysis were collected through
keyword searches in relevant literature databases prior to 31 March
2025. Peer-reviewed studies were searched in Scopus, Web of Science,
and Google Scholar. The keywords used for literature search were
“blueberry” or “strawberry” and “irrigation scheduling” and “irrigation
management” and “yield” and “fruit quality” for Web of Science and
“Irrigation scheduling” “irrigation management” “yield” “fruit quality”
“blueberry” or “strawberry” for Scopus and Google Scholar. The total
number of publications that were identified through Scopus, Web of
Science and Google Scholar were 193, 182, and 186, respectively, from
which duplicates were excluded.

2

2.2. Data curation

Data curation was performed following the same approach used in
our previous meta-analyses (Ali et al., 2024; Dick and VanderWeide,
2025). The studies included in this meta-analysis were selected using
predefined inclusion criteria to ensure comparability among crop type,
irrigation treatments, and response variables. Studies reporting blue-
berry or strawberry responses under clearly defined irrigation regimes
that matched the treatment categories used in this meta-analysis were
included. The self-defined inclusion criteria for the list of collected
publications were: a) contains irrigation scheduling and management
based on evapotranspiration (ET), b) irrigation treatment > 2, c) the
study was performed using field-grown plants, d) the study contains data
on fruit weight, yield, fruit quality traits (firmness, total sugar, total
soluble solids, and titratable acidity), leaf physiological parameters
(photosynthesis rate, stomatal conductance and transpiration rate),
irrigation water used (mm), and/or water use efficiency for blueberry
and/or strawberry. Studies that were duplicated or showed overlapping
results by year, location, or dataset, as well as those with inadequate
data, conference abstracts, review papers, or research focusing on other
fruits, were excluded for further statistical analysis (313 studies). Rele-
vant data were extracted from tables and figures through GetData Graph
Digitizer software. The study followed PRISMA guidelines regarding
study identification, screening, and inclusion. Of the initial 561 studies
identified, 313 studies were screened and excluded and 130 studies
included in the meta-analysis (Supplemental 1 and 2). The geographic
distribution of the experimental locations, trend in the number of pub-
lications, the year- and country-wise distribution of the studies included
is shown in Fig. 1.

2.3. Screening process

The search was designed to acquire a wide range of studies while
ensuring that the selected literature was relevant and reliable for the
study objectives. Several articles were identified initially and subse-
quently screened by title and abstract, followed by full-text assessment
based on data accessibility to check their suitability for inclusion in
meta-analysis.

2.4. Moderator variables and analysis

In irrigation scheduling studies, numerous explanatory (moderator)
variables affect the relationship between the independent variable
(irrigation scheduling) and the dependent variables (yield, fruit quality
attributes, plant physiological traits, and WUE). WUE was calculated as
the ratio of yield to total water input, which, in Rainfed conditions,
consisted only of effective rainfall. Irrigation treatments were
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Fig. 1. The (A) geographical distribution of experimental sites from publications included in the meta-analysis, (B) proportion of published studies included in the
meta-analysis by country, and (C) trend in the number of peer-reviewed publications included in the meta-analysis by publication year.

categorized as 1) over-irrigation (OI) (irrigation application exceeding
110% ET requirements, indicating water inputs greater than crop de-
mand), 2) full irrigation (FI) (90-100% ET) or identified as control/FI),
3) moderate deficit irrigation (MDI) (65-90% ET), 4) severe deficit
irrigation (SDI) (below 50%) and 5) Rainfed conditions/no irrigation.
Additionally, farmer-practiced irrigation (FP) was also considered based
on individual study representing irrigation levels typically applied by
growers under real field conditions.

The explanatory variables considered in the meta-analysis included
irrigation scheduling treatments, climate classification and soil type
which represented key factors that influence the relationship between
soil water availability and response variables. Additional moderators
such as soil and climate types were included, as these factors can
significantly impact yield, quality, and water use efficiency under
varying irrigation schedules (Ali et al., 2024). Soil types were classified
based on dominant particle composition into sand, silt, clay and loam.
Similarly, climates were categorized according to annual average pre-
cipitation for each study location: arid (<250 mm), semi-arid
(250-400 mm), semi-humid (400-800 mm), and humid (>800 mm).
This classification is based on observed daily precipitation from 1950 to
2013 obtained from the Rainfall Estimates on a Gridded Network dataset
developed by (Contractor et al., 2020). Collectively, these categories
allowed soil and climate to be evaluated as key moderating factors
affecting irrigation responses across studies.

2.5. Meta-analysis and statistical evaluation

For dependent variables the natural logarithm response ratio (LnR)
was used to quantify the effect size (Hedges et al., 1999) by calculating
the ratio between the treatment group and the control group under
different irrigation scheduling practices (Equation 1).

LnR = Ln() = Inxi — Inxc ¢))

xc

where xi represents the mean value of the treatment group and xc rep-
resents the mean value of the control group. In cases where standard
deviation (SD) was not reported but standard error (SE) was, SD was
calculated using the relationship SD = SE x 1/n, where n is the number
of replicates. When SD values were missing, they were estimated as 10%
of the reported means to enable inclusion of the data in the meta-
analysis. A sensitivity analysis was conducted by excluding studies
with imputed SD values, and the overall conclusions remained un-
changed, indicating that the results were robust to this assumption. The
variance of the effect size (VLnR) was calculated using the following
equation (Benitez-Lopez et al., 2017):

Si? Sc?

ILnR = =
VLnR (ni.xiz (nc.xc?)

) (2)

where Si and Sc represent the standard deviations of the treatment and
control groups, respectively, and ni and nc denote the corresponding
sample sizes.
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Each study was weighted by the inverse of its variance (Equation 3),
and the overall effect size (LnRR++) was calculated using a weighted
mean approach (Equation 4). The 95% confidence interval (CI) was
determined using Eq. (5):

1
Wi= Vi 3)
> wilnRi
LnRR,, = 5w 4
95%CI = LnRR ; £ 1.96 x - 5)
M AR S owi

where Vi represents the variance associated with each study and in-
cludes both within-study and between-study variance. The mean effect
size (MES) for all irrigation treatments and response variables was
subsequently converted to percentage change. Data merging, classifi-
cation, processing, and statistical analyses were performed using
Microsoft Excel. OpenMEE software was used to calculate effect sizes,
generate forest plots, estimate 95% confidence intervals and perform
random effects meta-analysis using the DerSimonian-Larid method
(Wallace et al., 2017). GraphPad Prism 10 software was used for figure
preparation (Motulsky, 2007).

3. Results
3.1. Blueberry
3.1.1. Irrigation scheduling impact on blueberry yield, fruit quality, leaf gas

exchange, and water use efficiency
Irrigation scheduling significantly influenced yield, fruit quality
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attributes, leaf gas exchange parameters, and WUE (Fig. 2). An overall
but non-significant reduction of —3.8% in fruit weight was observed
under different irrigation scheduling strategies, with an effect size (ES)
of —0.038 (95% confidence interval (CI): —0.001 to —0.076) (Fig. 2A).
Among irrigation scheduling treatments, Rainfed conditions caused the
greatest reduction in fruit weight (—6.6%), followed by SDI (—6.5%)
and MDI (—4.1%). In contrast, OI promoted an increase in fruit weight
(3.1%). Yield was more sensitive to irrigation scheduling than fruit
weight. The overall analysis indicated a negative trend (ES: —0.128;
95% CI: —0.239-0.017) of irrigation scheduling on yield (Fig. 2B). Yield
declined most significantly under OI (—9.3%) SDI (—26.0%), and
Rainfed conditions (—11.8%), while it increased under MDI (4.0%)
compared to FI.

Fruit firmness was not impacted by deficit irrigation with an overall
ES of 0.005 (95% CI: —0.081-0.092) (Fig. 2C). SDI, MDI and Rainfed
conditions enhanced fruit firmness by 4.7%,3.6% and 10%, respectively.
In contrast, OI led to a significant reduction in fruit firmness (—17.7%),
Total soluble solids were only significantly increased by 3.4% under SDI
with an overall ES of 0.005 (95% CI: —0.125-0.033) (Fig. 2D).
Conversely, total soluble solids were reduced by —2.5% and —3.6%
under OI and Rainfed conditions, respectively. Titratable acidity was not
significantly influenced by irrigation scheduling with an overall ES of
—0.07 (95% CI: —0.019-0.054) (Fig. 2E). Titratable acidity significantly
decreased by SDI (—17.9%) and Rainfed conditions (—14.1%), while
MDI produced a moderate increase (3.9%).

Leaf gas exchange was markedly affected by irrigation scheduling.
The photosynthesis rate decreased significantly under deficit irrigation,
with an ES of —0.152 (95% CI: —0.223 to —0.081) (Fig. 2F). Photo-
synthesis rate was significantly reduced by —31.9%, —21.7% and
—32.4% under OI, MDI and SDI, respectively. Similarly, stomatal
conductance significantly declined under deficit irrigation (Fig. 2G). The
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Fig. 2. Forest plot displaying the effect size of irrigation scheduling on A) fruit weight (g), B) yield (Kg ha’l), C) fruit firmness (g/mm), D) total soluble solids (°Brix),

E) titratable acidity (%), F) leaf photosynthesis rate (umol m2sh,

G) leaf stomatal conductance (mol m

~2 s71), and H) leaf water use efficiency (Kg m>) in

blueberry. Error bars represent 95% confidence interval (CI), and vertical dotted line indicates Hedges = 0). The effect size for each irrigation scheduling treatment is
considered significant if either of the error bars representing the 95% CI does not cross zero. Ol, over-irrigation (>110% evapotranspiration (ET)); MDI, moderate

deficit irrigation (65-90% ET); SDI, severe deficit irrigation (below 50% ET).
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overall ES was —0.046 (95% CI: —0.119-0.028). Stomatal conductance
was significantly reduced under MDI (—5.5%), SDI (—10.9%) and
Rainfed conditions (—12.0%). The overall ES for WUE was 0.003 (95%
CI: —0.034-0.039) (Fig. 2H). WUE showed an overall non-significant
trend under deficit irrigation. WUE improved under MDI (2.5%), SDI
(4.7%) and Rainfed conditions (17.5%), while significantly reduced
under OI (—27.2%).

3.1.2. Climate classification influence on blueberry yield, fruit quality, leaf
gas exchange, and water use efficiency

Climate classification impacted yield, fruit quality attributes, phys-
iological performance, and WUE under different irrigation scheduling
strategies. The climate classifications considered in this meta-analysis
included humid, semi-humid, and semi-arid regions, which differ in
annual precipitation and evaporative demand, thereby regulating crop
responses to irrigation scheduling (Fig. 3).

Fruit weight exhibited a consistent declining trend under irrigation
scheduling across all climate types (Fig. 3 Aa.c). In humid climates, OI
had non-significant effect, while fruit weight was significantly reduced
under MDI (—25.3%), SDI (—12.1%). In semi-humid climates, fruit
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weight was lower under MDI (—30.6%) and SDI (—51.6%). In semi-arid
climates, the decrease in fruit weight was —18.2% under SDI, while MDI
had non-significant effect. Yield was significantly affected by irrigation
scheduling across all climate types (Fig. 3 B,.c). In humid climates, yield
reduction was observed under OI (—15.1%), MDI (-5.3%), and SDI
(—11.2%). In semi-humid climates, a significant decrease in yield was
noted under OI (—8.1%), MDI (—8.0%) and SDI (—18.0%). In semi-arid
climates, yield declined significantly under MDI and SDI by —13.6% and
—24.6%, respectively.

Fruit firmness responded positively to deficit irrigation, particularly
under humid and semi-humid climate; a significant increase in fruit
firmness was observed for MDI (27.2%) and SDI (20.4%) (Fig. 3 Ca.0)-
Semi-humid climates exhibited significant improvement in fruit firm-
ness under SDI (—16.9%) while MDI and OI did not affect fruit firmness.
In semi-arid climates, fruit firmness responses for MDI and SDI were
6.2% and 4.4%, respectively. Total soluble solids demonstrated climate-
dependent responses to irrigation scheduling as well (Fig. 3 D). In
humid climates, total soluble solids response to irrigation regimes was
non-significant. In semi-humid climates MDI and OI did not influence
total soluble solids while SDI exhibited a more pronounced
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Fig. 3. Forest plot displaying the effect size of irrigation scheduling on (A,..) fruit weight (g), (B,.c) yield (Kg ha’l), (Ca.o) fruit firmness (g§/mm), (D,.c) total soluble

solids (°Brix), (E,.c) titratable acidity (%), (F,.c) leaf photosynthesis rate (umol m~2s™1), (G,.o) leaf stomatal conductance (mol m

~2¢71), and (H,.o) leaf water use

efficiency (Kg m~%)in blueberry under different climatic conditions. Error bars represent 95% confidence interval (CI) and vertical dotted line indicates Hedges = 0).
The effect size for each irrigation scheduling treatment is considered significant if either of the error bars representing the 95% CI does not cross zero. OI, over-
irrigation (>110% ET); MDI, moderate deficit irrigation (65-90% ET); SDI, severe deficit irrigation (below 50% ET).
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improvement of 9.8%. Similarly, in semi-arid climates, SDI improved
total soluble solids by 7.9%, while MDI had no effect on total soluble
solids. Titratable acidity was significantly influenced by irrigation
scheduling under humid climate (Fig. 3 E,¢). In humid climates, titrat-
able acidity decreased significantly under MDI (—16.2%) and SDI
(—35.0%). In semi-humid climates, titratable acidity reduced under O],
MDI and SDI by —44.5%, —6.4% and —3.3%, respectively. In semi-arid
climates, titratable acidity was reduced by SDI (—5.9%), whereas MDI
and OI had non-significant effects.

Physiological responses showed strong dependence on climate type.
The leaf photosynthesis rate declined in humid climates under SDI by
—11.8%, while MDI had non-significant effect (Fig. 3 Fa.c). Similarly, in
semi-humid climates, photosynthesis was reduced significantly under
MDI and SDI by —18.6% and —36.5%, respectively. Similarly, in semi-
arid climates, photosynthesis was reduced significantly under both
MDI (—34.6%) and SDI (—54.4%). Stomatal conductance was reduced
under deficit irrigation (Fig. 3 G,c). In humid climates, SDI did not
impact stomatal conductance, whereas MDI increased stomatal
conductance by 5.3%. The semi-humid climates exhibited comparable
stomatal limitations under SDI (—36.0%), while in contrast MDI
increased stomatal conductance by 11.2%. In semi-arid climate,
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stomatal conductance significantly decreased under MDI (—21.0%) and
SDI (—48.9%).

WUE responded positively to deficit irrigation under different
climate types. In humid climates, WUE decreased under OI (—33.5%)
but improved slightly under MDI (4.0%) and more so by SDI (16.4%)
(Fig. 3 Hac). In semi-humid climates, MDI and SDI significantly
enhanced WUE by 10.4% and 19.8%, respectively. The strongest
improvement in WUE was observed in semi-arid climates, where MDI
and SDI increased WUE by 31.2% and 40.2%, respectively.

3.1.3. Soil type as moderator for irrigation scheduling impact on yield,
quality and physiological parameters and water use efficiency

Soil texture, as a key explanatory variable, played a critical role in
regulating fruit yield, quality attributes, physiological responses, and
water use efficiency under different irrigation scheduling strategies. The
soil classes considered in this meta-analysis included sand, loam, silt,
and clay soils, which differ significantly in water-holding capacity and
infiltration rate, thereby influencing crop responses to OI, MDI, and SDI
(Fig. 4).

Fruit weight exhibited strong soil-dependent responses to irrigation
scheduling (Fig. 4 A,.q). In clay soil, fruit weight declined under MDI
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Fig. 4. Forest plot displaying the effect size of irrigation scheduling on (A ,.q) fruit weight (g), (B ,.4) yield (Kg ha’l), (C 4.0 fruit firmness (g/mm), (D ,.4) total

soluble solids (°Brix), (E ,.c) titratable acidity (%), (F ,.q) leaf photosynthesis rate (umol m

“2571), (G a.0) leaf stomatal conductance (mol m 2 s 1), and (H ,gp) leaf

water use efficiency (Kg m~>) in blueberry under different soil types. Error bars represent 95% confidence interval (CI) and vertical dotted line indicates Hedges = 0).
The effect size for each irrigation scheduling treatment is considered significant if either of the error bars representing the 95% CI does not cross zero. OI, over-
irrigation (>110% ET); MDI, moderate deficit irrigation (65-90% ET); SDI, severe deficit irrigation (below 50% ET).
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(—2.5%) and SDI (—17.7%). In silt soil, fruit weight showed a more
pronounced reduction, particularly under OI (—21.8%), while MDI and
SDI showed non-significant effects. In loam soil, fruit weight was
significantly reduced across both MDI (—16.7%) and SDI (—23.1%).
Similarly, in sand soil, fruit weight reduced significantly under MDI
(—6.85%) and SDI (—28.1%), with an overall ES of 0.173 (95% CI:
—0.095 — 0.154). Fruit yield was strongly affected by soil type (Fig. 4 B,.
). Yield was significantly reduced under MDI (—8.3%) and SDI
(—25.0%) in loam soil with (ES: —0.63; 95% CI: —0.91 — 0.35). In silt
soil, yield significantly declined under MDI (—14.5%), SDI (—34.0%)
and OI (—38.6%). Similarly, the clay soil yield was reduced significantly
under MDI (—20.7%) and SDI (—31.1%). In sandy soil yield reduced
significantly under SDI (—28.1%).

Fruit firmness responded differently depending on soil texture (Fig. 4
Ca.o)- In silt soils, fruit firmness was significantly enhanced by SDI
(14.7%), whereas OI and MDI reduced fruit firmness by —2.3% and
—3.2%, respectively. In loam soil, fruit firmness declined under OI
(=10.3%) and MDI (—53.5%) but increased under SDI (12.6%). In
contrast, fruit firmness was enhanced by both MDI (4.7%) and SDI
(7.7%) in sandy soil. Soil types significantly influenced the response of
total soluble solids to irrigation scheduling (Fig. 4 D,q4). In clay soil,
irrigation scheduling had a minimal influence on total soluble solids, as
both MDI and SDI showed a near-zero effect size. Similarly, sandy soil
exhibited negligible changes in total soluble solids under both MDI and
SDI. In contrast, in silt soil, OI and SDI resulted in a noticeable increase
in total soluble solids of 4.3% and 11.6% respectively, while decreased
under MDI (—10.0%). In loam soil, TSS exhibited a moderate reduction
under both MDI (—14.0%) and SDI (—11.5%). Titratable acidity in silt
soil decreased significantly under OI (—36.0%), MDI (—43.0%) and SDI
(—51.0%) (Fig. 4 E4.). In contrast, in loam soil titratable acidity was
significantly increased by OI (5.5%), MDI (23.7%) and SDI (15.9%).
Similarly, in sandy soil, titratable acidity increased significantly under
MDI (20.0%) and SDI (5.7%).
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Physiological responses were strongly influenced by soil texture. The
photosynthesis rate declined substantially under deficit irrigation across
all soil types (Fig. 4 F,.q). In clay soil, SDI reduced photosynthesis rate by
—35.4%, whereas in silt and loam soils the reduction was —25.0% and
34.0%, respectively. The greatest decline in photosynthesis was
observed in sandy soil under SDI (—71.3%). Stomatal conductance
exhibited consistent reductions under deficit irrigation across all soil
textures (Fig. 4 Ga.c). Clay soil showed moderate reductions under MDI
(—41.0%) and SDI (—41.3%), while silt soil exhibited stronger stomatal
limitations of —7.4% and —56.0% across MDI and SDI respectively.
Similarly, sandy soil showed a significant reduction in stomatal
conductance under MDI (—38.1%) and SDI (—56.8%).

WUE showed contrasting responses depending on soil texture (Fig. 4
Hap). In clay soil, WUE improved under MDI (10.8%) and SDI (17.7%).
Similarly, in silt soil, improvement in WUE was observed under MDI
(34.4%) and SDI (64.0%), whereas OI decreased WUE. Overall, these
findings demonstrated that soil texture acts as a main moderator of
irrigation scheduling effectiveness, with loam and silt soils providing
optimal conditions for improving yield, quality and WUE. Conversely,
sandy soil was highly susceptible to yield, and physiological deteriora-
tion under deficit irrigation conditions, which highlighted the need for
soil-specific scheduling strategies to achieve optimal blueberry
production.

3.2. Strawberry

3.2.1. Irrigation scheduling impact on strawberry yield, fruit quality, leaf
gas exchange, and water use efficiency

Irrigation scheduling significantly influenced strawberry yield, fruit
quality attributes, leaf gas exchange traits and WUE (Fig. 5). The number
of fruit plant™! exhibited a non-significant response to irrigation
scheduling, with an overall effect size (ES) of —0.02 (95% CI:
—0.08-0.046) (Fig. 5A). A slight reduction in fruit number was recorded
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Fig. 5. Forest plot displaying the effect size of irrigation scheduling effect on (A) fruit plant’l, (B) fruit weight (g), (C) yield (Kg ha’l), (D) fruit firmness (g/mm), (E)
total sugar (%), (F) total soluble solids (° Brix), (G) leaf photosynthesis rate (umol m
(mm), and (J) leaf water use efficiency (Kg m~%) in strawberry. Error bars represent 95% confidence interval (CI) and vertical dotted line indicates Hedges = 0). The
effect size for each irrigation scheduling treatment is considered significant if either of the error bars representing the 95% CI does not cross zero. OI, over-irrigation
(>110% ET); MDI, moderate deficit irrigation (65-90% ET); SDI, severe deficit irrigation (below 50% ET); FP, farmers practice irrigation.
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for OI (—4.9%), MDI (—4.4%), SDI (—6.6%), and Rainfed conditions
(—6.4%), while FP treatment increased fruit per plant by 4.3%. A sig-
nificant reduction in fruit weight was observed under MDI (—5.2%), OI
(=11.9%), SDI (—15.4%), and Rainfed conditions (—43.0%) with an
overall ES of —12 (95% CI: —0.23 to —0.01) (Fig. 5B). In contrast, fruit
weight was increased by FP treatment (14.2%). Similarly, yield was
significantly reduced under OI (—40.4%), MDI (—6.9%), SDI (—30.5%),
and Rainfed conditions (—27.6%), (Fig. 5C). In contrast, FP treatment

significantly improved yield by 17.0%.

Fruit firmness was not impacted by deficit irrigation with an overall
ES of 0.155 (95% CI: —0.06 — 0.369) (Fig. 5D). Both MDI and SDI
significantly increased firmness by 28.0% and 37.3%, respectively,
while FP treatment had non-significant effects. In contrast, firmness was
significantly reduced under OI by —9.2%. Total sugar showed a strong
increasing trend under deficit irrigation (Fig. 5E). SDI significantly
enhanced total sugar by 29.5%, followed by MDI (26.5%), whereas FP
treatment and OI resulted in a marked reduction of —43.8% and
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respectively.

The photosynthesis rate declined under increasing deficit irrigation,
with MDI causing a moderate decline (—5.5%) and SDI leading to a
significant reduction (—14.1%) (Fig. 5G). In contrast, OI increased the
photosynthesis rate by 14.0% with an overall (ES: 0.039 and 95% CI:
—0.1 - 0.175). Transpiration rate was reduced under deficit irrigation
with (ES: —0.08 and 95% CI: —0.28 - 0.199) (Fig. 5H). OI significantly
reduced transpiration by —3.8%, followed by MDI (—7.1%) and SDI
(—32.3%).

Applied irrigation volume differed markedly among treatments
(Fig. 5I). Both MDI and SDI significantly reduced applied irrigation
volume by —11.0% and —16.9%, respectively, while OI and FP showed a
greater applied irrigation volume of 13.4% and 13.7%, respectively.
WUE was not impacted by deficit irrigation strategies (ES: 0.036 and
95% CI: —0.05-0.125) (Fig. 5J). A significant improvement in WUE was
noticed under FP (6.9%), MDI (11.0%), SDI (12.7%), and Rainfed con-
ditions (14.2%), while WUE decreased under OI (—36.3%).

—53.2%, respectively. Total soluble solids were not significantly

affected by irrigation scheduling (ES: —0.01 and 95% CI: —0.05 - 0.033)
(Fig. 5F). Ol reduced total soluble solids by —9.0%, while MDI decreased
total soluble solids slightly (—2.2%). In contrast, Rainfed conditions and
FP treatment increased total soluble solids by 4.0% and 6.3%,
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3.2.2. Climate classification influence on strawberry yield, fruit quality,
leaf gas exchange, and water use efficiency

Climate classification played a significant role in regulating straw-
berry yield, fruit quality attributes, physiological responses, and WUE
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Fig. 6. Forest plot displaying the effect size of irrigation scheduling on (A ,4) fruit plant '1, (B a.q) fruit weight (g), (C ,.q) yield (Kg ha’l), (D 4.q) fruit firmness (g/
mm), (E ,..) total sugar (%), (F ,.4) total soluble solids (°Brix), (G ,.4) leaf photosynthesis rate (umol m2 s’l), (H ,.9) leaf transpiration rate (mmol m 2 s’l), (1)
applied irrigation volume (mm), and (J ,.4) leaf water use efficiency (Kg m>) in strawberry under different climatic conditions. (bars represent 95% confidence
interval (CI) and vertical dotted line indicates Hedges = 0). The effect size for each irrigation scheduling treatment is considered significant if either of the error bars
representing the 95% CI does not cross zero. Ol, over-irrigation (>110% ET); MDI, moderate deficit irrigation (65-90% ET); SDI, severe deficit irrigation (below 50%
ET); FP, farmers practice irrigation.
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under different irrigation scheduling (Fig. 6).

Regarding yield parameters, fruit plant™! in humid climates showed
a significant reduction under MDI (—16.9%) and SDI (—30.0%), whereas
OI increased the fruit number by 13.5% (Fig. 6 Asq). In semi-humid
climates, SDI and MDI resulted in a significant reduction of —35.6%
and —74.7%, respectively, whereas OI showed a smaller decline. In
semi-arid climates, fruit plant’l was reduced under MDI (—16.6%) and
SDI (—29.2%), whereas slightly increased under OI (3.3%). The largest
decline in fruit plant’1 was observed under arid climates, where MDI
and SDI reduced fruit plant™! by —30.6% and —33.3%, respectively.
Fruit weight declined significantly in humid climates under OI
(—10.7%), while FP treatment slightly improved fruit weight by 19.0%
(Fig. 6 Ba.q). In semi-humid climates, MDI and SDI resulted in significant
reductions of 13.6% and 31.5%, respectively in fruit weight. In semi-arid
climates, fruit weight decreased moderately under OI (—33.8%), MDI
(—31.6%) and SDI (—17.4%). Under arid climates, the strongest reduc-
tion in fruit weight was observed, with MDI (—18.4%) and SDI
(—51.9%). The yield in humid climates was significantly reduced under
0OI (—30.9%), MDI (—15.1%) and SDI (—11.2%), whereas FP treatment
increased yield by 29.5% (Fig. 9 Caq). In semi-humid climates, SDI
resulted in a marked reduction in yield (—13.1%), while MDI caused a
smaller decline. In semi-arid climates, yield declined significantly under
OI (—33.8%), MDI (—31.6%) and SDI (—17.4%). Under arid climates,
yield was most severely affected, with MDI and SDI significantly
reducing yield by —18.4% and —51.9%, respectively.

In quality attributes, fruit firmness improved significantly in humid
climates, under MDI (5.6%) and SDI (13.5%), while reduced under FP
treatment (—15.7%) (Fig. 6 D,.g). In semi-humid climates, MDI and SDI
resulted in a noticeable increase in fruit firmness (44.9% and 8.9%,
respectively), while OI slightly decreased fruit firmness. Similarly, in
semi-arid climates, MDI and SDI increased fruit firmness by 6.7% and
33.5% respectively, while decreased under OI (—13.9%). In arid cli-
mates, fruit firmness increased by 7.6% and 20.6% under MDI and SDI,
respectively. Total sugar decreased slightly in humid climates under
MDI (—68.0%) and SDI (—28.2%), whereas it increased under OI
(16.3%) and FP (5.4%) (Fig. 6 E,.o). In semi-humid climates, MDI and
SDI showed a moderate increase in total sugar. In semi-arid climates,
sugar concentration increased modestly under SDI (7.1%), while it
decreased under OI (—48.8%) and MDI (—40.9%). In humid climates,
total soluble solids increased significantly under MDI (7.3%) and SDI
(11.6%) (Fig. 6 Fa.q). In semi-humid climates, SDI significantly enhanced
total soluble solids by 19.8%, while MDI resulted in a smaller
improvement. In semi-arid climates, TSS increased by approximately
14.2% under SDI. Under arid climates, total soluble solids were most
severely affected, with SDI and MDI reduced total soluble solidsby
—15.1% and —26.8%, respectively.

Leaf photosynthesis rate declined moderately under MDI (—40.5%)
and SDI (—70.8%), whereas there was a slight increase under OI in
humid climates (Fig. 6 Gaq). In semi-humid climates, SDI reduced leaf
photosynthesis rate by —18.6%, while MDI caused a smaller decline. In
semi-arid climates, leaf photosynthesis rate decreased by —26.7% and
—77.2% under MDI and SDI respectively, whereas increased under OI.
Similarly, in arid climates, leaf photosynthesis rate was reduced under
MDI (—15.5%) and SDI (—31.1%). The leaf transpiration rate in humid
climates decreased under MDI (—11.2%) and SDI (—49.2%) (Fig. 6 Ha.q).
In semi-humid climates, SDI caused a reduction of —6.9%, while MDI led
to a smaller decline in leaf transpiration rate. In semi-arid climates,
transpiration decreased by —18.1% under MDI and —12.3% under SDIL.
Under arid climates, a significant reduction of leaf transpiration rate was
observed under MDI (—30.2%) and SDI (—66.1%).

Across all climates, applied irrigation volume was reduced under
deficit irrigation (Fig. 6 Isq). In humid climates, applied irrigation vol-
ume decreased by —5.6% under MDI and —20.0% under SDI, whereas it
increased under FP treatment (8.3%) and OI (11.7%). In semi-humid
climates, a slight reduction of —4.4% and —12.7% were observed
under MDI and SDI. Similarly, in semi-arid climates, applied irrigation
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volume decreased by —7.9% under MDI and —16.0% under SDI. A sig-
nificant reduction in applied irrigation volume was recorded under arid
climates, where MDI decreased applied irrigation volume by —36.0%
and SDI by —51.9%. WUE in humid climates improved moderately
under FP (12.3%), SDI (16.0%) and MDI (39.1%), whereas reduced
under OI (—15.9%) (Fig. 6 Jaq)- In semi-humid climates, significant
enhancement in WUE was observed under MDI (32.4%) and SDI
(41.7%). In semi-arid climates, WUE increased by 16.6% under MDI and
36.5% under SDI, whereas decreased under OI (—41.8%). In arid cli-
mates, a significant improvement in WUE was noticed, with MDI and
SDI increased WUE by 56.3% and 56.8%, respectively.

3.2.3. Soil type as moderator for irrigation scheduling impact on Yyield,
quality and physiological parameters and water use efficiency

Soil type significantly influenced the effectiveness of irrigation
scheduling in regulating strawberry growth, yield, fruit quality, physi-
ological responses, and WUE. Fig. 7 illustrates strawberry response to
irrigation scheduling with soil type as moderator across clay, silt, loam,
and sandy soils.

The overall effect of irrigation scheduling on fruits plant~* showed a
declining trend across soil types in relation to water holding capacity
(Fig. 7 Aq.q). In clay soil, a significant reduction in fruit plant™! was
observed under MDI (—11.1%), SDI (—25.5%), and OI (—50.1%). In silt
soil, fruit plant’1 was reduced under SDI (—15.8%), FP (—16.9%) and
slightly decline in MDI (—9.9%). Loam soil also showed the same trend
of reduced fruit plant’1 under OI (—16.7%), MDI (—24.3%) and SDI
(—30.3%). In sand soil, FP, SDI and MDI reduced fruit plant’1 by —4.9%,
—5.3% and 10%. Fruit weight was significantly reduced in clay soil
under MDI (—8.3%) SDI (—16.7%), while OI improved fruit weight by
19.4% (Fig. 7 Ba.g). In silt soil, MDI and SDI resulted in —23.7% and
—28.6% significant reductions in fruit weight, whereas FP reduced fruit
weight by 7.0%. Similarly, in loam soil a significant reduction in fruit
weight was observed under MDI (—12.3%) and SDI (—14.7%), whereas
OI and FP slightly increased fruit weight. Yield was significantly reduced
in clay soil under OI (—9.3%), MDI (—15.6%) and SDI (—20.3%) yield
(Fig. 7 Ca.9)- In silt soil, MDI, SDI and FP resulted in significant yield
reductions of —9.9%, —15.8% and —16.9%, respectively. In loam soil, a
significant reduction in yield was observed under OI (—16.7%), MDI
(—24.3%) and SDI (—30.3%). In sand soil, yield was significantly
reduced under SDI (—10.3%), FP (—11.5%) and MDI (—16.7%), whereas
OI had a non-significant effect.

Fruit firmness in clay soil showed a slight improvement under MDI
(3.9%) and SDI (8.0%), while OI resulted in a minor reduction (—5.2%)
(Fig. 7 Dga.q)- Similarly, in silt soil, SDI and MDI enhanced fruit firmness
by 20.3% and 7.9%, whereas OI reduced fruit firmness by —7.3%. In
sand soil, fruit firmness was enhanced markedly by MDI (9.5%) and SDI
(7.7%), while reduced slightly under OI and FP. Total sugar in clay soil
was significantly reduced under OI (—32.8%), MDI (—16.8%) and SDI
(—24.5%) (Fig. 7 Ea.q) In silt soil, a significant reduction in total sugar
was observed under MDI (—19.5%), FP treatment (—29.7%) and SDI
(—16.8%). In loam soil, total sugar reduced significantly under OI
(—31.9%) and MDI (—65.6%), whereas increased under SDI (32.7%). In
sand soil, total sugar showed high variability, with significant reduction
under MDI (—8.8%) and increased under SDI (15.8%) and FP (26.5%).
For total soluble solids, no significant differences were observed for
irrigation regimes in clay soil (Fig. 7 Faq). In silt soil, MDI resulted in a
significant decrease in total soluble solids by (—10.5%), whereas MDI
had a moderate positive effect. In sand soil, total soluble solids response
was inconsistent, with a significant improvement under MDI (6.9%) and
FP (9.5%), whereas decreased under OI (—7.7%).

The leaf photosynthesis rate declined significantly under MDI
(—44.4%) and SDI (—14.3%) in clay soil (Fig. 7 G,.q). In silt soil, OI, MDI,
and SDI significantly reduced leaf photosynthesis rate by —13.1%,
—12.6%, and —13.8%, respectively. In loam soil, the leaf photosynthesis
rate declined under MDI (—22.6%) and SDI (—47.8%), while slightly
increased under OI (2.6%). Similarly, in sand soil, leaf photosynthesis
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Fig. 7. Forest plot displaying the effect size of irrigation scheduling on (A ,.¢) fruit plant ’1, (B a-a) fruit weight (g), (C ,.q) yield (Kg ha’l), (D a.0) fruit firmness (g/

mm), (E ,.4) total sugar (%), (F ,.c) total soluble solids (°Brix), (G ,.q) leaf photosynthesis rate (umol m2s”

1, (H ,.q) leaf transpiration rate (mmol m2sY), (I,

applied irrigation volume (mm), and (J ,.q) leaf water use efficiency (Kg m~—>) of strawberry under different soil types. Error bars represent 95% confidence interval
(CD and vertical dotted line indicates Hedges = 0). The effect size for each irrigation scheduling treatment is considered significant if either of the error bars
representing the 95% CI does not cross zero. Ol, over-irrigation (>110% ET); MDI, moderate deficit irrigation (65-90% ET); SDI, severe deficit irrigation (below 50%

ET); FP, farmers practice irrigation.

rate was reduced under MDI (—4.5%) and SDI (—21.0%), while
enhanced under OI (19.9%). Leaf transpiration rate decreased signifi-
cantly under MDI (—28.9%) and SDI (—66.1%) in clay soil (Fig. 7 Ha.q)-
Similarly, silt soil reduced leaf transpiration rate by —12.6% and
—13.1% under MDI and SD], respectively. In loam soil, leaf transpiration
rate decreased by —32.3% under MDI and —41.9% under SDI, whereas
increased under OI (30.1%). Similar trends were observed in sand soil,
where MDI and SDI decreased leaf transpiration rate by —3.7% and
—43.8%, respectively, while OI increased leaf transpiration rate by
33.1%.

Across all soil types, applied irrigation volume was reduced under
deficit irrigation strategies, and increased under over irrigation (Fig. 7
I,.¢)- In clay soil, applied irrigation volume was reduced by —30% under
MDI and —20.6% under SDI In silt soil, reductions of —8.5% and
—48.1% in applied irrigation volume were observed under MDI and SDI,
respectively. Similarly, in loam soil, applied irrigation volume decreased
under MDI (—2.5%) and SDI (—25.3%). The reduction in applied irri-
gation volume was recorded in sand soil, under MDI (—17.6%) and SDI
-(37.4%). WUE increased significantly in clay soil under MDI (19.5%)
and SDI (60.4%), whereas decreased under OI (—66.7%) (Fig. 7 Ja.4). In
silt soil, MDI, FP and SDI improved WUE by 8.5%, 13.9% and 16.7%,
respectively. In loam soil, a significant enhancement in WUE was
observed under MDI (24.9%) and SDI (45.7%). Similarly, in sand soil,
WUE improved by 3.3% under MDI and 14.1% under SDI.
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4. Discussion

4.1. Irrigation scheduling affects leaf gas exchange, WUE, yield, and fruit
quality traits

Irrigation scheduling has become a critical decision-making process
for achieving efficient and economically sustainable water use in agri-
cultural systems (Saggi and Jain, 2022). Inefficient irrigation practices
result in over- or under-irrigation, which can substantially reduce water
use efficiency (WUE) and compromise crop performance (Umutoni and
Samadi, 2024). Therefore, real-time irrigation scheduling plays a vital
role in optimizing water application by aligning irrigation inputs with
crop water requirements (Bwambale et al., 2022).

The present meta-analysis demonstrated that leaf gas exchange,
WUE, and yield were among the most significantly altered parameters
by irrigation scheduling for both blueberry and strawberry. In blue-
berry, MDI and SDI decreased photosynthesis rate and stomatal
conductance and increased WUE, while Rainfed conditions and SDI
resulted in yield losses. In strawberry, only SDI reduced photosynthesis
and transpiration, while OI, MDI, SDI, and Rainfed conditions increased
WUE and reduced yield. These contrasting results reflect the challenge
of maximizing yield and WUE simultaneously through irrigation
scheduling. WUE in plants reflects the balance between leaf photosyn-
thesis and stomatal conductance or transpiration and is therefore closely
linked to yield formation. Strategies that improve WUE (e.g. deficit
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irrigation) often involve tighter stomatal regulation, which reduces
water loss but also constrains CO, uptake (Rho et al., 2012). This can
potentially limit photosynthesis, leading to a reduction in biomass
accumulation and yield (Ali et al., 2024). Several studies included in this
meta-analysis reported this negative relationship between WUE and
yield (Ali et al., 2024; Weber et al., 2017). However, under severe water
deficit, loss of cell turgor and cellular damage can override these effects,
ultimately reducing fruit firmness. In both blueberry and strawberry,
total soluble solids was minimally impacted by irrigation scheduling.
However, in strawberry, total sugars increased in fruits under MDI and
SDI and decreased by FP and OI. Deficit irrigation increases sugar con-
centration primarily through reduced fruit water content and limited
dilution during growth (Janssens et al., 2022). Although soluble sugars
can also increase under water deficits to serve as osmolytes to maintain a
low osmotic potential in fruit tissues (Ru et al., 2024). Meanwhile,
over-irrigation promotes rapid fruit expansion and dilution of soluble
carbohydrates, leading to lower sugar concentrations. TSS can remain
unchanged across treatments because it reflects the combined contri-
bution of sugars, organic acids, and other soluble compounds, which
may respond differently to irrigation regimes and offset changes in sugar
concentration (Kader, 2008). In blueberry, TAC was moderately
responsive to deficit irrigation; values were only decreased by SDI and
Rainfed conditions. This reduction is primarily associated with the
enhanced utilization of organic acids as respiratory substrates during
stressful conditions, which results in greater acid degradation and lower
organic acid accumulation in fruit tissues (Etienne et al., 2013).

Although both OI and FP applied similarly maximum irrigation
amounts in strawberry, their effects on crop performance differed
markedly. OI consistently reduced yield, firmness, and WUE in both
blueberry and strawberry, likely due to excessive soil moisture causing
reduced root aeration, increased nutrient leaching, and reduced physi-
ological function (Zhang et al., 2025). OI can reduce crop yield by
causing soil waterlogging, reduced root-zone oxygen availability,
nutrient leaching, and increased susceptibility to root diseases. Excess
soil moisture may also induce stomatal closure, restrict root growth, and
reduce water and nutrient uptake, ultimately limiting plant productivity
and yield (Irmak Suat, 2014). In contrast, FP improved FW, yield, TSS,
and WUE in strawberry, indicating that these practices involve more
adaptive and responsive water management rather than simply higher
water application (Ibrahim et al., 2023). Unlike OI, FP likely reflects
irrigation timing, frequency, and adjustments based on crop demand,
soil moisture conditions, or grower experience, which help maintain
optimal root-zone moisture without inducing waterlogging. This bal-
ance allows sustained photosynthesis and assimilates partitioning to-
ward fruit development, thereby enhancing yield and quality. Overall,
the contrast highlights that how water is applied is more critical than
how much is applied, with FP treatment achieving better outcomes
through improved synchronization between irrigation and plant water
needs.

4.2. Irrigation scheduling was impacted by climate classification

Climate classification strongly moderated the effects of irrigation
scheduling on fruit yield, quality, physiological traits, and WUE of
blueberry and strawberry (Fig. 6 and 9). Irrigation scheduling under
different climatic conditions serves as a key guide for irrigation system
construction and operation and for regional water distribution (Linker
et al., 2018).

In blueberry, yield reduction under deficit irrigation was more
noticeable in semi-arid climates, while yield reductions were smaller
under semi-humid and humid climates. Similarly, in strawberry, yield
reductions and physiological stress responses under deficit irrigation
were less pronounced in humid climates compared to drier climates (Du
et al., 2018). Our results are in line with (Ali et al., 2024), who reported
that yield reduction was higher in semi-arid climate compared to
semi-humid and humid climates in apple. An explanation for these
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differences across climate classification is the contribution of precipi-
tation and ET demand to existing water stress conditions Yield reduction
under deficit irrigation is more pronounced in semi-arid climates due to
low precipitation and high ET demand, which increases plant water
stress and restrain photosynthesis and fruit development (Cholula et al.,
2026; Emami et al., 2026). In contrast, semi-humid and humid climates
provide supplemental rainfall and reduced ET demand, buffering soil
moisture deficits and mitigating yield losses (Rashidi et al., 2026).

WUE under deficit irrigation was consistently higher in semi-arid
climates as compared to humid and semi-humid climates. Reducing
irrigation to boost WUE at the expense of yield is not advisable (Yu et al.,
2020). These results were in accordance with the findings of (Cheng
et al., 2021), who reported that deficit irrigation strategies are more
effective for improving WUE in semi-arid regions in apple and grape.
Irrigation scheduling in arid and semi-arid climate results in higher WUE
compared to the humid regions (Ali et al., 2024). According to Zhang
et al. (2021), the areas with humid climates can attain maximum re-
turn in terms of yield and WUE than drier climates due to lower vapor
pressure deficit, which reduces plant water stress. This suggests that
both blueberry and strawberry grown in wetter climates have greater
resilience to irrigation reductions.

Deficit irrigation effects on fruit quality were strongly climate-
dependent on both blueberry and strawberry. Total soluble solids and
total sugar increased more consistently in humid and semi-humid cli-
mates under SDI and MDI, where moderate stress and partial moisture
availability supported sugar accumulation. Deficit irrigation has been
widely reported to advance fruit maturity and increase total soluble
solids in fruit crops (Costa et al., 2007), while well-watered conditions or
excessive vegetative growth can delay ripening due to shading within
the canopy, resulting in lower total soluble solids (Marsal et al., 2000).
In contrast, fruit firmness was higher in semi-arid and arid climates,
likely due to reduced cell expansion and lower fruit water content under
deficit irrigation. This increase in firmness under deficit irrigation has
been attributed to cell-wall remodeling processes, including pectin
methyl esterification and xyloglucan acetylation, which enhance struc-
tural rigidity (Gribaa et al., 2013; Toumi et al., 2022). In addition, fruit
cell walls are rich in pectin, and calcium—pectin cross-linking plays a key
role in strengthening cell wall structure, thereby increasing firmness
(Hocking et al., 2016). Titratable acidity declined across all climates,
with more pronounced reductions in humid and semi-humid regions.
Overall, moderate climates favored sweetness, while drier climates
enhanced firmness, highlighting a climate-driven trade-off in fruit
quality under deficit irrigation.

Physiological responses such as photosynthesis rate and transpira-
tion rate are highly sensitive to environmental conditions (Rett-Cadman
and Vander Weide, 2026). Both parameters were reduced in deficit
irrigation in arid climate as compared to humid climates. Soil moisture
and vapor pressure deficit are the key drivers of transpiration at both
local and global scales (Kimm et al., 2020; Liu et al., 2020). In wet soil,
hydraulic conductivity is high, and water flow is primarily controlled by
root hydraulic conductivity (Cai et al., 2022). As soils dry, hydraulic
conductivity declines sharply, limiting water movement to the roots and
eventually limiting the plant capacity to maintain high transpiration
rates (Cai et al., 2024). The climate strongly governed the trade-off
between yield preservation and water savings for both crops. Deficit
irrigation was the most effective for improving WUE in arid and
semi-arid climates, but needs proper management to avoid excessive
yield loss, whereas semi-humid and humid climates allowed greater
flexibility in irrigation reduction with minimal productivity penalties
(He and Rosa, 2023).

4.3. Soil type influenced irrigation scheduling
Soil types significantly influenced the effectiveness of irrigation

scheduling. Soil physio-chemical properties determine soil water
retention capacity, infiltration rate, and availability of water in the root



J. Bayar et al.

zone for plant uptake. Among these, soil texture is important in regu-
lating crop response to irrigation management. Rooting depth and
water-extraction capacities of crops are impacted by the texture of the
soil, which influences plant resistance to water stress (Zhang et al.,
2004). Differences in field water capacity and permanent wilting point
among soil types changed the duration and intensity of water stress
under deficit irrigation, thereby determining crop response. Clay soil
generally has a higher water-holding capacity, while sandy soil exhibits
rapid drainage and limited moisture retention, requiring frequent irri-
gation to maintain adequate soil moisture. Loam soils, due to their
balanced texture, provide comparatively favorable conditions for
strawberry production under different irrigation strategies (Zhang et al.,
2004). Blueberries are commonly grown on sandy loam soils to limit
waterlogging (Tucker et al., 2025). In blueberry, across all soil types,
sandy soils exhibited the greatest sensitivity to irrigation reduction.
Yield parameters declined significantly under deficit irrigation in sand
soil due to rapid drainage and low water-holding capacity. This soil type
accelerates soil moisture reduction, exposing plants to frequent water
stress events. These findings align with previous findings that
coarse-textured soils increase drought stress and reduce yield under
deficit irrigation (Tucker et al., 2025). Although yield reductions were
greatest in sandy soils, WUE improved due to significant reductions in
soil moisture under deficit irrigation because water savings from ET
were proportionally larger than the corresponding yield losses (Yu et al.,
2020). In contrast, clay soil resulted in smaller yield declines due to
higher water retention. However, excessive irrigation in clay soil
reduced WUE, likely because of reduced soil aeration and inefficient
water use, as reported in earlier studies on fine-textured soils (Blanco
et al., 2019). Loam soil provided the most balanced response, main-
taining yield stability while achieving significant enhancement in WUE
under moderate deficit irrigation (Cheng et al., 2021). Fruit quality at-
tributes such as firmness, total soluble solids, and titratable acidity
remained largely unaffected across soil types, indicated that blueberry
fruit quality is comparatively resilient to soil-mediated water stress.
Physiological responses in blueberry were reduced significantly in sandy
soil compared to loam and clay soil.

Strawberry responses to irrigation scheduling were strongly soil-
dependent and more pronounced than those observed for blueberry.
Sandy soil showed the greatest reductions in strawberry fruits plant™?,
yield, and physiological activity under deficit irrigation, reflecting
limited water availability and high susceptibility to drought stress.
Similarly, soil-driven yield reductions in strawberry have been attrib-
uted to rapid soil drying and restricted root water uptake in sandy soil
(Kiicitkyumuk, 2024). Loam soil consistently supported the highest WUE
improvements with comparatively lower yield reduction. Moderate
water retention and adequate aeration in loam soil allowed efficient
water to use while maintaining physiological function, confirming that
loam soil offers ideal conditions for deficit irrigation strategies (Assi
et al,, 2019). Clay soil reduced the severity of yield losses under
deficit irrigation but showed lower improvements in WUE under high
irrigation. Fruit quality traits were influenced by irrigation scheduling
across soil types. Total soluble solids, total sugar, and firmness generally
increased in loam and clay soils, where better water retention allowed
moderate stress to enhance quality. In contrast, sandy soil showed
weaker responses due to rapid moisture loss. Titratable acidity declined
across all soils under deficit irrigation, with greater reductions in
finer-textured soils. Overall, soil with higher water-holding capacity
improved quality, highlighting the importance of soil texture in opti-
mizing irrigation strategies and enhancing fruit quality under deficit
irrigation.

5. Conclusions
This meta-analysis provides a comprehensive evaluation of irrigation

scheduling effects on yield, fruit quality, leaf gas exchange, and WUE of
blueberry and strawberry, with climate and soil type identified as key
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moderating factors. Across both crops, irrigation scheduling had a more
significant effect on yield and WUE than on fruit quality, indicating that
yield and WUE are more sensitive to water availability than fruit quality
traits. Results indicated that blueberry and strawberry yields decreased
significantly under OI, MDI, SDI, and Rainfed conditions compared to FI,
with strawberry exhibiting greater sensitivity to irrigation stress than
blueberry. Deficit irrigation strategies significantly reduced applied
irrigation volume and improved WUE compared to full or excessive
irrigation. WUE improved under MDI, SDI, and Rainfed conditions, with
greater improvement observed in strawberry, whereas Ol reduced WUE
in both crops. Across both crops, MDI generally represented the most
balanced strategy, achieving substantial water savings while limiting
yield reduction, whereas SDI resulted in noticeable yield. OI and FI
provided limited yield benefits and regularly reduced WUE, highlighting
inefficient water use.

Climate classification strongly influenced crop response to irrigation
scheduling. Deficit irrigation strategies significantly reduced blueberry
yield under semi-arid, semi-humid, and humid -climates, while
improving WUE compared with FI. In strawberry, deficit irrigation
strategies significantly reduced yield under arid and semi-arid climates
and slightly reduced yield under semi-humid and humid climates, while
improving WUE across all climate conditions. These findings highlight
that climate-specific irrigation strategies are crucial to improve yield
and WUE under increasing climate variability. Soil texture further
regulated irrigation scheduling efficacy by controlling soil water reten-
tion and plant-available water. In blueberry, yield was significantly
reduced under sand, loam, silt and clay soil compared to FI, whereas
WUE improved under clay and silt soil. In strawberry yield reduced
under sand, loam, silt and clay soil compared to FI, whereas WUE was
improved under loam, silt and clay soil and decreased slightly under
sandy soil. Overall, this study demonstrated that optimized irrigation
scheduling, particularly MDI, can enhance WUE of blueberry and
strawberry without yield decline. These results therefore supported the
adoption of climate and soil-specific irrigation management approaches
as a critical way toward sustainable berry production, improved water
conservation, and resilience of crops under future water scarcity and
climate change.

CRediT authorship contribution statement

Joshua VanderWeide: Writing — review & editing, Writing — orig-
inal draft, Supervision, Conceptualization. Younsuk Dong: Writing —
review & editing, Writing — original draft, Supervision, Resources,
Project administration, Conceptualization. Nawab Ali: Writing — review
& editing, Writing — original draft, Visualization, Methodology, Inves-
tigation, Conceptualization. Jalal Bayar: Writing — review & editing,
Writing — original draft, Visualization, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgments

This work is supported by Project GREEEN, project award number
#GR25-013, from AgBioResearch and MSU Extension at Michigan State
University, in partnership with the Michigan Department of Agriculture
and Rural Development.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.agwat.2026.110667.


https://doi.org/10.1016/j.agwat.2026.110667

J. Bayar et al.
Data availability
Data will be made available on request.

References

Alharbi, S.F., Aldakil, M., Felemban, A., Abdelrahim, A., 2024. Agricultural and
Technology-Based Strategies to Improve Water Use Efficiency in Arid and Semiarid
Areas. https://doi.org/10.20944/preprints202405.0767.v1.

Ali, N., Dong, Y., Lavely, E., 2024. Impact of irrigation scheduling on yield and water use
efficiency of apples, peaches, and sweet cherries: A global meta-analysis. Agric.
Water Manag. 306, 109148. https://doi.org/10.1016/j.agwat.2024.109148.

Assi, A.T., Blake, J., Mohtar, R.H., Braudeau, E., 2019. Soil aggregates structure-based
approach for quantifying the field capacity, permanent wilting point and available
water capacity. Irrig. Sci. 37, 511-522. https://doi.org/10.1007/s00271-019-00630-
w.

Benitez-Lopez, A., Alkemade, R., Schipper, A.M., Ingram, D.J., Verweij, P.A.,
Eikelboom, J.A.J., Huijbregts, M.A.J., 2017. The impact of hunting on tropical
mammal and bird populations. Science 356 (1979), 180-183. https://doi.org/
10.1126/science.aaj1891.

Blanco, V., Torres-Sanchez, R., Blaya-Ros, P.J., Pérez-Pastor, A., Domingo, R., 2019.
Vegetative and reproductive response of ‘Prime Giant’ sweet cherry trees to
regulated deficit irrigation. Sci. Hortic. 249, 478-489. https://doi.org/10.1016/j.
scienta.2019.02.016.

Borah, G., 2025. Urban water stress: climate change implications for water supply in
cities. Water Conserv. Sci. Eng. 10, 20. https://doi.org/10.1007/s41101-025-00344-
5.

Bwambale, E., Abagale, F.K., Anornu, G.K., 2022. Smart irrigation monitoring and
control strategies for improving water use efficiency in precision agriculture: A
review. Agric. Water Manag. 260, 107324. https://doi.org/10.1016/j.
agwat.2021.107324.

Cai, G., Ahmed, M.A., Abdalla, M., Carminati, A., 2022. Root hydraulic phenotypes
impacting water uptake in drying soils. Plant. Cell. Environ. 45, 650-663. https://
doi.org/10.1111/pce.14259.

Cai, G., Konig, M., Carminati, A., Abdalla, M., Javaux, M., Wankmiiller, F., Ahmed, M.A.,
2024. Transpiration response to soil drying and vapor pressure deficit is soil texture
specific. Plant. Soil. 500, 129-145. https://doi.org/10.1007/511104-022-05818-2.

Chai, Q., Gan, Y., Zhao, C., Xu, H.-L., Waskom, R.M., Niu, Y., Siddique, K.H.M., 2016.
Regulated deficit irrigation for crop production under drought stress. A review.
Agron. Sustain. Dev. 36, 3. https://doi.org/10.1007/s13593-015-0338-6.

Cheng, M., Wang, H., Fan, J., Zhang, S., Liao, Z., Zhang, F., Wang, Y., 2021. A global
meta-analysis of yield and water use efficiency of crops, vegetables and fruits under
full, deficit and alternate partial root-zone irrigation. Agric. Water Manag. 248,
106771. https://doi.org/10.1016/j.agwat.2021.106771.

Cholula, U., Andrade, M.A., Solomon, J.K.Q., 2026. Effects of deficit irrigation on yield
and nutritive value of alfalfa varieties in Northern Nevada’s semi-arid environment.
Agric. Water Manag. 324, 110140. https://doi.org/10.1016/j.agwat.2026.110140.

Contractor, S., Donat, M.G., Alexander, L.V., Ziese, M., Meyer-Christoffer, A.,
Schneider, U., Rustemeier, E., Becker, A., Durre, 1., Vose, R.S., 2020. Rainfall
Estimates on a Gridded Network (REGEN) — a global land-based gridded dataset of
daily precipitation from 1950 to 2016. Hydrol. Earth Syst. Sci. 24, 919-943. https://
doi.org/10.5194/hess-24-919-2020.

Costa, J.M., Ortuno, M.F., Chaves, M.M., 2007. Deficit Irrigation as a Strategy to Save
Water: Physiology and Potential Application to Horticulture. J. Integr. Plant. Biol.
49, 1421-1434. https://doi.org/10.1111/§.1672-9072.2007.00556.x.

Dick, D., VanderWeide, J., 2025. A meta-analysis and systematic review of plant growth
regulator use in blueberry production. Front. Plant. Sci. 16. https://doi.org/
10.3389/fpls.2025.1632855.

Dong, Y., 2023. Irrigation Scheduling Methods: Overview and Recent Advances. In:
Irrigation and Drainage - Recent Advances. IntechOpen. https://doi.org/10.5772/
intechopen.107386.

Du, Y.-D., Niu, W.-Q., Gu, X.-B., Zhang, Q., Cui, B.-J., Zhao, Y., 2018. Crop yield and
water use efficiency under aerated irrigation: A meta-analysis. Agric. Water Manag.
210, 158-164. https://doi.org/10.1016/j.agwat.2018.07.038.

Emami, S., Dehghanisanij, H., Emami, H., 2026. Intelligent irrigation management
system for arid and semi-arid regions under climate change. Sci. Rep. https://doi.
org/10.1038/541598-026-46523-9.

Endalu Tura, L., Tolossa, T.T., 2020. Systematic review: Effect of Irrigation Water Quality
and Deficit Irrigation on Crop Yield and Water Use efficiency. Turk. J. Agric. - Food
Sci. Technol. 8, 1201-1210. https://doi.org/10.24925/turjaf.v8i5.1201-1210.3366.

Espinoza, C.Z., Khot, L.R., Sankaran, S., Jacoby, P.W., 2017. High Resolution
Multispectral and Thermal Remote Sensing-Based Water Stress Assessment in
Subsurface Irrigated Grapevines. Remote. Sens. (Basel). 9, 961. https://doi.org/
10.3390/rs9090961.

Etienne, A., Génard, M., Lobit, P., Mbeguié-A-Mbéguié, D., Bugaud, C., 2013. What
controls fleshy fruit acidity? A review of malate and citrate accumulation in fruit
cells. J. Exp. Bot. 64, 1451-1469. https://doi.org/10.1093/jxb/ert035.

FAO, 2017. Water for Sustainable Food and Agriculture: A report produced for the G20
Presidency of Germany.

FAO, 2021. Crops and Livestock Products: Strawberries 2021 FAOSTAT.

Gribaa, A., Dardelle, F., Lehner, A., Rihouey, C., Burel, C., Ferchichi, A., Driouich, A.,
Mollet, J., 2013. Effect of water deficit on the cell wall of the date palm fruit during
development. Plant. Cell. Environ. 36, 1056-1070. https://doi.org/10.1111/
pce.12042.

13

Agricultural Water Management 334 (2026) 110667

He, L., Rosa, L., 2023. Solutions to agricultural green water scarcity under climate
change. PNAS Nexus 2. https://doi.org/10.1093/pnasnexus/pgad117.

Hedges, L.V., Gurevitch, J., Curtis, P.S., 1999. The meta-analysis of response ratios in
experimental ecology. Ecology. https://doi.org/10.1890/0012-9658.

Hocking, B., Tyerman, S.D., Burton, R.A., Gilliham, M., 2016. Fruit Calcium: Transport
and Physiology. Front. Plant. Sci. 7. https://doi.org/10.3389/fpls.2016.00569.

Hu, M., Xiao, D., Bwambale, E., 2026. Editorial: Optimizing deficit irrigation for
sustainable crop production in water-scarce regions. Front. Sustain. Food Syst. 9.
https://doi.org/10.3389/fsufs.2025.1772901.

Ibrahim, G.R.F., Rasul, A., Abdullah, H., 2023. Assessing how irrigation practices and soil
moisture affect crop growth through monitoring Sentinel-1 and Sentinel-2 data.
Environ. Monit. Assess. 195, 1262. https://doi.org/10.1007/510661-023-11871-w.

Janssens, P., Boonen, M., Bylemans, D., Melis, P., Van Delm, T., Vendel, I., Hertog, M.,
Vandendriessche, H., 2022. Optimization of the irrigation schedule in field-grown
strawberry results in higher water use efficiency and improved taste quality. Acta
Hortic. 445-452. https://doi.org/10.17660/ActaHortic.2022.1335.55.

Kader, A.A., 2008. Flavor quality of fruits and vegetables. J. Sci. Food Agric. 88,
1863-1868. https://doi.org/10.1002/jsfa.3293.

Katimbo, A., Rudnick, D.R., Zhang, J., Ge, Y., DeJonge, K.C., Franz, T.E., Shi, Y.,
Liang, W., Qiao, X., Heeren, D.M., Kabenge, I., Nakabuye, H.N., Duan, J., 2023.
Evaluation of artificial intelligence algorithms with sensor data assimilation in
estimating crop evapotranspiration and crop water stress index for irrigation water
management. Smart Agric. Technol. 4, 100176. https://doi.org/10.1016/j.
atech.2023.100176.

Kimm, H., Guan, K., Gentine, P., Wy, J., Bernacchi, C.J., Sulman, B.N., Griffis, T.J.,
Lin, C., 2020. Redefining droughts for the U.S. Corn Belt: The dominant role of
atmospheric vapor pressure deficit over soil moisture in regulating stomatal
behavior of Maize and Soybean. Agric. For. Meteorol. 287, 107930. https://doi.org/
10.1016/j.agrformet.2020.107930.

Kiiciikyumuk, C., 2024. Responses of sweet cherry trees to regulated deficit irrigation
applied before and after harvesting. J. Agric. Sci. 162, 91-104. https://doi.org/
10.1017/50021859624000248.

Kullberg, E.G., DeJonge, K.C., Chavez, J.L., 2017. Evaluation of thermal remote sensing
indices to estimate crop evapotranspiration coefficients. Agric. Water Manag. 179,
64-73. https://doi.org/10.1016/j.agwat.2016.07.007.

Leghari, S.J., Han, W., Sargani, G.R., Laghari, Y., Wei, Y., Cui, L., Laghari, A.H.,
Soothar, M.K., Ahmad, U., Waseem, W., 2026. How does peanut yield fluctuate
under irrigation practices and precipitation anomalies? Modelling insights from the
North China plain. Agric. Syst. 234, 104666. https://doi.org/10.1016/j.
agsy.2026.104666.

Linker, R., Sylaios, G., Tsakmakis, I., Ramos, T., Simionesei, L., Plauborg, F., Battilani, A.,
2018. Sub-optimal model-based deficit irrigation scheduling with realistic weather
forecasts. Irrig. Sci. 36, 349-362. https://doi.org/10.1007/500271-018-0592-x.

Liu, Y., Kumar, M., Katul, G.G., Feng, X., Konings, A.G., 2020. Plant hydraulics
accentuates the effect of atmospheric moisture stress on transpiration. Nat. Clim.
Chang. 10, 691-695. https://doi.org/10.1038/s41558-020-0781-5.

Marsal, J., Rapoport, H.F., Manrique, T., Girona, J., 2000. Pear fruit growth under
regulated deficit irrigation in container-grown trees. Sci. Hortic. 85, 243-259.
https://doi.org/10.1016/50304-4238(99)00151-X.

Menzel, C.M., 2025. A review of strawberry under protected cultivation: yields are
higher under tunnels than in the open field. J. Hortic. Sci. Biotechnol. https://doi.
org/10.1080/14620316.2024.2449026.

Motulsky, H., 2007. Regres. Guide.

Palai, G., VanderWeide, J., Pico, J., Castellarin, S.D., D’Onofrio, C., 2025. Jasmonates
signalling plays a key role in modulating berry terpenes accumulation under water
deficit conditions in Vitis vinifera L. (cv. Sangiovese). Environ. Exp. Bot. 236,
106171. https://doi.org/10.1016/j.envexpbot.2025.106171.

Pinzon, D.A., Amado, G., Rodriguez, J., Villagran, E., 2026. A Systematic Review of
Integrated Management in Blueberry (Vaccinium spp.): Technological Innovation,
Sustainability, and Practices in Propagation, Physiology, Agronomy, Harvest, and
Postharvest. Crops 6, 15. https://doi.org/10.3390/crops6010015.

Rashidi, Z., Bannayan, M., Azizi, K., Nassiri-Mahallati, M., 2026. Radiation Use
Efficiency and Yield Response of Bean Types to Deficit Irrigation in Arid and Semi-
Humid Climates. Int. J. Plant. Prod. 20, 42. https://doi.org/10.1007/542106-026-
00423-0.

Rett-Cadman, S., Vander Weide, J., 2026. Leaf photosynthetic and morphological traits
underlie heat stress resilience in northern highbush blueberry (Vaccinium
corymbosum L.). Environ. Exp. Bot. 243, 106327. https://doi.org/10.1016/j.
envexpbot.2026.106327.

Rho, H., Yu, D.J., Kim, S.J., Lee, H.J., 2012. Limitation factors for photosynthesis in
‘Bluecrop’ highbush blueberry (Vaccinium corymbosum) leaves in response to
moderate water stress. J. Plant. Biol. 55, 450-457. https://doi.org/10.1007 /s12374-
012-0261-1.

Ru, S., Sanz-Saez, A., Leisner, C.P., Rehman, T., Busby, S., 2024. Review on blueberry
drought tolerance from the perspective of cultivar improvement. Front. Plant. Sci.
15. https://doi.org/10.3389/fpls.2024.1352768.

Saggi, M.K., Jain, S., 2022. A Survey Towards Decision Support System on Smart
Irrigation Scheduling Using Machine Learning approaches. Arch. Comput. Methods
Eng. 29, 4455-4478. https://doi.org/10.1007/s11831-022-09746-3.

Schlank, R., Kidman, C.M., Gautam, D., Jeffery, D.W., Pagay, V., 2024. Data-driven
irrigation scheduling increases the crop water use efficiency of Cabernet Sauvignon
grapevines. Irrig. Sci. 42, 29-44. https://doi.org/10.1007/500271-023-00866-7.

Singh, A., Gaurav, K., Sonkar, G.K., Lee, C.-C., 2023. Strategies to Measure Soil Moisture
Using Traditional Methods, Automated Sensors, Remote Sensing, and Machine
Learning Techniques: Review, Bibliometric Analysis, Applications, Research


https://doi.org/10.20944/preprints202405.0767.v1
https://doi.org/10.1016/j.agwat.2024.109148
https://doi.org/10.1007/s00271-019-00630-w
https://doi.org/10.1007/s00271-019-00630-w
https://doi.org/10.1126/science.aaj1891
https://doi.org/10.1126/science.aaj1891
https://doi.org/10.1016/j.scienta.2019.02.016
https://doi.org/10.1016/j.scienta.2019.02.016
https://doi.org/10.1007/s41101-025-00344-5
https://doi.org/10.1007/s41101-025-00344-5
https://doi.org/10.1016/j.agwat.2021.107324
https://doi.org/10.1016/j.agwat.2021.107324
https://doi.org/10.1111/pce.14259
https://doi.org/10.1111/pce.14259
https://doi.org/10.1007/s11104-022-05818-2
https://doi.org/10.1007/s13593-015-0338-6
https://doi.org/10.1016/j.agwat.2021.106771
https://doi.org/10.1016/j.agwat.2026.110140
https://doi.org/10.5194/hess-24-919-2020
https://doi.org/10.5194/hess-24-919-2020
https://doi.org/10.1111/j.1672-9072.2007.00556.x
https://doi.org/10.3389/fpls.2025.1632855
https://doi.org/10.3389/fpls.2025.1632855
https://doi.org/10.5772/intechopen.107386
https://doi.org/10.5772/intechopen.107386
https://doi.org/10.1016/j.agwat.2018.07.038
https://doi.org/10.1038/s41598-026-46523-9
https://doi.org/10.1038/s41598-026-46523-9
https://doi.org/10.24925/turjaf.v8i5.1201-1210.3366
https://doi.org/10.3390/rs9090961
https://doi.org/10.3390/rs9090961
https://doi.org/10.1093/jxb/ert035
https://doi.org/10.1111/pce.12042
https://doi.org/10.1111/pce.12042
https://doi.org/10.1093/pnasnexus/pgad117
https://doi.org/10.1890/0012-9658
https://doi.org/10.3389/fpls.2016.00569
https://doi.org/10.3389/fsufs.2025.1772901
https://doi.org/10.1007/s10661-023-11871-w
https://doi.org/10.17660/ActaHortic.2022.1335.55
https://doi.org/10.1002/jsfa.3293
https://doi.org/10.1016/j.atech.2023.100176
https://doi.org/10.1016/j.atech.2023.100176
https://doi.org/10.1016/j.agrformet.2020.107930
https://doi.org/10.1016/j.agrformet.2020.107930
https://doi.org/10.1017/S0021859624000248
https://doi.org/10.1017/S0021859624000248
https://doi.org/10.1016/j.agwat.2016.07.007
https://doi.org/10.1016/j.agsy.2026.104666
https://doi.org/10.1016/j.agsy.2026.104666
https://doi.org/10.1007/s00271-018-0592-x
https://doi.org/10.1038/s41558-020-0781-5
https://doi.org/10.1016/S0304-4238(99)00151-X
https://doi.org/10.1080/14620316.2024.2449026
https://doi.org/10.1080/14620316.2024.2449026
http://refhub.elsevier.com/S0378-3774(26)00548-2/sbref38
https://doi.org/10.1016/j.envexpbot.2025.106171
https://doi.org/10.3390/crops6010015
https://doi.org/10.1007/s42106-026-00423-0
https://doi.org/10.1007/s42106-026-00423-0
https://doi.org/10.1016/j.envexpbot.2026.106327
https://doi.org/10.1016/j.envexpbot.2026.106327
https://doi.org/10.1007/s12374-012-0261-1
https://doi.org/10.1007/s12374-012-0261-1
https://doi.org/10.3389/fpls.2024.1352768
https://doi.org/10.1007/s11831-022-09746-3
https://doi.org/10.1007/s00271-023-00866-7

J. Bayar et al.

Findings, and Future Directions. IEEE Access. 11, 13605-13635. https://doi.org/
10.1109/ACCESS.2023.3243635.

Suat, Irmak, 2014. Plant Growth and Yield as Affected by Wet Soil Conditions Due to
Flooding or Over-Irrigation.

Surve, V., Hitesh, Patel, H.H., Payal, 2024. Sensor Based Irrigation Management in Crop
Production: A Review. Annu. Res. Rev. Biol. 39, 1-4. https://doi.org/10.9734/arrb/
2024/v39i42068.

Teshome, F.T., Bayabil, H.K., Schaffer, B., Ampatzidis, Y., Hoogenboom, G., Singh, A.,
2023. Exploring deficit irrigation as a water conservation strategy: Insights from
field experiments and model simulation. Agric. Water Manag. 289, 108490. https://
doi.org/10.1016/j.agwat.2023.108490.

Toumi, I., Zarrouk, O., Ghrab, M., Nagaz, K., 2022. Improving Peach Fruit Quality Traits
Using Deficit Irrigation Strategies in Southern Tunisia Arid Area. Plants 11, 1656.
https://doi.org/10.3390/plants11131656.

Tucker, S., Yazdanpanah, N., Rai, A., Weide, J.Vander, Dong, Y., 2025. Modeling soil
water dynamics to optimize blueberry irrigation in sandy soils. Front. Agron. 7.
https://doi.org/10.3389/fagro.2025.1686668.

Umutoni, L., Samadi, V., 2024. Application of machine learning approaches in
supporting irrigation decision making: A review. Agric. Water Manag. 294, 108710.
https://doi.org/10.1016/j.agwat.2024.108710.

Ungureanu, N., Vladut, V., Voicu, G., 2020. Water scarcity and wastewater reuse in crop
irrigation. Sustain. (Switz. ). https://doi.org/10.3390/5u12219055.

Wahab, A., Abdi, G., Saleem, M.H., Ali, B., Ullah, S., Shah, W., Mumtaz, S., Yasin, G.,
Muresan, C.C., Marc, R.A., 2022. Plants’ Physio-Biochemical and Phyto-Hormonal
Responses to Alleviate the Adverse Effects of Drought Stress: A Comprehensive
Review. Plants 11, 1620. https://doi.org/10.3390/plants11131620.

14

Agricultural Water Management 334 (2026) 110667

Wallace, B.C., Lajeunesse, M.J., Dietz, G., Dahabreh, 1.J., Trikalinos, T.A., Schmid, C.H.,
Gurevitch, J., 2017. Intuitive, open-source software for meta-analysis in ecology and
evolutionary biology. Methods Ecol. Evol. 8, 941-947. https://doi.org/10.1111/
2041-210X.12708.

Weber, N., Zupanc, V., Jakopic, J., Veberic, R., Mikulic-Petkovsek, M., Stampar, F., 2017.
Influence of deficit irrigation on strawberry (Fragaria x ananassa Duch.) fruit
quality. J. Sci. Food Agric. 97, 849-857. https://doi.org/10.1002/jsfa.7806.

Xu, X., Zou, G., Li, Y., Sun, Y., Liu, F., 2023. Silicon application improves strawberry
plant antioxidation ability and fruit nutrition under both full and deficit irrigation.
Sci. Hortic. 309, 111684. https://doi.org/10.1016/j.scienta.2022.111684.

Yeh, D.A., Kramer, J., Calvin, L., Weber, C., 2023. The Changing Landscape of U.S.
Strawberry and Blueberry Markets: Production. Trade Chall. 2000 2020.

Yu, L., Zhao, X., Gao, X., Siddique, K.H.M., 2020. Improving/maintaining water-use
efficiency and yield of wheat by deficit irrigation: A global meta-analysis. Agric.
Water Manag. 228, 105906. https://doi.org/10.1016/j.agwat.2019.105906.

Zhang, J., Guan, K., Peng, B., Pan, M., Zhou, W., Grant, R.F., Franz, T.E., Rudnick, D.R.,
Heeren, D.M., Suyker, A., Yang, Y., Wu, G., 2021. Assessing Different Plant-Centric
Water Stress Metrics for Irrigation Efficacy Using Soil-Plant-Atmosphere-Continuum
Simulation. Water Resour. Res. 57. https://doi.org/10.1029/2021WR030211.

Zhang, X., Pei, D., Chen, S., 2004. Root growth and soil water utilization of winter wheat
in the North China Plain. Hydrol. Process. 18, 2275-2287. https://doi.org/10.1002/
hyp.5533.

Zhang, Y., Chen, X., Geng, S., Zhang, X., 2025. A review of soil waterlogging impacts,
mechanisms, and adaptive strategies. Front. Plant. Sci. 16. https://doi.org/10.3389/
fpls.2025.1545912.


https://doi.org/10.1109/ACCESS.2023.3243635
https://doi.org/10.1109/ACCESS.2023.3243635
https://doi.org/10.9734/arrb/2024/v39i42068
https://doi.org/10.9734/arrb/2024/v39i42068
https://doi.org/10.1016/j.agwat.2023.108490
https://doi.org/10.1016/j.agwat.2023.108490
https://doi.org/10.3390/plants11131656
https://doi.org/10.3389/fagro.2025.1686668
https://doi.org/10.1016/j.agwat.2024.108710
https://doi.org/10.3390/su12219055
https://doi.org/10.3390/plants11131620
https://doi.org/10.1111/2041-210X.12708
https://doi.org/10.1111/2041-210X.12708
https://doi.org/10.1002/jsfa.7806
https://doi.org/10.1016/j.scienta.2022.111684
http://refhub.elsevier.com/S0378-3774(26)00548-2/sbref58
http://refhub.elsevier.com/S0378-3774(26)00548-2/sbref58
https://doi.org/10.1016/j.agwat.2019.105906
https://doi.org/10.1029/2021WR030211
https://doi.org/10.1002/hyp.5533
https://doi.org/10.1002/hyp.5533
https://doi.org/10.3389/fpls.2025.1545912
https://doi.org/10.3389/fpls.2025.1545912

	Global meta-analysis of irrigation scheduling effects on water use efficiency, fruit quality, and yield in blueberry and st ...
	1 Introduction
	2 Materials and methods
	2.1 Literature search and data collection
	2.2 Data curation
	2.3 Screening process
	2.4 Moderator variables and analysis
	2.5 Meta-analysis and statistical evaluation

	3 Results
	3.1 Blueberry
	3.1.1 Irrigation scheduling impact on blueberry yield, fruit quality, leaf gas exchange, and water use efficiency
	3.1.2 Climate classification influence on blueberry yield, fruit quality, leaf gas exchange, and water use efficiency
	3.1.3 Soil type as moderator for irrigation scheduling impact on yield, quality and physiological parameters and water use  ...

	3.2 Strawberry
	3.2.1 Irrigation scheduling impact on strawberry yield, fruit quality, leaf gas exchange, and water use efficiency
	3.2.2 Climate classification influence on strawberry yield, fruit quality, leaf gas exchange, and water use efficiency
	3.2.3 Soil type as moderator for irrigation scheduling impact on yield, quality and physiological parameters and water use  ...


	4 Discussion
	4.1 Irrigation scheduling affects leaf gas exchange, WUE, yield, and fruit quality traits
	4.2 Irrigation scheduling was impacted by climate classification
	4.3 Soil type influenced irrigation scheduling

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	Data availability
	References


