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Abstract

Efficient irrigation management is critical for increasing water production and providing high-
quality planting material in fruit tree nurseries. This study looked at how four different irrigation
depths (0, 10, 20, and 30 mm each irrigation event) affected graft establishment, nursery survival rate,
total water consumption, and irrigation water productivity in peach (Prunus persica (L.) Batsch). Field
studies were carried out in a commercial nursery in northeastern Romania over two consecutive
growth seasons, with two cultivars (‘Redhaven’ and ‘Cresthaven’) and four fertilization levels in a
factorial design. Irrigation considerably increased graft take and the number of marketable nursery
trees compared to rainfed circumstances. Moderate irrigation (20 mm per irrigation event) resulted
in the highest nursery survival rate and water efficiency. Higher irrigation inputs increased total
water use, but reduced irrigation water productivity. Regression analysis revealed nonlinear
connections between water consumption and nursery performance, implying that productivity
advantages drop with increasing irrigation levels. The findings suggest that moderate watering can
boost nursery yield while conserving water. These findings offer practical recommendations for
irrigation management in commercial peach nursery production systems.

Keywords: peach nursery; irrigation management; graft establishment; nursery survival rate;
irrigation water productivity; water use efficiency

1. Introduction

Water availability is one of the biggest constraints on agricultural productivity in many parts of
the world. Increasing climate variability and competition for water resources necessitate better
irrigation management systems that maximize water efficiency while preserving crop output [1-3].
In perennial agricultural systems, effective irrigation management is especially crucial since water
availability has a direct impact on plant establishment, vegetative growth, and long-term production
[4-6].

Fruit tree nurseries are an important stage in horticultural production systems because they
supply planting material for orchard establishment. Nursery systems differ from mature orchards in
that they have higher planting density, faster vegetative development, and smaller root systems,
making young plants more sensitive to changes in soil moisture conditions [7-9]. Adequate water
supply during the early stages of development is essential for optimal graft establishment and
subsequent plant growth.

Grafting is the process of creating a functional union between rootstock and scion by active cell
division, callus development, and vascular reconnection. These physiological processes are heavily
regulated by plant water status and external factors [10,11]. Insufficient soil moisture can impair graft
success and slow vegetative growth, but too much irrigation can reduce water-use efficiency and
increase nutrient losses from the soil [12,13]. As a result, determining proper irrigation levels during
the nursery stage is critical to obtaining good survival rates while also conserving water.
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Most recent research on irrigation management in fruit crops has concentrated on mature
orchards, where irrigation tactics are designed to maximize fruit yield and quality [14]. In contrast,
despite the importance of the nursery stage in producing high-quality planting material, less research
have been conducted to investigate irrigation requirements. Irrigation strategies in nurseries are
frequently based on general orchard recommendations, which may not sufficiently reflect the unique
physiological and management characteristics of nursery production systems [15].

Peach (Prunus persica (L.) Batsch) is readily propagated by grafting and is one of the most
important fruit tree species in commercial nursery production. The effectiveness of graft
establishment and the generation of marketable nursery trees are heavily influenced by
environmental variables, notably soil moisture availability during the early stages of plant
development [16,17]. Determining irrigation levels that allow high graft survival while preserving
efficient water usage is thus critical for increasing nursery productivity, particularly in times of
growing water shortage.

Despite the increased interest in increasing irrigation efficiency in fruit cropping systems, there
is little information available on irrigation optimization during the nursery stage, particularly in
terms of graft establishment and early plant growth. Furthermore, most research have concentrated
on yield and fruit quality in mature orchards, while irrigation water productivity during nursery
production has gotten far less attention. As a result, determining irrigation levels that enable high
graft survival while conserving water is critical for increasing the sustainability and resource
efficiency of nursery production systems. Furthermore, whereas irrigation and fertilizer are
important agronomic elements in plant growth, their combined impacts on graft establishment and
nursery survival have rarely been studied in fruit tree propagation systems. Understanding these
connections may help improve irrigation management and resource efficiency in nursery output.
Therefore, the purpose of this study was to determine the effects of various irrigation depths on graft
establishment, nursery survival rate, and irrigation water productivity in peach nursery production.
Field studies were carried out under commercial nursery circumstances to determine the irrigation
levels that enhance plant establishment and improve water efficiency.

2. Materials and Methods

2.1. Experimental Site and Climatic Conditions

The field experiment was carried out over two growth seasons (2024-2025) in a commercial
peach nursery in northeastern Romania. The region has a temperate continental climate, with warm
summers and moderate precipitation throughout the growing season.

Meteorological data, such as air temperature and rainfall, were gathered from the nearest
meteorological station to the experimental site. Rainfall reported over the growth seasons contributed
to the total amount of water available to nursery plants.

2.2. Soil Characteristics

The soil was characterized as loamy, with a modest water retention capacity. Soil samples were
obtained from the 0-30 cm layer prior to the start of the experiment to determine the most important
soil parameters for irrigation management.

Laboratory tests revealed slightly alkaline soil conditions and moderate organic matter content,
which are characteristic of agricultural soils utilized in nursery production systems throughout the
region. These soil properties provided ideal circumstances for studying irrigation management
options in the field.

2.3. Plant Material

The trial comprised two peach (Prunus persica (L.) Batsch) cultivars typically used in commercial
nursery production: ‘Redhaven” and ‘Cresthaven’. Grafting was carried out using normal nursery
propagation techniques on suitable rootstocks commonly employed in peach growth.
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Grafting operations were performed in accordance with conventional nursery methods.
Following grafting, plants were kept in the field and managed using commercial nurseries’ standard
agronomic procedures, such as weed control and pest management.

2.4. Experimental Design and Treatments

The experiment was designed as a factorial with three experimental factors: irrigation depth,
fertilization level, and cultivar. Four irrigation depths were used during the growing season to assess
different water supply conditions for nursery plant development. The irrigation treatments included
a rainfed control treatment with no irrigation and three irrigation depths (10 mm, 20 mm, and 30 mm)
applied every irrigation event.

In addition to irrigation treatments, various fertilization levels were assessed in accordance with
the nursery production system’s fertilization scheme. The fertilization treatments were added to
investigate the impact of irrigation management and nutrient availability on graft establishment and
nursery viability. The trial comprised two peach cultivars, ‘Redhaven’ and ‘Cresthaven’, which are
commonly used in commercial nursery production.

Each treatment combination was duplicated in the experimental field to guarantee the statistical
validity of the results. The experimental plots were designed to provide consistent growing
conditions across treatments while minimizing the effect of environmental variability on plant
development.

2.5. Irrigation Management

Irrigation was carried out according to the experimental timetable utilizing a regulated irrigation
system. The irrigation treatments were intended to imitate various water supply situations during
the nursery production phase.

Water was sprayed at predetermined irrigation depths based on the treatment level. Irrigation
events were carried out during the growing season to maintain soil moisture conditions appropriate
for the experimental treatments.

2.6. Total Water Consumption

Total water consumption during the growing season was computed by adding the irrigation
water applied and the effective rainfall reported during the experiment.

The equation used to compute total water consumption (TWC) is as follows [18]:

TWC=1+P

where TWC is total water consumption (m? ha™), I is cumulative irrigation input (m? ha), and Pe is
effective precipitation during the growing season (m® ha™). Effective pre-cipitation was assessed
using FAO techniques, accounting for rainfall distribution and the fraction of precipitation that
contributed to soil water availability.

This parameter was used to assess the overall water supply available to nursery plants under
various irrigation treatments.

2.7. Measurements and Data Collection

Graft establishment success was expressed as graft take percentage (GT), computed as follows
[19]:
6T = x 100
TN
where Nsis the number of successful grafts and Nt is the overall number of grafted plants per plot.

Nursery productivity was evaluated as the number of marketable grafted trees per hectare (NT),
computed as follows [19]:
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where N m is the number of marketable trees in the plot, and A is the plot area in hectares. Only trees
that met commercial nursery requirements were considered in the final count.
Water use coefficient was assessed using graft take and nursery survival rate factors. The water

utilization coefficient for graft take was determined as follows [20]:

WUCgt = WE
8 T6T

where TWC is total water consumption (m?ha™') and GT is graft take (%).

The water use coefficient for nursery survival rate was estimated as follows [20]:

WUCnt = WE
M=NT

where NT is nursery survival rate (trees per hectare). Lower coefficient values indicate more efficient
water use.

2.8. Irrigation Water Productivity

Irrigation water productivity (IWP) measures the increase in graft take (%) or nursery survival
rate (trees ha™) per unit of irrigation water (m? ha) [20]:

Y
IWP:T

where Y reflects nursery productivity (either as the number of marketable plants or the survival rate),
I represents the irrigation water used throughout the growing season (m® ha™). The IWP was
calculated as % m™ for graft take, nursery trees m=.

2.9. Statistical Analysis

Statistical analyses were carried out using PAST version 4.10. Analysis of variance (ANOVA)
was used to determine the effects of irrigation depth, fertilization amount, cultivar, and their
interactions on graft take, nursery survival rate, and water use indicators. When significant treatment
effects were found, means were compared using the least significant difference (LSD) test at p < 0.05.

Correlation and regression studies were used to investigate the correlations between total water
consumption, graft take, and nursery survival rate. We employed coefficients of determination (R?)
to assess the correlations between irrigation levels and nursery performance.

3. Results
3.1. Effects of Irrigation on Graft Take

The irrigation regime had a statistically significant impact on graft establishment in both peach
cultivars (Table 1). Under non-irrigated conditions, graft take topped 85% in both ‘Redhaven’ and
‘Cresthaven’, indicating a rather high baseline grafting success under natural rainfall. This suggests
that the climatic circumstances throughout the experimental seasons were generally conducive to
graft union formation.

These findings indicate that irrigation thresholds exist in nursery production systems, beyond
which additional water inputs yield limited agronomic benefits.

Table 1. Graft take and water use parameters of peach cultivars under different irrigation norms.

Irrigation norm Cultivar Total water consumption Graft take Water use coefficient
(mm) (m? ha™) (%) (m® %)
0 Redhaven 3780 86.25 43.84
Cresthaven 3780 91.15 41.54
10 Redhaven 3922 90.25 43.49
Cresthaven 3922 92.30 42.50
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20 Redhaven 4266 95.00 44.92
Cresthaven 4266 94.50 45.15
30 Redhaven 4497 98.75 45.54
Cresthaven 4497 98.25 45.78

The values show the mean * standard error. The LSD test revealed significant differences between treatments at
p <0.05, indicated by different letters.

Supplemental watering resulted in continuous improvements in graft take as irrigation
parameters increased. Graft take values exceeded 90% in irrigated treatments and neared 99% at the
maximum irrigation standard (30 mm). The greatest advantages were seen when irrigation was
increased from rainfed circumstances to moderate irrigation levels (10-20 mm), while an increase
from 20 to 30 mm resulted in comparatively lesser improvements. This pattern indicates that modest
irrigation was sufficient to meet the physiological water requirements for callus development and
vascular reconnection during graft installation. Water usage grew gradually from 3780 m® ha™ in
non-irrigated settings to 4497 m? ha™ in the maximum irrigation standard. Although graft taking
increased with increasing water input, the relative improvement per unit of extra water decreased at
higher irrigation levels. This pattern is also evident in the water use coefficient data, which did not
decrease correspondingly with increasing irrigation depth. In fact, slightly larger coefficients at
higher irrigation standards imply less efficient water consumption during graft establishment when
too much water was provided.

The reaction patterns were highly comparable between cultivars. Differences in graft take
between ‘Redhaven’ and ‘Cresthaven’ remained minor across all irrigation treatments, and no unique
cultivar-specific irrigation response was detected. This similarity indicates that both cultivars are
equally sensitive to soil moisture conditions during the early grafting phase.

While supplemental irrigation improves graft establishment, increasing irrigation depth above
modest levels gives little additional advantage in terms of overall water usage. These findings
emphasize the significance of adjusting irrigation input during nursery propagation to increase water
efficiency while maintaining graft survival.

3.2. Water Use and Water Productivity During Graft Establishment

Irrigation water productivity (IWP) for graft establishment varies with irrigation norm (Table 2).
The maximum productivity values were recorded at low to moderate irrigation levels, but increasing
irrigation depth resulted in lower productivity per unit of applied water.

Table 2. Irrigation water productivity for graft establishment of peach cultivars.

Irrigation water

Irrigation norm . Increase dueto  Irrigation rate L.
Cultivar L productivity
(mm) irrigation (%) (m? ha™)
(0/0 m‘3)
10 Redhaven 4.00 300 0.0133
10 Cresthaven 1.15 300 0.0038
20 Redhaven 8.75 600 0.0146
20 Cresthaven 3.35 600 0.0056
30 Redhaven 12.50 900 0.0139
30 Cresthaven 7.10 900 0.0079

The values show the mean + standard error. The LSD test revealed significant differences between treatments at
p <0.05, indicated by different letters.
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In ‘Redhaven’, irrigation water productivity increased from 0.0133% m= at 10 mm to 0.0146%
m= at 20 mm, with a little decrease at 30 mm (0.0139% m™). A similar trend was found in
‘Cresthaven’, where productivity increased gradually from 10 to 30 mm, but absolute values
remained lower than those reported in ‘Redhaven’. These findings show that moderate irrigation
levels improve the conversion of applied water into effective graft establishment.

Although graft take increased with higher irrigation input, the proportionate gain compared to
water applied decreased beyond moderate irrigation standards. This pattern indicates that additional
water delivered at greater irrigation depths contributed less effectively to graft success than moderate
levels.

Cultivar-related changes in irrigation water productivity were minor, with ‘Redhaven’
consistently demonstrating slightly higher efficiency values across irrigation regimens. Nonetheless,
both cultivars showed similar response patterns, with increased water output under moderate
irrigation and decreased efficiency at the highest irrigation norm.

3.3. Effects of Irrigation and Fertilization on Nursery Survival Rate

The irrigation regime had a significant impact on nursery survival rate in both cultivars (Table
3). Compared to non-irrigated circumstances, all irrigated treatments resulted in significant increases
in the number of marketable grafted trees per hectare, demonstrating the importance of adequate soil
moisture during vegetative and canopy development.

Table 3. Nursery survival rate and water use parameters of peach cultivars under different irrigation norms.

L Total water Water use
Irrigation norm . . Grafted trees .
Cultivar consumption coefficient
(mm) (ha)

(m? ha™) (m?3 tree™)

0 Redhaven 3780 22,855 0.1654

0 Cresthaven 3780 17,046 0.2218

10 Redhaven 3922 38,357 0.1023

10 Cresthaven 3922 45,690 0.0858

20 Redhaven 4266 69,857 0.0611

20 Cresthaven 4266 52,603 0.0811

30 Redhaven 4497 48,118 0.0935

30 Cresthaven 4497 55,070 0.0817

The values show the mean + standard error. The LSD test revealed significant differences between treatments at
p <0.05, indicated by different letters.

The most pronounced reaction was seen under moderate irrigation (20 mm), where nursery
survival rate peaked, particularly in ‘Redhaven’. Increased irrigation from 10 mm to 20 mm resulted
in a significant increase in nursery survival rate in both cultivars. However, increasing irrigation to
30 mm did not produce proportional gains. In ‘Redhaven’, production fell at the maximum irrigation
level, however in ‘Cresthaven’ survival rate remained reasonably consistent between 20 and 30 mm,
demonstrating small cultivar-specific variances in response to increased water availability.

Water consumption increased gradually with irrigation depth, from 3780 m? ha™ under rainfed
conditions to 4497 m® ha at 30 mm. Although higher irrigation inputs improved total water
availability, the efficiency with which water was turned into marketable trees differed greatly
between treatments.

This variance is reflected in the water utilization coefficients. The lowest coefficient, indicating
the maximum water-use efficiency, was measured under the 20 mm irrigation norm in ‘Redhaven’
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https://doi.org/10.20944/preprints202603.0529.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2026 d0i:10.20944/preprints202603.0529.v1

7 of 12

(0.0611 m3 tree™). In contrast, greater coefficients were seen in both rainfed and excessive irrigation
circumstances, implying that both water scarcity and excess water supply lowered productivity. A
similar pattern was observed at ‘Cresthaven’, but absolute coefficient values were consistently larger
than those in ‘Redhaven’, indicating slightly lower water-use efficiency.

3.4. Irrigation Water Productivity for Nursery Survival Rate

Water productivity for nursery survival rate varies significantly among irrigation norms (Table
4). Irrigation significantly reduced the water use coefficient (m? tree™!), reaching its lowest value with
moderate irrigation (20 mm), especially in ‘Redhaven’. This suggests a more efficient conversion of
overall water use into marketable nursery trees with a moderate water supply.

Table 4. Irrigation water productivity for nursery survival rate of peach cultivars under different irrigation

norms.
Irrigation norm Cultivar Increase due to Irrigation rate Irrigation water
(mm) irrigation (trees ha™) (m? ha™) productivity (trees m-3)
10 Redhaven 15,502 300 51.67
Cresthaven 28,644 300 95.48
20 Redhaven 47,002 600 78.34
Cresthaven 35,557 600 59.26
30 Redhaven 25,263 900 28.07
Cresthaven 38,024 900 42.25

The values show the mean + standard error. The LSD test revealed significant differences between treatments at
p <0.05, indicated by different letters.

Irrigation water productivity IWP), measured as the number of new grafted trees generated per
cubic meter of irrigation water delivered, exhibited a nonlinear response to increasing irrigation
depth. In ‘Redhaven’, IWP increased from 51.67 trees m= at 10 mm to 78.34 trees m= at 20 mm,
followed by a significant decrease to 28.07 trees m= at 30 mm. This pattern indicates that moderate
irrigation maximized return per unit of applied water, while higher irrigation inputs reduced
marginal gains. In ‘Cresthaven’, the response was slightly different. The highest irrigation water
productivity (95.48 trees m=) was reported at 10 mm, followed by a progressive reduction at 20 mm
(59.26 trees m=3) and 30 mm (42.25). Although overall nursery production remained reasonably high
at higher irrigation settings, efficiency per unit of applied water fell.

These cultivar-specific trends suggest that, while supplemental watering increases total nursery
production, the optimal irrigation levels for maximizing productivity per unit of applied water may
vary slightly between cultivars. In both situations, heavy irrigation reduced water-use efficiency,
even when total production remained quite high.

3.5. Relationships Between Water Consumption and Nursery Performance

Regression analysis found strong and statistically significant positive relationships between total
water consumption and nursery survival rate during the graft establishment stage in both peach
cultivars (Figures 1 and 2). In ‘Redhaven’, total water consumption explained a significant percentage
of the variability in graft establishment success, as evidenced by a high coefficient of determination
(R?). A similar positive link was discovered in ‘Cresthaven’, however the intensity of the relationship
was slightly lower than in ‘Redhaven’. Graft establishment success is represented graphically in
Figures 1 and 2, as a survival rate (%).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Relationship between graft survival rate (%) and total water consumption in Redhaven.

The fitted quadratic models reveal that as overall water consumption increases across all
irrigation regimes, so does the survival rate. However, the curvature of the regression lines shows
that the pace of growth in survival rate decreased as water consumption increased. Although more
irrigation continued to boost survival, the proportional benefit declined as total water input
increased, showing diminishing marginal advantages at greater irrigation levels.
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Figure 2. Relationship between graft survival rate (%) and total water consumption in Cresthaven.

Under both fertilizing regimes, nursery survival rate correlated strongly with total water
consumption (Figure 3). Increasing water input boosted survival, especially at low and moderate
irrigation levels; however, the rate of improvement slowed as total water intake increased, indicating
a nonlinear response.

At lower and intermediate levels of overall water usage, irrigation increased nursery survival
rate significantly. In this range, the regression curves were rather steep, indicating a high response of
vegetative growth and plant survival to increased soil moisture availability. These findings indicate
that water supply during the early phases of vegetative development is critical in influencing final
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nursery survival rate, especially when transitioning from rainfed or low irrigation settings to
moderate irrigation levels.

100
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Figure 3. A comparison of nursery survival rates (%) and total water usage (m?® ha™') under two fertilization
regimes (NoPoKo and NsPsKs) in ‘Redhaven’ and ‘Cresthaven’. Quadratic regression curves are displayed for each

fertilization regime.

As overall water input exceeded mild irrigation norms, the slopes of the regression functions
gradually decreased. Although nursery production continued to climb or stayed quite high, the rate
of improvement per additional unit of water decreased. The curvature of the quadratic models
indicates a nonlinear production response, in which further irrigation contributes proportionally less
to output once physiological water requirements are mostly met. In practice, the system moves from
a water-limited phase—in which irrigation significantly boosts growth—to one in which water
supply is no longer the key limiting factor.

The observed response pattern is consistent with the water utilization coefficient values, which
were most favorable under moderate irrigation but rose at higher irrigation levels. This suggests that
excessive water application did not significantly increase nursery survival rate and may have
impaired the efficiency with which applied water was turned into marketable plants. Even though
total nursery survival rate remained high at elevated irrigation levels, water-use efficiency decreased.

The regression studies show that increasing overall water consumption has a beneficial effect on
both graft take and nursery survival rate. However, the quadratic response patterns show that
productivity gains gradually diminish as irrigation input increases. These findings emphasize the
need to determine irrigation levels that offer adequate moisture availability for maximum vegetative
development while staying within the range where extra water produces decreasing returns. From a
management standpoint, managing irrigation depth during early-stage peach nursery development
is critical for sustaining high output while protecting water-use efficiency in times of growing water
shortages.

4. Discussion

Efficient irrigation management is critical for successful plant establishment and increased water
productivity in nursery production systems. The current study found that moderate irrigation depths
provided the best circumstances for graft establishment and nursery survival while retaining
relatively high irrigation water output. with contrast, increasing irrigation inputs above moderate
levels resulted with increased total water use with no commensurate gain in nursery performance.
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Similar results have been documented in fruit cropping systems, where moderate irrigation regimes
outperformed heavy irrigation in terms of plant performance and resource efficiency [21,22].

The physiological requirements of the graft union formation process can explain why moderate
irrigation has a good effect on graft establishment. Adequate soil moisture promotes callus formation,
vascular reconnection, and the development of effective transport channels between rootstock and
scion. However, excessive irrigation can diminish oxygen availability in the root zone, resulting in
less efficient water usage by the plant. Previous research has also shown that irrigation management
has a considerable influence on vegetative growth and physiological activity in fruit crops, especially
during the early stages of plant development [23,24].

Water productivity is an important criterion for evaluating irrigation solutions in agricultural
systems. In the current study, moderate irrigation depths allowed for optimal use of water resources
while retaining good nursery survival rates. These findings are consistent with earlier research, which
has shown that optimal irrigation management can greatly improve water production in fruit
cropping systems [25,26]. Furthermore, proper irrigation scheduling can help to reduce production
costs and minimize water losses caused by excessive irrigation.

Regression analysis revealed nonlinear connections between total water usage and nursery
performance markers, implying diminishing returns when irrigation inputs reach acceptable levels.
Similar patterns have been observed in other studies analyzing crop responses to irrigation regimes,
where increases in irrigation above a specific threshold resulted in progressively decreasing
productivity gains [27,28]. Identifying these thresholds is critical for creating irrigation management
systems that maximize crop output while saving water resources.

From a practical standpoint, the findings of this study emphasize the significance of tailoring
irrigation levels to the individual needs of nursery production systems. In many agricultural
locations, growing water scarcity necessitates more effective irrigation systems that balance crop
output and water conservation. Previous research has shown that optimal irrigation management
can play an essential role in enhancing the sustainability of agricultural production systems in areas
with restricted water availability [29,30]. As a result, implementing moderate irrigation levels during
nursery production may be an effective technique for increasing both plant establishment and
irrigation water output.

5. Conclusions

This study evaluated the effects of various irrigation depths on graft establishment, nursery
survival rate, and irrigation water productivity in peach nursery production. The findings revealed
that moderate irrigation levels created the best circumstances for effective graft establishment and
plant survival. Increasing irrigation above moderate levels increased total water use but did not
significantly improve nursery performance, resulting in decreased irrigation water yield.

The regression studies revealed nonlinear connections between water consumption and nursery
performance, implying the existence of irrigation thresholds beyond which further water inputs yield
limited agronomic benefits. These findings emphasize the need of optimizing irrigation management
in nursery production systems to achieve a balance between plant performance and water efficiency.

From a practical standpoint, using moderate irrigation depths can help nurseries survive while
reducing water consumption. Such irrigation solutions may help to improve the sustainability and
resource efficiency of commercial peach nursery production during times of increasing water
constraint. Future research should evaluate irrigation optimization in various soil and climatic
conditions in order to increase nursery production efficiency.
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