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Abstract 

For fruit trees produced in nurseries, effective irrigation management is essential, especially in 
climates that are becoming more unpredictable and exacerbate seasonal soil moisture deficiencies. 
This study assessed the effects of varying irrigation depth on the vegetative growth and soil water 
availability of apricot (Prunus armeniaca L.) nursery plants grown in an open-field system in 
northwest Romania over the 2024 growing season. Four irrigation depths (0, 10, 20, and 30 mm each 
irrigation event) were applied to two commercially significant cultivars (Excelsior and Favorit) that 
were grafted onto Prunus cerasifera rootstock. Tensiometers were used as indicators of relative soil 
water availability to track soil moisture dynamics in the 0–30 cm root zone, and total branch length 
was used as an integrative growth parameter to evaluate vegetative performance. While controlled 
irrigation reduced soil drying in a depth-dependent way, seasonal soil moisture indicators 
demonstrated significant depletion under rainfed settings during times of high atmospheric demand. 
In all cultivars, increasing irrigation depth was linked to increased cumulative vegetative growth; 
however, responses varied by genotype in terms of both magnitude and stability. Higher irrigation 
depths encouraged more vegetative growth with falling marginal returns, whereas moderate 
irrigation depths supported steady shoot development. These results highlight cultivar-specific 
sensitivity to soil moisture conditions and show that irrigation depth significantly affects soil water 
availability and nursery-stage vegetative growth of apricot plants. The results shed light on how 
irrigation depth influences early plant-water interactions and vegetative development in nursery-
grown apricot plants under varying environmental circumstances. 

Keywords: apricot liner plants; irrigation depth; soil moisture dynamic; vegetative development; 
cultivar response; nursery production 
 

1. Introduction 

Water supply limits in horticulture production systems around the world are becoming more 
severe due to climate change, which is increasing the frequency of erratic precipitation patterns, heat 
waves, and brief drought episodes [1–3]. For nursery production, these adjustments are especially 
difficult because young plants have shallow, underdeveloped root systems that limit their ability to 
withstand brief variations in soil moisture [4]. Because of this, controlling irrigation throughout the 
early phases of plant development has become essential to preserving plant quality in the face of 
shifting environmental conditions.  

The economically significant temperate fruit species apricot (Prunus armeniaca L.) is grown 
extensively in Europe and Asia for both fresh consumption and processing [5,6]. Apricot production 
in temperate continental locations, such as Eastern and Central Europe, is becoming more and more 
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dependent on irrigation to guarantee consistent vegetative growth and superior planting material 
[7]. Irrigation management during the nursery stage has received relatively little attention, despite 
the fact that irrigation techniques for mature apricot orchards have been thoroughly studied, mainly 
with regard to productivity, fruit quality, and physiological water relations [8–11]. 

In terms of rooting depth, canopy structure, and water demand dynamics, apricot liners planted 
in nurseries are essentially different from mature orchard trees [12]. Young plants are particularly 
vulnerable to brief decreases in soil water availability because of their shallow and spatially limited 
root systems, especially during times of high atmospheric evaporative demand [13]. As a result, 
watering techniques that are best suited for mature orchards cannot be simply applied to nursery 
systems.  Competing goals must be balanced for nursery irrigation to be effective. While excessive 
irrigation may encourage nutrient leaching, decreased soil aeration, and excessively vigorous growth 
with weak structural traits, insufficient water delivery might limit shoot initiation, diminish branch 
extension, and affect plant uniformity after transplanting [14–16]. Maintaining steady but controlled 
vegetative growth during the nursery phase is a crucial management objective since early shoot and 
branch development has a significant impact on canopy design, mechanical stability, and eventual 
orchard establishment [17,18]. 

The amount of water sprayed during each irrigation event, or irrigation depth, is one of the 
irrigation management variables that has received very little attention in nursery-scale research. The 
distribution of soil moisture within the active root zone in drip-irrigated systems is directly 
influenced by irrigation depth, which also controls the equilibrium between soil water replenishment 
and depletion under varying climatic circumstances [19–21]. Even small variations in irrigation depth 
can cause noticeable variations in soil water availability for nursery plants with shallow effective 
rooting depth during crucial growth phases, especially in mid-to late-summer circumstances marked 
by high evaporative demand. 

In apricot nurseries, genotypic heterogeneity makes irrigation management even more 
challenging. Growth vigor, branching patterns, and sensitivity to decreased soil moisture availability 
vary among apricot cultivars [22,23]. Despite the fact that cultivar-specific reactions to water 
availability have been extensively studied in mature orchards, little is known about how they 
manifest during the nursery stage, despite the fact that it is crucial for the production of well-
branched and structurally consistent planting material [24–26]. In order to establish irrigation 
strategies that guarantee constant nursery plant quality, it is crucial to comprehend genotype-
dependent growth responses at early developmental stages. 

The availability of soil water in nursery systems also indirectly controls the movement and 
accessibility of nutrients within the root zone, connecting irrigation control to more extensive plant–
water–nutrient interactions [15,27]. As a result, irrigation depth affects the whole soil environment 
that developing plants encounter in addition to the soil moisture state. In order to improve 
sustainable irrigation techniques under increasingly variable environmental conditions, it is crucial 
to assess how irrigation depth influences soil water dynamics and vegetative growth during the 
nursery stage. 

Despite substantial study on irrigation management in mature apricot orchards, the nursery 
stage is relatively unexplored, especially in terms of irrigation depth as a discrete management 
variable. The current study is unique in that it focuses only on nursery-grown apricot liner plants 
growing in open fields and investigates how irrigation depth affects seasonal soil moisture dynamics 
and early vegetative development. This study sheds fresh light on plant-water interactions 
throughout early developmental stages by comparing cultivar-specific growth responses and 
integrating vegetative performance with a cumulative growth index. The findings help to improve 
our understanding of how irrigation depth influences growth size and uniformity in nursery systems, 
bridging a key knowledge gap between orchard-scale irrigation studies and nursery production 
techniques under changing environmental conditions. 

The current study examines the effects of varying irrigation depth on soil water availability and 
the vegetative growth of apricot trees cultivated in nurseries in open fields. The goals were to (i) 
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evaluate seasonal soil moisture dynamics in response to irrigation depth, (ii) quantify cultivar-
specific vegetative growth responses using integrative growth indicators, and (iii) identify irrigation 
depths that support uniform nursery plant development under changing environmental conditions, 
with a focus on two commercially relevant cultivars grafted onto Prunus cerasifera rootstock. This 
work advances knowledge of plant–water interactions pertinent to sustainable nursery production 
systems by addressing irrigation depth as a useful management variable during the nursery stage. 

2. Materials and Methods 

2.1. Experimental Site: Soil and Climate Conditions 

In a commercial apricot nursery in northwest Romania (47°03′12′ N, 21°56′48′ E), close to Oradea, 
Bihor County, the experiment was carried out throughout the 2024 growing season. The location is 
characteristic of an open-field nursery system that operates in a temperate continental climate with 
warm summers, erratic rainfall patterns, and sporadic summer droughts.  

An automated weather station (Bresser, Germany) placed next to the experimental field was 
used to record meteorological data, such as air temperature, precipitation, relative humidity, wind 
speed, and sun radiation. The manufacturer specified sensor accuracies of ±0.5 °C for air temperature, 
±3% for relative humidity, and ±5% for precipitation. Table 1 summarizes the monthly climatic 
parameters that were recorded during the study period.  

Table 1. Monthly climatic parameters recorded at the experimental site in 2024. 

Month Mean  
temperature  

(0 C ) 

Precipitation (mm) Relative humidity 
(%) 

Jan. 3.2 32.2 82 
Febr. 1.3 58.6 91 
Mar. 3.8 65.8 76 
Apr. 15.7 38.3 34 
May 19.7 57.6 27 
June 21.2 83.6 24 
July 22.0 127.6 23 
Aug. 24.1 36.9 20 
Sept. 17.8 22.1 30 
Oct. 13.7 12.7 39 
Nov. 8.0 39.8 57 
Dec. 1.2 61.0 92 

With an Am–ABw–BvG profile, the soil at the experimental site is categorized as a Luvic Gleysol. 
A medium-textured loam with a pH of 6.8 and an organic matter level of roughly 2.1% makes up the 
upper 0–30 cm horizon. The volumetric water content was 32% for field capacity (FC) and 17% for 
permanent wilting point (PWP). This top soil layer was chosen for soil moisture monitoring because 
it matches the effective rooting depth of apricot liners cultivated in nurseries. 

2.2. Plant Material and Experimental Design 

In this study, two commercially significant apricot (Prunus armeniaca L.) cultivars, "Excelsior" 
and "Favorit," were grafted onto Prunus cerasifera rootstock. The cultivars were chosen to reflect the 
divergent growth vigor and branching traits that are frequently seen in Romanian nursery 
production. At the start of the trial, every planting material was the same size and age. 

In an open-field nursery, plants were grown in single rows with a 0.8 m gap between rows and 
a 0.3 m gap between plants within rows. Three replications of each cultivar and four irrigation 
treatments were used in the randomized complete block design (RCBD) experiment. Ten plants made 
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up each replication, and in order to reduce edge effects, measurements were gathered from plants in 
the middle of each plot. 

2.3. Irrigation Treatments and Scheduling 

For each irrigation event, four distinct irrigation depths were used: 0 mm (rainfed control), 10 
mm, 20 mm, and 30 mm. For nursery-grown plants with shallow effective rooting depth, these 
irrigation depths were chosen to provide a realistic gradient of water replenishment levels. While the 
irrigated treatments represented low, moderate, and high irrigation inputs typically possible in drip-
irrigated nursery systems, the rainfed treatment indicated conditions of limited water supply. 

The irrigation depths (0, 10, 20, and 30 mm per irrigation event) were chosen to approximate a 
feasible water supply gradient that is routinely used in open-field fruit tree nurseries in temperate 
continental climates. The rainfed (0 mm) treatment served as a baseline for precipitation-dependent 
soil moisture dynamics. The 10 mm irrigation depth is a low supplemental input that is commonly 
used to partially alleviate short-term soil moisture deficits, whereas the 20 mm treatment represents 
a moderate replenishment level aimed at restoring a significant portion of the estimated soil moisture 
depletion in the active root zone. The 30 mm irrigation depth was chosen to simulate a higher-input 
scenario that approaches full soil water replenishment after periods of high evaporation demand. 
Together, these treatments enabled for the evaluation of plant growth responses over a realistic and 
operational range of irrigation depths without imposing abrupt or contrived water stress conditions. 

A drip irrigation system with inline emitters (2 L h⁻¹) that were positioned to evenly water the 
active root zone across treatments was used to administer irrigation. Rather than using set calendar 
intervals, irrigation scheduling was dependent on soil moisture criteria. When soil matric potential 
in the 0–30 cm soil layer hit 40–55 kPa, which corresponds to substantial soil moisture depletion 
relative to field capacity, irrigation events were initiated. 

at the growth season, irrigated treatments received seven irrigation events, which were place on 
predetermined dates at times of rising atmospheric demand. With the exception of the irrigation 
depth per event, all irrigated treatments received water on the same dates. 

2.4. Soil Moisture Monitoring 

Ceramic-cup tensiometers placed 20 cm below the active root zone of nursery plants were used 
to track the dynamics of soil moisture. To guarantee constant placement across treatments, two 
tensiometers were positioned in each experimental plot, next to drip emitters. Before being installed, 
the instruments were field-checked, factory-calibrated, and used within their dependable 
measurement range (<80 kPa). 

In times of rapid soil drying, measurements were taken every day; in times of constant soil 
moisture, measurements were taken at least twice a week. Tensiometer values were interpreted as 
measures of relative soil water availability rather than as exact measurements of volumetric soil water 
content since drip irrigation results in spatially diverse wetting patterns. This method made it 
possible to compare the dynamics of soil moisture across irrigation treatments under consistent 
placement and monitoring circumstances. 

2.5. Climatic Conditions during the Growing Season 

The on-site automated weather station's observed meteorological data was used to describe the 
climate conditions during the 2024 growth season. Seasonal weather patterns and times of higher 
atmospheric demand linked to improved soil drying were described using daily air temperature and 
precipitation. 

There were multiple warm and dry spells during the growing season, especially in the middle 
to late summer when high air temperatures were accompanied by little precipitation. Particularly in 
non-irrigated plots, these circumstances exacerbated the upper soil layer's moisture depletion. Rather 
than measuring air water demand, climate data are provided to provide environmental context for 
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understanding soil moisture dynamics and vegetative growth responses under different irrigation 
regimens. 

2.6. Analysis of Soil Moisture Dynamic 

Time-series data of soil matric potential from tensiometer measurements mentioned in Section 
2.4 were used to assess soil moisture dynamics in the 0–30 cm soil layer. Finding temporal patterns 
of soil drying and rewetting in response to rainfall and irrigation events at various irrigation depths 
was the main goal of the analysis. 

The frequency, duration, and severity of soil moisture depletion and recovery within the 
measured soil layer were used to compare irrigation regimens. The relative soil water availability in 
the active root zone was inferred from the measurements of soil matric potential. Soil moisture results 
are interpreted comparably among treatments rather than as absolute measurements of soil water 
storage because lateral water movement and deep percolation beyond the monitored layer were not 
measured. 

2.7. Vegetative Growth Measurements 

Total branch length was used as an integrative indication of nursery plant development to 
evaluate vegetative growth at the conclusion of the growing season (September 2024). To reduce edge 
effects, one representative plant per replication was chosen for measurement; border plants were not 
included. 

The sum of all first-order shoots produced throughout the growing season was used to 
determine the total branch length. A flexible measuring tape with millimeter accuracy was used to 
measure each shoot's length from the main stem's site of emergence to its apical tip. The analysis was 
limited to current-season shoots. Because it incorporates shoot initiation and extension activities, 
which have a direct impact on nursery plant quality, canopy structure, and subsequent orchard 
establishment, total branch length was chosen. 

2.8. Integrative Growth Assessment using the Lp- Norm Index 

An Lp-norm index (p = 2.5) was computed to summarize vegetative growth responses across 
cultivars and irrigation regimens. A dimensionless scale with 0 denoting the rainfed treatment and 1 
denoting the maximum irrigation depth (30 mm) was used to normalize the irrigation depth 
measurements. Proportional scaling was used for intermediate irrigation levels. 

Before calculating the index, the total branch length values were normalized using the same 
method. In order to enable integrated comparison and assessment of treatment success based on 
cumulative vegetative growth responses, the Lp-norm index was employed as a supplementary 
metric to traditional statistical studies. 

2.9. Statistical Analysis 

Analysis of variance (ANOVA) was used to examine the effects of cultivar, irrigation depth, and 
their combination on vegetative growth metrics. Tukey's honestly significant difference (HSD) test 
was used for post hoc multiple comparisons at a significance threshold of p < 0.05 when significant 
effects were found. 

Standard statistical software was used for all statistical analyses. Unless otherwise noted, results 
are displayed as mean values ± standard error. 

3. Results 

3.1. Seasonal Soil Moisture Dynamics under Different Irrigation Regimes 

All treatments had comparatively consistent soil moisture conditions in the 0–30 cm root zone 
at the start of the 2024 growing season, with estimated soil water reserves equaling roughly 84–88% 
of field capacity (Table 2). These numbers show that at ideal soil moisture levels, nursery plants 
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entered the active growth phase, and there were no discernible irrigation-induced variations in early 
spring. Precipitation inputs played a major role in controlling soil moisture dynamics in April and 
May. All treatments had comparatively steady soil moisture conditions throughout this time because 
rainfall was enough to compensate for soil water losses. Irrigation was not necessary before early 
summer since there was little temporal change in the estimated soil water stores during this phase. 
Natural precipitation appears to have been the primary source of soil water availability during the 
early stages of plant development, based on the comparability of soil moisture conditions across 
treatments during this time. In late spring and early summer, soil moisture availability rose even 
further, peaking in June. This rise is a result of decreased soil moisture depletion in relation to water 
supply and cumulative rainfall inputs. All treatments saw an increase in soil water reserves at this 
period, with little variation between irrigation regimens. The convergence of soil moisture conditions 
during this time suggests that precipitation-driven soil water recharging successfully offset the effects 
of irrigation. Beginning in July, there was a noticeable change in the dynamics of soil moisture, which 
was accompanied by less precipitation and longer-lasting drying conditions. From this point on, soil 
moisture availability decreased in all treatments, although irrigation regimes varied significantly in 
the amount and pace of reduction. Calculated soil water reserves under rainfed conditions showed a 
consistent and noticeable decline over July, August, and September, reaching their lowest seasonal 
values by the end of the growth season. The protracted restriction of soil water supply in the shallow 
root zone during the middle to late summer is reflected in this steady drop. 

Table 2. Parameters of soil moisture in nursery-grown apricot liner plants. 

Watering norms  Month 
 Elements IV V VI VII VIII IX 

Non-irrigated Ri (m3/ha) 2,367 2,380 2,654 2,774 2,081 1,605 
 Pe (m3/ha) 426 879 965 211 113 313 
 ET (m3/ha) 413 605 845 905 589 423 

0 mm Rf(1) (m3/ha) 2,380 2,654 2,774 2,081 1,605 1,494 
 M (m3/ha) - - - - - - 
 Rf(2) (m3/ha) - - - - - - 

Irrigated Ri (m3/ha) 2,407 2,388 2,669 2,797 2,173 1,952 
 Pe (m3/ha) 426 879 965 211 113 313 
 ET (m3/ha) 445 598 837 936 634 472 

10 mm Rf(1) (m3/ha) 2,388 2,669 2,797 2,073 1,652 1,792 
 M (m3/ha) - - - 100 300 - 
 Rf(2) (m3/ha) - - - 2.173 1.952 - 

Irrigated Ri (m3/ha) 2,458 2,429 2,651 2,743 2,158 2,130 
 Pe (m3/ha) 426 879 965 211 113 313 
 ET (m3/ha) 455 657 873 997 741 543 

20 mm Rf(1) (m3/ha) 2,429 2,651 2,743 1,958 1,530 1,899 
 M (m3/ha) - - - 200 600 - 
 Rf(2) (m3/ha) - - - 2,158 2,130 - 

Irrigated Ri (m3/ha) 2,436 2,443 2,678 2,784 2,204 2,391 
 Pe (m3/ha) 426 879 965 211 113 313 
 ET (m3/ha) 419 644 859 1.092 826 657 

30 mm Rf(1) (m3/ha) 2,443 2,678 2,784 1,904 1,491 2,046 
 M (m3/ha) - - - 300 900 - 
 Rf(2) (m3/ha) - - - 2,204 2,391 - 

Ri- Initial Reserve; Pe- Useful Precipitation; ET-Evapotranspiration; Rf1- Final Reserve without irrigation; M- 
Irrigation Norm; Rf2- Final Reserve with irrigation. The monthly observation periods that correspond to April 
(IV), May (V), June (VI), July (VII), August (VIII), and September (IX) are denoted by the notation Elements IV, 
V, VI, VII, VIII, and IX. These components were utilized to indicate successive growing season stages when 
irrigation effects and soil water balance components were assessed. 
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These late-season soil moisture trajectories were changed by irrigation application in a depth-
dependent way. Compared to the rainfed control, lower irrigation depth somewhat reduced soil 
moisture loss, but it did not stop a gradual decline during protracted dry spells. On the other hand, 
during the summer, higher and intermediate irrigation depths preserved greater soil moisture 
availability. In comparison to non-irrigated plots, these treatments produced consistently greater 
late-season moisture levels because soil water stores decreased more slowly and showed partial 
recovery after irrigation episodes (Figure 1). While intermediate irrigation depths created 
intermediate soil moisture conditions, the maximum irrigation depth among irrigated treatments 
maintained the highest soil moisture availability during mid-to late summer. During July and 
August, when precipitation inputs were low and soil drying increased, differences across irrigation 
regimes were most noticeable. Soil moisture conditions across treatments converged during times of 
higher rainfall, momentarily lessening irrigation-related differences. 

 
Figure 1. Seasonal soil water reserves (m³ ha⁻¹) from April to September in the 0–30 cm soil layer under four 
irrigation depths (0, 10, 20, and 30 mm). Springtime saw an increase in soil moisture, which peaked in June before 
sharply declining in July and September. During the summer, irrigated treatments—especially 30 mm—
maintained larger reserves, while the non-irrigated treatment displayed constant depletion. For clarity, end-
point values are displayed. 

The combined study of Table 2 and Figure 1 shows that throughout the early part of the growing 
season, when precipitation was sufficient to maintain optimum soil water conditions, irrigation depth 
had little effect on soil moisture dynamics. In contrast, during the second half of the growing season, 
when natural soil water replenishment was restricted, irrigation emerged as the main factor 
controlling soil moisture availability. These seasonal patterns demonstrate how crucial irrigation 
depth is for controlling soil moisture availability in nursery-grown apricot plants during times of 
climatic water scarcity. 

3.2. Effects of Irrigation Depth on Total Branch Growth 

Total branch length varied consistently between irrigation treatments in both apricot cultivars, 
showing a robust relationship between irrigation depth and vegetative development in the nursery 
stage (Figure 2). Although treatment effects were not statistically significant (p < 0.05), persistent and 
directional patterns were detected over the irrigation gradient, indicating biologically important 
responses to variation in soil water availability.  

Total branch length in the cultivar 'Excelsior' rose significantly as irrigation depth increased. 
Under rainfed conditions (0 mm), 'Excelsior' had the shortest cumulative branch length at the 
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conclusion of the growing season, indicating restricted shoot initiation and limited cumulative shoot 
extension due to reduced soil moisture availability. This response implies that this cultivar is highly 
sensitive to seasonal soil moisture depletion during the nursery phase. Irrigation at 10 mm per event 
resulted in a significant increase in total branch length compared to rainfed treatment, demonstrating 
that even minor increases in soil water availability stimulated vegetative development in 'Excelsior'. 
The 20 mm irrigation depth resulted in the most significant increase in cumulative branch length, 
since shoot growth was more constant throughout the growing season. At this irrigation level, plant 
branch development was more uniform, indicating better vegetative growth synchronization. 
Increasing the irrigation depth to 30 mm resulted in additional increases in total branch length; 
however, the size of this response was smaller than the rise found at lower irrigation levels. 
Furthermore, significant heterogeneity among plants was seen at the maximum irrigation depth, 
showing diverse growth responses within the cultivar under conditions of increased soil water 
availability. 

In contrast, the cultivar 'Favorit' showed a more progressive and consistent growth response 
across irrigation depths. Under rainfed conditions, 'Favorit' had a relatively longer total branch length 
than 'Excelsior', indicating a decreased vulnerability to reduced soil moisture availability over the 
growing season. Increased irrigation depth resulted in mild but consistent increases in total branch 
length in 'Favorit'. Unlike 'Excelsior', there was no dramatic growth response between irrigation 
levels. Instead, cumulative branch length increased continuously from the rainfed treatment to the 
maximum irrigation depth. The largest branch length values for 'Favorit' were obtained at 30 mm, 
however the variations between intermediate and high irrigation depths were minor. Variability in 
branch length among 'Favorit' plants was generally modest across irrigation treatments, especially at 
intermediate irrigation depths. This pattern reveals a more consistent response to irrigation, implying 
that 'Favorit' is more stable in vegetative development under variable soil moisture levels. 

 

Figure 2. Total branch length (cm) ± standard error (SE) in apricot liner plants (‘Excelsior’ and ‘Favorit’) exposed 
to four irrigation treatments (0, 10, 20, and 30 mm per cycle). The figures indicate average growth responses at 
the conclusion of the 2024 growing season. 

A comparison of the two cultivars reveals distinct growth strategies in response to irrigation 
depth. 'Excelsior' had a steeper growth response over the irrigation gradient, indicating better 
responsiveness to increased soil water availability, but also greater variability at higher irrigation 
depths. In contrast, 'Favorit' demonstrated a more conservative and steady growth response, with 
generally constant branch development throughout irrigation regimes and lower vulnerability to 
both soil moisture limitation and high-water availability. These findings show that irrigation depth 
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effects the amplitude and uniformity of vegetative growth in nursery-grown apricot plants, as well 
as how cultivar-specific growth responses shape early plant development under varying soil 
moisture conditions. 

3.3. Integrated Vegetative Performance Assessed Using the Lp- Norm Index 

Total branch length represents a direct measure of vegetative growth; however, it captures only 
a single dimension of plant development. To facilitate an integrated comparison of cumulative 
vegetative performance across irrigation treatments and cultivars, total branch length data were 
synthesized using the Lp-norm index (p = 2.5). This index integrates normalized growth magnitude 
and variability into a single standardized metric, allowing comparative evaluation of vegetative 
performance across treatments. In both cultivars, Lp-norm values fluctuated consistently with 
irrigation depth (Figure 3). Under rainfed conditions (0 mm), both cultivars had the lowest index 
values, indicating poor cumulative vegetative performance over the growth season. These low values 
imply restricted shoot development due to poor soil water availability throughout the mid- to late-
summer timeframe. Irrigation led in successive improvements in Lp-norm values, showing that the 
cumulative vegetative performance improved as irrigation depth increased. At 10 mm irrigation, 
both cultivars demonstrated moderate increases in index values compared to rainfed conditions. This 
reaction suggests that partial relief of soil moisture limitation was adequate to increase cumulative 
vegetative development, despite the fact that soil moisture levels did not entirely settle throughout 
the growing season. 

 
Figure 3. Normalized Lp-norm values (p = 2.5) representing cumulative vegetative performance of apricot 
cultivars ‘Excelsior’ and ‘Favorit’ under four irrigation levels. Higher Lp-norm values correspond to enhanced 
branch development. Error bars indicate SE; differences were analyzed using two-way ANOVA. 

Both cultivars' Lp-norm values increased significantly after 20 mm watering. At this irrigation 
depth, cumulative vegetative performance improved while variability among plants decreased, 
leading in more consistent growth responses. The stabilization of index values at this level suggests 
a consistent improvement in vegetative development across populations. 
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The irrigation depth of 30 mm yielded the greatest Lp-norm values. However, the incremental 
rise in index values relative to the 20 mm treatment was rather minimal, demonstrating diminishing 
marginal advantages in cumulative vegetative performance as irrigation inputs increased. This 
pattern was similar across both cultivars. 

The size and course of Lp-norm responses showed clear cultivar-specific variation. The cultivar 
'Excelsior' showed a steeper increase in index values across irrigation depths, indicating a stronger 
response to increasing soil water availability. In contrast, 'Favorit' showed a more gradual increase 
in Lp-norm values and remained reasonably consistent throughout treatments, indicating decreased 
sensitivity to irrigation depth fluctuation. 

Overall, the Lp-norm analysis confirmed trends found in individual growth indicators and gave 
a comprehensive view of vegetative performance under different irrigation regimes. This approach 
allowed for the assessment of cumulative growth responses across cultivars and irrigation depths 
while accounting for plant heterogeneity. 

4. Discussion 

This study examines how irrigation depth affects soil water availability and vegetative 
development in apricot liner plants grown in temperate continental conditions at the nursery scale. 
While precipitation predominantly drove early-season soil moisture dynamics, irrigation depth 
emerged as a dominating factor affecting soil water availability and vegetative development from 
mid- to late-summer. These findings highlight the nursery-grown apricot plants' vulnerability to 
seasonal declines in soil water availability, which reflects the poor buffering capacity associated with 
shallow and spatially restricted root systems during early developmental phases. A crucial 
innovative part of this study is the nursery-scale emphasis on irrigation depth rather than irrigation 
presence alone. While prior research has primarily focused on irrigation impacts in fruit-bearing 
orchards, the current study indicates that cultivar-specific growth responses to irrigation depth are 
already evident during the nursery stage. This work, which links seasonal soil moisture dynamics to 
cumulative vegetative development in young apricot plants, provides additional evidence that early-
stage plant-water interactions are critical in defining nursery plant quality under changeable climatic 
conditions. 

The observed drop in vegetative growth under rainfed conditions in late summer emphasizes 
the need of irrigation in maintaining shoot development during periods of low precipitation. Similar 
growth limits under restricted soil moisture have been seen in young fruit trees in nursery systems, 
where temporary water shortages can limit canopy development and branch expansion [28,29]. The 
current work expands on these findings by demonstrating that irrigation depth, rather than just the 
presence or absence of irrigation, plays an important role in determining soil moisture conditions and 
growth responses throughout the nursery stage. 

There were clear cultivar-dependent changes in growth response throughout irrigation depths. 
The cultivar 'Excelsior' showed a steeper increase in cumulative branch length with increasing 
irrigation depth, indicating a stronger sensitivity to increased soil water availability. In comparison, 
'Favorit' responded more gradually and steadily to rainfed circumstances, maintaining considerably 
higher vegetative development. These opposing trends are consistent with earlier research on genetic 
heterogeneity in growth vigor and water sensitivity among apricot cultivars and other Prunus species 
[30]. Importantly, the current findings show that such genotype-dependent responses are already 
present during the nursery phase, when early vegetative development is important for future orchard 
establishment. 

The application of the Lp-norm index gave a comprehensive view of cumulative vegetative 
performance across irrigation treatments and cultivars. This approach enhanced standard single-
parameter assessments by combining normalized growth magnitude and variability, allowing for 
greater separation between irrigation depths. Although Lp-norm techniques have been used in 
agronomic and horticultural studies [31,32], their applicability to nursery-scale irrigation research is 
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restricted. In this study, Lp-norm trends confirmed individual growth responses while also 
highlighting disparities in cumulative performance and uniformity among treatments. 

Taken together, these findings show that nursery-grown apricot plants are more sensitive to 
seasonal soil moisture dynamics, and that irrigation depth has a considerable influence on vegetative 
development under changeable environmental conditions. As climate change causes more erratic 
precipitation patterns and summer drying, irrigation solutions adapted specifically to nursery 
systems will become increasingly critical. Nursery systems, unlike mature orchards, have plants with 
restricted root system development and a lower capacity to buffer short-term water shortages, 
emphasizing the need for irrigation schemes that take into account both plant developmental stage 
and cultivar-specific growth behavior. 

Several limitations to this study should be addressed. The experiment was carried out at a single 
location and during a single growing season, therefore it reflects soil and climatic variables unique to 
that location. Furthermore, only two cultivars grafted onto a single rootstock were tested, and results 
may change for various cultivar-rootstock combinations. Total branch length was used to assess 
vegetative performance, which is important for nursery plant quality but does not account for 
underlying physiological processes. Future study incorporating plant-based physiological markers, 
as well as multi-site, multi-season trials, would improve our understanding of plant-water 
interactions in the nursery. These results suggest that genetic background determines how young 
apricot plants respond to irrigation depth in the nursery stage. 

5. Conclusions 

This study investigated the effects of irrigation depth on soil water availability and vegetative 
development in nursery-grown apricot liner plants cultivated in temperate continental settings. The 
findings showed that irrigation depth had little influence on soil moisture dynamics during the early 
growing season, when precipitation was plentiful, but became a critical factor in regulating soil water 
availability and vegetative growth during mid- to late-summer periods with low rainfall. In both 
cultivars, vegetative growth responses changed consistently with irrigation depth, with cumulative 
branch development increasing as irrigation depth increased. Clear cultivar-specific variations were 
identified, with 'Excelsior' responding faster to increased soil water availability, whilst 'Favorit' 
responded more gradually and consistently across irrigation regimes. These results suggest that 
genetic background determines how young apricot plants respond to irrigation depth in the nursery 
stage. 

The use of an integrative growth index supplemented traditional growth measurements and 
allowed for comparison of cumulative vegetative performance across irrigation regimens and 
cultivars. These findings underscore the significance of irrigation depth as a separate management 
variable that influences early plant-water interactions in nursery systems. 

This study provides new nursery-scale evidence that irrigation depth effects the size and 
uniformity of vegetative development in apricot liner plants under varying environmental 
conditions. By focusing on early developmental phases and cultivar-specific responses, the study 
serves to bridge the knowledge gap between orchard-scale irrigation research and nursery 
production systems, thereby promoting the development of more resilient nursery techniques in the 
face of changing climate circumstances. 
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