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ABSTRACT 

This study analyzes the first five years of development (2021-2025) of an alley cropping agroforestry system 

established at NARDI Fundulea, Romania, evaluating the structural dynamics of Ulmus pumila L. across three 

contrasting planting variants. V1 comprised five 130-m rows with 8 m between trees and 50 m between rows, 

V2 comprised four rows with 4 m between trees and 75 m between rows, and V3 comprised three rows with 6 m 

between trees and 100 m between rows. The main objective was to monitor young-tree biometric development, 

particularly height, root collar diameter, crown expansion, and tree survival, and to quantify how the woody 

component progressively occupies space within the agricultural field. 

All surviving trees were repeatedly measured. V3 consistently produced the largest individual trees and 

crowns; in 2025, mean crown area reached 18.02 m², compared with 11.28 m² in V1 and 10.13 m² in V2. 

However, canopy occupation at the system level showed a different pattern. Cumulative crown projection was 

greatest in V2, which also progressed most rapidly toward within-row canopy closure, showing that the 

configuration favouring individual tree development was not the same as that producing the greatest canopy 

occupation. Tree survival exceeded 91% in all configurations. 

At this early stage, canopy expansion progressively modifies the spatial allocation of land and reduces the 

area directly available for cultivation, although the rate of physical occupation differs among variants. These 

results should not be interpreted as a direct measure of overall land-use efficiency. The study does not calculate 

the Land Equivalent Ratio (LER), because comparable long-term productivity data for both tree and crop 

components are not yet available. Instead, it establishes a structural baseline for future LER assessment and 

long-term monitoring of the balance between tree development, agricultural space, and system-level 

productivity.  

 

Keywords: alley cropping system, crops, crown width toward the crop. 

 
INTRODUCTION 

 

he increasing occurrence of extreme 

climatic events and the gradual 

degradation of agricultural soils in lowland 

areas, resulting from intensive and continuous 

land cultivation, long-term use of chemical 

inputs, monocropping, and declining soil 

organic matter, call for an urgent transition 

towards more resilient production systems. In 

this context, agroforestry systems, including 

alley-cropping and tree-based shelterbelts are 

increasingly recognized for their potential to 

reconcile agricultural productivity with 

environmental protection and climate 

adaptation (Wolz and DeLucia, 2018; Xu et 

al., 2019; Mușat et al., 2021; Greene, 2025) 

with the provision of ecosystem services, 

including carbon sequestration (Oelbermann 

et al., 2004), biodiversity conservation 

(Boinot et al., 2019), and local microclimate 

regulation (Quinkenstein et al., 2009; Rivera-

Pedroza et al., 2019; Donat et al., 2023). 

Although the benefits of mature agroforestry 

systems are widely documented (Jose, 2009; 

Burgess and Rosati, 2018), the structural 

T 
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dynamics of the tree component during the 

early establishment phase remain insufficiently 

explored. This stage, encompassing 

approximately the first 5-10 years after 

establishment, is particularly critical from an 

agricultural management perspective because 

tree rows immediately occupy part of the 

agricultural area, while the woody component 

has not yet reached the structural development 

required to provide its full protective and 

microclimatic functions. Nevertheless, even 

relatively young tree rows can begin to modify 

local environmental conditions, and Chalupecká 

et al. (2026) highlighted the potential of 

integrating rows of trees within agricultural land 

to improve the local microclimate. As crowns 

expand, the relationship between individual tree 

growth, canopy continuity, retained cropped area, 

and potential ecosystem services changes 

continuously, highlighting the need for long-term 

monitoring of young agroforestry systems. 

A key aspect in the design of alley-

cropping systems is therefore the 

optimization of the spacing between tree 

rows. This variable determines the width of 

the agricultural alleys, the initial proportion 

of land allocated to the woody component, 

and the rate at which the field may become 

influenced by expanding tree crowns. Wider 

inter-row spacing (e.g., 100 m) preserves a 

larger cropped area and minimizes early 

competition for light and space, whereas 

narrower spacing (e.g., 50 m) may allow the 

protective network to become effective more 

rapidly, although it entails a greater initial 

allocation of land to the tree component (Van 

Lerberghe, 2017; Mihăilă et al., 2021; 

Greene, 2025). Within-row spacing is also 

important because it influences competition 

among neighbouring trees and the rate at 

which crowns become continuous along the 

row. Consequently, a configuration that 

favours rapid individual tree growth does not 

necessarily produce the greatest canopy 

occupation at the system level, as tree density 

and row arrangement modify the spatial 

expression of crown development. 

The physical occupation of agricultural 

space by tree rows should not, however, be 

interpreted as an equivalent reduction in 

overall land-use efficiency. The Land 

Equivalent Ratio (LER) integrates the 

relative productivity of the tree and crop 

components and indicates the amount of land 

required under separate monocultures to 

obtain the same combined production as one 

hectare of an agroforestry system. Values 

above unity indicate a land-use advantage of 

the integrated system. Importantly, LER is 

not static but may vary throughout the 

lifetime of an alley-cropping system. During 

the first years after establishment, when trees 

occupy land but contribute little or no 

marketable production, LER may remain 

below unity. As the woody component 

develops, the balance may change because 

trees increasingly contribute directly to 

system productivity and may also exert 

beneficial effects on associated crops (Xu et 

al., 2019). This temporal dimension has been 

demonstrated in empirical studies. In apple-

based alley cropping, LER values were below 

unity before trees began to bear fruit and 

exceeded unity afterwards, showing that 

land-use efficiency can change substantially 

as the woody component develops (Xu et al., 

2019). In temperate tree-strip systems, LER 

also varied among sites and design scenarios 

according to the relative proportions and 

productivity of tree and crop components 

(Seserman et al., 2019). These findings 

indicate that a single-year assessment may 

not adequately represent the long-term 

efficiency of an agroforestry system and that 

LER should ideally be evaluated over the 

entire lifespan of the system. 

Alley-cropping systems consist of 

agricultural crops grown between rows of 

trees or other linear woody elements 

established within agricultural land, with the 

distance between tree rows varying according 

to the objectives defined at system 

establishment. In Romania, alley cropping 

represents a relatively new paradigm that is 

still at an early stage of testing. Unlike 

conventional shelterbelts, whose primary role 

is to reduce wind speed at the landscape 

scale, alley-cropping systems involve a 

denser integration of trees within the 

productive agricultural area and require 

active management of tree-crop interactions 

and competition for resources. 
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The present study analyses the biometric 

and spatial development of an experimental 

alley-cropping system established in 2021 at 

the National Agricultural Research and 

Development Institute, Fundulea, Romania. 

The experiment includes three inter-row 

spacing configurations of 50, 75, and 100 m. 

The study focuses on the spatial dynamics of 

the woody component during the first five 

growing seasons, with particular emphasis on 

horizontal crown projection area, frontal 

crown area, canopy continuity, and the 

progressive occupation of agricultural space.  

The early development of the Fundulea 

alley-cropping experiment was previously 

reported by Tudora et al. (2022), who described 

establishment conditions and tree growth during 

2021-2022. The present study extends the 

observation period to 2025 and shifts the 

analytical focus from initial establishment to 

longitudinal growth trajectories, crown 

expansion, tree survival, and system-level 

canopy occupation. LER was not calculated 

because comparable long-term productivity data 

for both the tree and crop components were not 

available. Instead, the study addresses an earlier 

and necessary step by quantifying the structural 

development and spatial occupation of the 

woody component that will shape future tree-

crop interactions and provide a baseline for 

subsequent assessments of land-use efficiency. 

Accordingly, the main objective of this 

study was to document the spatial footprint 

and early structural development of the tree 

component within this long-term experiment 

to assess its initial impact on usable 

agricultural area and its emerging potential 

for microclimate modification. Specifically, 

the study aimed to: (i) compare the 2021-2025 

trajectories of tree height, root collar diameter, 

and crown development; (ii) quantify 

cumulative crown projection using a complete 

census of surviving trees and the actual area of 

each experimental configuration; (iii) assess 

progression towards within-row canopy 

closure; and (iv) evaluate tree survival during 

the first five growing seasons. The research 

hypothesis is that, although inter-row spacing 

would not result in significant differences in 

individual tree growth rates during the first 

five years, spatial configuration would 

determine different levels of land occupation 

and distinct patterns of canopy coverage, with 

implications for the future development of 

microclimatic protection and drought-

adaptation functions. 

  

MATERIAL AND METHODS 

 

Study site and experimental design 

The experiment was established in spring 

2021 at the National Agricultural Research 

and Development Institute (NARDI) 

Fundulea, Călăraşi County (Latitude: N 

44.26387; Longitude: E 26.30267), in 

southeastern Romania, at an elevation of 

approximately 67 m above sea level. The site 

is located in the eastern Romanian Plain, in 

the transition area between the Vlăsia Plain 

and the southern Bărăgan. The mean annual 

temperature is approximately 10.9°C, and the 

mean annual precipitation is approximately 

510 mm. The soil is a cambic chernozem. A 

detailed description of the site, establishment 

procedures, protective tubes, uncultivated 

tree strips, and early development of the 

experiment was provided by Tudora et al. 

(2022). 

The experimental alley-cropping system 

comprised three contrasting variants of 

Ulmus pumila L. V1 included five 130-m-

long tree rows, with 8 m between trees within 

rows and 50 m between rows. V2 included 

four 130-m-long rows, with 4 m between 

trees and 75 m between rows. V3 included 

three 130-m-long rows, with 6 m between 

trees and 100 m between rows (Figure 1). 

Due to the farm's annual crop rotation, the 

crop species adjacent to a given tree row 

varied across years and were not considered a 

static feature of the system layout.  

 

Tree measurements 

At establishment, the tree rows were 

allocated an approximately 1 m wide 

uncultivated strip (total strip width). The 

seedlings were small, protected by tubes, and 

agricultural operations were conducted as 

close as practically possible to the tree rows 

to minimize the loss of cropped land. As the 
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trees developed, the effective uncultivated 

strip was progressively widened and reached 

approximately 2 m in total width by 2025. 

For the phase examined here, this width 

adequately represents the area directly 

withdrawn from cultivation under the actual 

farm-management practice. To provide a 

transparent estimate of the direct effect of 

tree-row management on usable agricultural 

area, two reference strip-width scenarios 

were calculated: the initial 1-m strip and the 

approximately 2-m strip reached by 2025 

(Table 1). For each variant, uncultivated 

agricultural area was calculated as the 

number of rows × row length × strip width. 

 

 
 

Figure 1. Experimental layout of the three alley cropping variants at NARDI Fundulea 

 

These scenario-based calculations quantify 

only the land physically excluded from 

cultivation by the managed tree strips. They 

do not represent the wider area potentially 

influenced by shade, roots, wind reduction, or 

other microclimatic effects.  
 

Table 1. Scenario-based direct occupation of agricultural land by the managed tree strips 

 

Variant Total row length (m) 
Uncultivated agricultural area (m²) 

At 1 m strip (m²) At 2 m strip (m²) 

V1 650 650 1300 

V2 520 520 1040 

V3 390 390 780 

 

All living trees in the experiment were 

measured; therefore, the dataset represents a 

full inventory of surviving trees. Total height 

was recorded at the end of each growing 

season from 2021 to 2025. Root collar 

diameter and crown dimensions were assessed 

from 2022 to 2025. Crown projection was 

measured in two perpendicular directions: 

along the tree row and perpendicular to the 

row, toward the adjacent agricultural crop. 

Particular attention was given to crown width 

toward the crop, as this directly measured 

variable indicates the tendency of the woody 

component to expand beyond the managed 

uncultivated strip into the agricultural space. 

Crown width toward the crop and managed 

strip width were treated as distinct indicators: 

the latter represents land directly excluded 

from cultivation, whereas the former reflects 

structural expansion of the tree component 

and does not necessarily imply an equivalent 

loss of cropped area. Tree survival was 

calculated as the number of living trees 

recorded in 2025 divided by the number 
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reported in 2021 × 100. Mean individual 

crown area was used to characterize crown 

development, while crown width toward the 

crop was used as the principal measured 

indicator of structural expansion toward the 

agricultural component. A within-row canopy 

closure index was calculated as mean crown 

width divided by within-row tree spacing × 

100. Values approaching 100% indicate that 

mean crown width along the row approaches 

the distance between neighboring trees and that 

the row is progressing toward a continuous 

canopy strip.  

 

Statistical analysis 

Descriptive statistics were calculated for 

each variant and measurement year. Changes 

over time were analyzed using linear mixed-

effects models to account for repeated 

measurements of individual trees and their 

grouping within rows (Bates et al., 2015). 

Variants, year, and the variant × year 

interaction were included as fixed effects. 

Random intercepts were included for rows 

nested within variant and for individual trees 

nested within rows, to account for variation 

among rows and repeated measurements of 

the same trees. The contribution of variant, 

year, and their interaction was assessed using 

likelihood-ratio tests based on comparisons of 

nested models fitted by maximum likelihood. 

Crown area was square-root transformed 

before modelling to improve model residuals. 

For the final measurement year, pairwise 

comparisons among variants were additionally 

performed using Welch’s t-tests, with Holm 

adjustment for the three comparisons within 

each trait (variable). Statistical significance 

was accepted at p < 0.05. 

 

RESULTS AND DISCUSSION 

 

Tree growth and crown development 

Tree survival from 2021 to 2025 was 

91.2% in V1, 93.9% in V2, and 95.4% in V3 

(Table 2). More than 91% of the initial trees 

remained in all configurations. 

 
Table 2. Tree numbers and survival between 2021 and 2025 

 

Variant Trees in 2021 Trees in 2025 Tree survival (%) 

V1 80 73 91.2 

V2 131 123 93.9 

V3 65 62 95.4 

 

Tree height increased progressively in all 

variants between 2021 and 2025, while root 

collar diameter showed a similar upward 

trend from 2022 to 2025 (Figures 2 and 3). 

 

 
 

Figure 2. Distribution of tree height across variants during the monitoring period 
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Figure 3. Distribution of root collar diameter across variants during the monitoring period 

 

V3 maintained the highest mean values 

throughout the monitoring period. By 2025, 

mean height reached 457.3 cm in V3, 

compared with 381.4 cm in V1 and 362.9 cm 

in V2. Root collar diameter showed the same 

general ranking, with the strongest development 

in V3 and more similar final values in V1 and 

V2. Linear mixed-effects models showed 

significant effects of variant, year, and their 

interaction for both tree height and root collar 

diameter (Table 3). In 2025, V3 differed 

significantly from both V1 and V2 for both 

traits after Holm adjustment (all adjusted      

p < 0.001), whereas V1 and V2 did not differ 

significantly (adjusted p = 0.235 for height 

and p = 0.184 for root collar diameter).  

 
Table 3. Likelihood-ratio tests for the effects of variant, year, and their interaction 

on tree growth and crown development 

 

Trait 

(Variable) 

Effect 

(Tested factor) 
LR df p 

Tree height 

Variant 10.26 2 0,0059 

Year 1971.20 4 < 0.001 

Variant x year 89.21 8 < 0.001 

Root collar 

diameter 

Variant 11.87 2 0,0026 

Year 1535.13 3 < 0.001 

Variant x year 117.51 6 < 0.001 

Crown area 

Variant 15.03 2 0.0005 

Year 1545.40 3 < 0.001 

Variant x year 75.76 6 < 0.001 

Crown width 

toward the crop 

Variant 16.25 2 0.0003 

Year 1307.55 3 < 0.001 

Variant x year 43.71 6 < 0.001 

LR - likelihood-ratio statistic; df - degrees of freedom; p - probability value. 

 

Mean crown area increased strongly in all 

variants and showed the clearest structural 

differentiation (Figure 4). In 2025, mean 

individual crown area reached 18.02 m² in 

V3, 11.28 m² in V1, and 10.13 m² in V2. 

Although V2 had the smallest mean 

individual crown area, its closer 4 m within-

row spacing was associated with earlier 

progression toward contact between 

neighboring crowns. Thus, V3 showed the 

greatest individual crown development, but 

this ranking did not fully describe the spatial 

implications of planting design.  
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Figure 4. Mean crown projection area dynamics in the three planting variants  

 

Crown width toward the agricultural crop, 

the dimension most directly relevant to 

structural expansion into the cropped space 

during this young phase, also increased in all 

variants, with the greatest final values in V3 

(Figure 5). 

 

  
 

Figure 5. Mean crown width toward the adjacent agricultural crop in the three planting variants 

 

Linear mixed-effects models showed 

significant effects of variant, year, and their 

interaction for both crown area and crown 

width (Table 3). In 2025, V3 differed 

significantly from V1 and V2 for both traits 

(variables) (all Holm-adjusted p < 0.001), 

while V1 and V2 did not differ significantly 

(adjusted p = 0.248 for crown area and          

p = 0.585 for crown width). 

Within-row canopy closure showed a 

different pattern from individual crown 

development. In 2025, mean crown width 

along the row was 3.67 m in V1, 3.55 m in 

V2, and 4.82 m in V3. Relative to the 

corresponding within-row tree spacings of 8, 

4, and 6 m, these values resulted in canopy 

closure indices of 45.9%, 88.6%, and 80.4%, 

respectively. Thus, although V3 showed the 

greatest individual crown development, V2 

had progressed furthest toward within-row 

canopy continuity by 2025. 

 

Spatial and structural evolution of the 

single tree row 

Under the initial 1-m strip scenario, the 

directly uncultivated area was estimated at 
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650 m² in V1, 520 m² in V2, and 390 m² in 

V3. At an approximately 2-m strip width, 

corresponding to the effective width reached 

by 2025, these areas increased to 1300, 1040, 

and 780 m², respectively. Thus, widening 

from 1 to 2 m represented an additional direct 

exclusion from cultivation of 650 m² in V1, 

520 m² in V2, and 390 m² in V3. These 

values describe the management-related 

occupation of agricultural land and should 

not be interpreted as the total area influenced 

by the trees. 

Across all trees, mean crown width toward 

the agricultural crop increased from 2.95 m in 

2024 to 3.69 m in 2025. In 2025, variant 

means were 3.47 m in V1, 3.37 m in V2, and 

4.56 m in V3. Thus, by the end of the young 

phase, structural crown expansion toward the 

crop was already substantially greater than 

the approximately 2-m total width of the 

managed uncultivated strip. This contrast 

does not imply that the land beneath the 

crown projection was removed from 

cultivation: farmers continued to cultivate as 

close as practically possible to the tree row in 

order to minimize loss of productive land. 

Crown width was significantly affected by 

variant (LR = 16.25, df = 2, p = 0.0003), year 

(LR = 1307.55, df = 3, p < 0.001), and their 

interaction (LR = 43.71, df = 6, p < 0.001). In 

2025, V3 differed significantly from V1 and 

V2 (Holm-adjusted p < 0.001), while V1 and 

V2 did not differ significantly. 

The results reveal two complementary 

dimensions of spatial development in young 

alley-cropping systems. The first is the direct 

occupation of agricultural land by the 

managed tree row. The second is the 

progressive structural expansion of the 

crowns toward the crop. These dimensions 

should not be confused: row widening 

represents land physically excluded from 

cultivation, whereas crown expansion 

describes increasing tree influence over 

agricultural space without necessarily 

removing that land from production. The 

management history of the Fundulea 

experiment is particularly relevant in this 

respect. At establishment, the approximately 

1 m total strip width was sufficient because 

the seedlings were small and protected in 

tubes, and farmers cultivated as close as 

practically possible to the tree rows to avoid 

unnecessary production losses. As the trees 

developed, maintaining such a narrow strip 

became increasingly impractical, and the 

effective strip widened to approximately 2 m 

in total width by 2025. Throughout this early 

developmental stage, the mean crown width 

on the crop side increased from 2.95 m in 

2024 to 3.69 m in 2025. The area directly 

withdrawn from cultivation therefore remained 

smaller than the space occupied by crown 

expansion toward the crop. This is a central 

distinction of the study: managed strip width 

represents a direct loss of cropped area, 

whereas structural crown occupation may 

extend over land that remains under 

cultivation. During the early stage phase 

examined here, crown expansion toward the 

agricultural crop was considered particularly 

relevant from a management perspective 

because it directly reflects the increasing 

spatial interaction between the forest and 

agricultural components. As the system 

matures, along-row crown development and 

eventual canopy continuity may become 

increasingly important for providing shelter, 

shade, and microclimatic regulation, which 

are recognized functions of agroforestry 

systems (Veldkamp et al., 2023; Koch et al., 

2025). The scenario calculations show that 

the direct impact on usable agricultural area 

depends strongly on total row length. V1, 

with five rows, required the largest directly 

uncultivated area, whereas V3, with three 

rows, required the smallest. This is an 

important design implication: increasing the 

number of rows may accelerate the spatial 

presence and potential functional influence of 

the woody component, but it also increases 

the area that must be permanently or 

progressively withdrawn from cultivation.  

Crown expansion toward the agricultural 

crop provides a second and directly measured 

perspective, while also highlighting a 

potential management challenge, as lateral 

crown growth may eventually require 

pruning, a practice commonly used in alley-

cropping systems to limit crop shading and 

competition (Ivezic et al., 2021; Maitra et al., 

2025). V3 produced the greatest individual 
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crown expansion toward the crop, while V2, 

characterized by the closest within-row 

spacing, progressed most rapidly toward 

canopy continuity. Thus, the variant that 

minimized direct row area was not 

necessarily the configuration with the least 

structural expansion toward adjacent crops. 

This distinction strengthens the central 

finding that spatial arrangement influences 

individual growth, row continuity, and 

agricultural-space occupation in different 

ways. The strong individual development of 

V3 cannot be attributed exclusively to 

spacing. This accelerated growth may have 

been driven by local spatial context or initial 

seedling size advantages, given that V3 was 

the first variant to be planted. The variants 

should therefore be interpreted as contrasting 

field configurations rather than as a fully 

factorial spacing experiment.  

The reduction in directly cultivated area 

should not be interpreted as an equivalent 

reduction in overall land-use efficiency, as 

this depends on the combined productivity of 

the tree and crop components and can be 

assessed using the Land Equivalent Ratio 

(LER) (Xu et al., 2019; Honfy et al., 2023). 

LER integrates the productivity of the woody 

and crop components relative to their 

respective monocultures and may remain 

above unity even when the area available for 

annual crops is reduced. The present study 

does not calculate LER because comparable 

long-term productivity data for both 

components were unavailable. However, the 

direct strip-area scenarios and the measured 

crown expansion toward the agricultural crop 

establish two structural dimensions that 

should be incorporated into future 

assessments of land-use efficiency. 

Future monitoring should therefore record 

effective strip width systematically, preferably 

annually and separately for each row. Crop 

yields should also be measured at defined 

distances from the tree rows, following 

approaches used in previous alley-cropping 

studies (Majaura et al., 2024; Reuse and 

Langhof, 2025). This would allow the direct 

loss of cropped area to be separated from the 

wider zone of tree influence and would 

provide the data required to determine 

whether structural expansion is compensated 

by gains in tree production, crop performance, 

or ecosystem services. 

The three variants represent different spatial 

and management patterns. V1 has the greatest 

total row length and therefore the largest direct 

strip-area requirement; V2 combines high tree 

numbers with rapid progression toward 

canopy continuity; and V3 has the smallest 

total row length but the strongest individual 

tree and crown expansion toward the 

agricultural crop. The appropriate design 

therefore depends on the balance sought 

among direct preservation of cropped area, 

rapid formation of a continuous woody strip, 

and individual tree development.  

The 1 m and 2 m strip widths should be 

regarded as reference estimates based on field 

management observations rather than as a 

measured annual time series. The variants 

also differ simultaneously in within-row 

spacing, inter-row distance, number of rows, 

and local spatial context. The effects of any 

single spacing factor therefore cannot be 

isolated. Annual crop rotation further means 

that crop identity is not a fixed property of a 

variant. The results should therefore be 

interpreted as a comparison of the 

development patterns observed in the three 

experimental variants. 

 

CONCLUSIONS 

 

During the first five growing seasons, 

Ulmus pumila showed good establishment 

and sustained development in all three alley-

cropping configurations, with tree survival 

ranging from 91.2% in five-row configuration 

to 95.4% in three-row configuration. By 2025, 

three-row configuration showed the strongest 

individual tree development, reaching a mean 

height of 457.3 cm, compared with 381.4 cm 

in five-row configuration and 362.9 cm in 

four-row configuration, and a mean crown 

area of 18.02 m², compared with 11.28 m² in 

V1 (five-row configuration) and 10.13 m² in 

V2 (four-row configuration). 

The direct area excluded from cultivation 

depended primarily on total tree-row length 
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and managed strip width. Under the reference 

1 m total strip-width scenario, the directly 

uncultivated area was 650 m² for the five-row 

configuration (V1), 520 m² for the four-row 

configuration (V2), and 390 m² for the three-

row configuration (V3). At the approximately 

2 m strip width reached by 2025, these values 

increased to 1,300, 1,040, and 780 m², 

respectively. At the same time, mean crown 

width toward the agricultural crop increased 

from 2.95 m in 2024 to 3.69 m in 2025, 

reaching 4.56 m in V3. Thus, crown expansion 

already extended beyond the managed tree 

strip, although this structural occupation 

should not be equated with an equivalent loss 

of cultivated land because agricultural 

operations continued beneath and adjacent to 

the expanding crowns wherever practicable. 

The three configurations therefore represent 

different trade-offs between tree development 

and agricultural-space occupation. V1 required 

the largest directly uncultivated area because 

of its greater total row length, V2 showed the 

greatest cumulative crown projection at the 

system level and progressed most rapidly 

toward within-row canopy continuity, whereas 

V3 combined the smallest direct strip-area 

requirement with the strongest individual tree 

and crown development. Thus, the configuration 

favouring individual tree development was not 

the same as that producing the greatest canopy 

occupation at the system level. These results 

demonstrate that direct strip occupation, 

individual crown expansion, cumulative 

canopy occupation, and within-row canopy 

continuity represent complementary rather 

than interchangeable dimensions of spatial 

development in young alley-cropping systems. 

The present results describe the structural 

development of the system rather than its 

overall land-use efficiency. Continued 

monitoring of effective tree-strip width, crown 

development, crop yields at defined distances 

from the tree rows, and microclimatic 

conditions will be necessary to determine 

whether the progressive occupation and 

influence of the woody component are 

compensated by gains in crop performance, 

tree production, and ecosystem services. 

Such data will allow the area directly 

excluded from cultivation to be distinguished 

from the broader area influenced by the trees 

and will provide a more complete assessment 

of the long-term performance of the alley-

cropping system. 
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