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ABSTRACT
This study examines the impact of shadow length on the growth and directional patterns of Eucalyptus camaldulensis in the Agroforestry Research Plot of Usmanu Danfodiyo University, Sokoto. Stratified random sampling technique was adopted and trees were grouped into three strata based on shadow conditions: long, medium, and short. Key measurements included tree height, diameter at breast height (DBH), crown diameter shadow direction and shadow length. Analysis showed that long shadows foster vertical growth and larger DBH (mean height = 10.63 m, DBH = 41.84 cm) due to reduced light competition, while short shadows encourage balanced growth (mean height = 8.33 m, DBH = 32.63 cm). Medium shadows, however, restricted growth due to intensified competition (mean height = 7.14 m, DBH = 24.01 cm).Directional growth was prominent under medium shadows, where trees adjusted orientation to optimize light capture. These findings highlight the critical role of shadow dynamics in plantation management. Strategic plantation designs that optimize light distribution can enhance productivity and sustainability, offering practical insights into spacing and canopy management for agroforestry systems.This research provides foundational knowledge to improve light resource utilization, boost tree growth, and achieve sustainable forestry practices.
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[bookmark: _3dy6vkm]CHAPTER ONE
[bookmark: _1t3h5sf]                                                               INTRODUCTION

[bookmark: _4d34og8]1.1. Background of Study 
Shadows play a significant role in determining the growth and directional patterns of plants in a plantation. The length and duration of shadows are influenced by several factor, including trees canopy structure, spacing, and solar angle, which vary with time of day and season. Shadows directly affect light interception, a critical factor for photosynthesis, the primary driver of plant growth (Taiz et al., 2015). Understanding the interplay between shadow length and plant development is essential for optimizing plantation productivity, especially in systems where competition for light is high. Light quality and intensity have a major impact on phototropism, or the directed development of plants. Variations in growth orientation can result from shadow generation in plantation systems, which can change the phototropic response (Larcher, 2003). Furthermore, microclimatic factors including soil temperature and moisture content, which are critical for root growth and general plant health, are influenced by the duration and severity of shadows (Monteith and Unsworth, 2008).
This study will investigate the impact of shadow length on the growth and directional patterns of trees crops. By understanding these effects, plantation managers can make informed decisions regarding tree spacing, canopy management, and overall plantation design to enhance productivity and sustainability.


[bookmark: _2s8eyo1]1.2 Statement of the Problem 
One of the most important resources for plant growth is light, and patterns of shadow have a big impact on how light is distributed across a plantation. Plant competition brought on by uneven light distribution from different shadow lengths might result in less than ideal growth and productivity. Additionally, the uniformity and structural stability of plantations may be affected by the directional growth brought on by phototropic reactions to shadows. The effects of light intensity on plant development have been well studied in the past (Smith, 2016), but little research has been done expressly on shadow length and how it affects plantation systems' growth and directional patterns. Plantation managers may not maximize planting density and spatial arrangements if they lack a thorough understanding of these dynamics, which could result in decreased productivity and resource-use efficiency.
1.3 Justification of the Study
With the increasing demand for sustainable agricultural and forestry practices, optimizing light distribution in plantations is paramount. Shadows, though often overlooked, significantly influence plant growth and yield. This study is vital for providing insights into the management of light resources through canopy and spacing adjustments. It is critical to optimise light dispersion in plantations in light of the growing demand for sustainable forestry and agricultural activities. Despite being frequently disregarded, shadows have a big impact on plant growth and productivity. Plantation managers can employ tactics that optimize resource utilization and reduce competition for light by having a better understanding of these dynamics (Niinemets, 2010).    Moreover, the study aligns with global efforts to enhance productivity in plantation agriculture while minimizing environmental degradation (Lambers et al., 2008). By addressing the specific role of shadow length, this research contributes to the broader field of silviculture and agroforestry, providing practical recommendations for plantation design and management.
[bookmark: _17dp8vu]1.4 Objectives of the Study 
The main objective is to understand the impact of shadow length and direction on growth pattern on the department of Forestry and Environment agroforestry research plot. While the specific objectives are to:
i. To access the growth pattern on different strata of the plantation 
ii. To investigate the impact of shadow length on plant directional growth patterns 
[bookmark: _3rdcrjn]1.5 Scope and Limitation of study 
This study focuses on impact of shadow length on the growth and directional pattern on the department of forestry and environment agroforestry research plot in the faculty of agriculture usmanu danfodioyo university sokoto. The study will focus on the growth, directional pattern of trees (Eucalyptus camaldulensis) and impact of shadow length on the plantation (Eucalyptus camaldulensis)

[bookmark: _26in1rg]CHAPTER TWO
[bookmark: _lnxbz9]LITERATURE REVIEW
[bookmark: _35nkun2]2.1 Overview of shadow in plantation
Shadows play a significant role in determining the growth and directional patterns of plants in a plantation. The length and duration of shadows are influenced by several factors, including trees canopy structure, spacing, and solar angle, which vary with time of day and season. Shadows directly affect light interception, a critical factor for photosynthesis, the primary driver of plant growth (Taiz et al., 2015). Understanding the interplay between shadow length and plant development is essential for optimizing plantation productivity, especially in systems where competition for light is high. Light quality and intensity have a major impact on phototropism, or the directed development of plants. Variations in growth orientation can result from shadow generation in plantation systems, which can change the phototropic response (Larcher, 2003).
[bookmark: _1ksv4uv]2.2 Role of Light in Plant Growth 
Light is a primary driver of photosynthesis, influencing plant growth and biomass production. Plants utilize light quality, intensity, and photoperiod as signals to regulate physiological processes such as germination, leaf expansion, and flowering (Taiz et al., 2015). Changes in light availability due to shading can alter photosynthetic rates, leading to adjustments in plant growth and resource allocation (Chen et al., 2013).
Plants ability to maximize its photosynthetic productivity depends on its capacity to sense, evaluate and respond to light quality, quantity and direction (Briggs and Olney, 
2001). 
[bookmark: _44sinio]2.2.1 Stomatal opening 
Stomata regulate the uptake of CO2 with loss of water  vapour. The  functioning  of  stomata  is  based on a proper control of the turgor pressure in guard cells,  which  in  pairs  surround  the  stomatal  pores. The opening and closing of stomata is important for gas-exchange  processes  leading  to  photosynthesis and  is  affected  by  both  light  and  hormones (Schroeder  et al.,  2001).
[bookmark: _2jxsxqh]2.2.2 Light regulated gene expression 
Several  previous  studies  revealed  that  light causes  a  large-scale  reorganization  of  chromatin during the floral transition in Arabidopsis (Tessadori et  al.,  2007)  and  that  the  presence  or  absence  of light  results  in  distinct  gene  expression  profiles during  the  development  of  Arabidopsis  seedlings (Ma  et al.,  2001). The  discovery of  light-regulated transcription factors (such as HY5, HYH and PIF3) and  their  binding  sites  (light  responsive  cis-elements) provided the first sign about its molecular mechanisms  (Holm  et  al.,  2002).
[bookmark: _z337ya]2.3 Shadow effects on plant growth 
Shadow reduces the capacity for photosynthesis, which may ultimately lead to plant starvation. Such low light conditions are particularly harmful under foliar shade, where photosynthesis-driving wavebands (red and blue light) are preferentially filtered out compared to green and far-red light. Under a canopy, the red/far-red (R:FR) ratio is about 0.15 or lower, in open stands 1.15 or higher. Sun-loving plants respond to such conditions by the so-called shade avoidance syndrome (SAS).SAS includes several morphological alterations to escape low light such as enhanced growth of the stem, upward direction of leaves, etc. Pioneering work by Harry Smith and coworkers revealed that phytochrome photoreceptors (phy) are essential for the SAS (Smith and Whitelam, 1997).
Tree orientation affects shadow dynamics, influencing crop yields. Research demonstrates that the angle and height of trees determine the extent of shading on adjacent crops, with varying impacts based on geographical location (Prevosto, 2021). In temperate regions, shadows can lead to significant reductions in crop yields if not managed properly, as crops may compete for light (Schneider et al., 2017).
[bookmark: _3j2qqm3]2.4 Sunlight effect on the growth direction of forest trees 
Tropical forests harbor over one half of global biodiversity on land, and play a crucial role in the terrestrial carbon cycle (Malhi and Marthews, 2013; Behera et al., 2022). It is crucial to understand the sustainability of functions and services in tropical forest for ecosystem management in the context of global change (Lohbeck et al., 2015). In the Anthropocene, deforestation and climate changes continue to exert tremendous stress on ecosystems (Broadbent et al., 2008; Thakur et al., 2022), inducing detrimental consequences for tropical forest diversity and associated ecosystem functions (Emanuel, 2005; Miller et al., 2011; Olivero-Lora et al., 2022). Several such disturbances, like drought, heat waves, disease outbreaks, and extreme weather events (e.g., typhoon) induce tree mortality and heavy defoliation, causing canopy senescence and resulting in numerous canopy gaps (Corona-Lozada et al., 2019; Thakur et al., 2022). As a double-edged sword, disturbance-induced formation of canopy gaps cause more opportunity for germination from the soil seed bank, as well as huge loss of tree biomass (Barlow and Peres, 2004). With the formation of canopy gaps, the environment at forest understory correspondingly shifts, e.g., the enhanced available light and nutrient release from decomposition of dead trees, affecting the seedlings’ growth and the process of forest regeneration and succession after these disturbances are over (Prescott, 2002; Lin et al., 2003). Understanding the growth and survival of tree seedlings under canopy gaps at the understory is key for predicting forest resilience and also to help shed insights on the ongoing debate about the role of canopy gaps for maintaining forest’s diversity and function (Muscolo et al., 2014; Wang and Lin, 2019; Xi et al., 2019).
[bookmark: _1y810tw]2.5 Determining shadow length of a pole 
Because earth-sun distance is very far, we can approximately think the sunlight shining on the earth is parallel light in the field of optical. As shown, we can know the shadow length if we have known the pole’s length and the angle between sunlight and ground plane. We call the angle .In other words, we can get equation which describe the change of shadow length, if we know how change with time. The formula for shadow length according to (gauthmath.com) is given as;
L= h×Tan(θ)
These letters represent specific meaning. L means the length of tree shadow. h means the height of tree. The meaning of θ is the angle of elevation.
[image: ]
[bookmark: _4i7ojhp]2.6 Determine shadow direction 
Shadow direction depends on the sun’s position and geographic orientation. North-south oriented plantations are often designed to optimize light interception and minimize competitive shading (Zhang et al., 2014). Misaligned shadow direction can lead to uneven light distribution, suppressing growth in shaded areas while promoting dominance in unshaded zones.
[bookmark: _2xcytpi]2.7 Impacts of shadow on Plantation Productivity
Shading and shadow dynamics affect not only plant growth but also overall plantation productivity. Excessive shading may lead to reduced yields and increased pest susceptibility due to weakened plant defenses (Kumar et al., 2018). Conversely, optimizing shadow management can improve microclimate conditions, reduce water stress, and enhance yield stability (Rahman et al., 2020)

[bookmark: _1ci93xb]2.8 Plantation Design and Shadow Management
Strategic plantation design mitigates adverse shading effects and optimizes light availability. Factors such as tree spacing, canopy structure, and pruning intensity are crucial for managing shadow dynamics (Luedeling et al., 2016). Agroforestry systems, for instance, integrate crop species with complementary light requirements, enhancing productivity and resource use efficiency (Jose, 2009).
[bookmark: _3whwml4]2.8.1 Canopy Architecture
Canopy openness influences the extent and direction of shadows cast on the plantation floor. Open canopies allow for better light penetration and reduced shading competition, facilitating uniform growth (Binkley et al., 2013).
[bookmark: _2bn6wsx]2.8.2 Seasonal Variations
Seasonal changes in solar angle and daylight duration further complicate shading dynamics. Managing plantation orientation to account for seasonal shifts enhances year-round light availability, benefiting plant growth (Olesen & Bindi, 2002).


[bookmark: _qsh70q]2.9 Light Quality and Growth Response
Shading often modifies the red-to-far-red ratio (R), which regulates the shade avoidance response in plants (Smith, 2000). Shade-intolerant species may exhibit elongated stems and reduced leaf thickness, while shade-tolerant species adapt to lower light levels by enhancing light capture efficiency (Valladares and  Niinemets, 2008).
[bookmark: _3as4poj]2.10 Photosynthetically Active Radiation (PAR)
Photosynthetically Active Radiation (PAR) ranges from 400–700 nm and is essential for photosynthesis. In plantation systems, PAR availability can be reduced by shading from surrounding trees, impacting understory crops (Gandolfi et al., 2017). Variations in shadow length and direction influence the distribution of PAR, thereby affecting plant growth.

[bookmark: _1pxezwc]CHAPTER THREE
[bookmark: _49x2ik5]MATERIALS AND METHODS
[bookmark: _2p2csry]3.1 Study Area 
This study was conducted at the Department of forestry and environment agroforestry research plot Faculty of Agriculture Usmanu Danfodiyo University Sokoto. The research plot is located behind the agriculture theater lecture hall, with the Latitude of 4.115°E-4.121°E and Longitude of 13.017°N-13.022°N. The plot size is 110m ×15m for Eucalyptus camaldulensis. The climate is characterized by a long dry season from October and May with a short rainy season from mid-May to the end of September but it may vary. The dry season consists of a cold, dry (Harmattan) spell from November to February of the following year and a hot dry spell begins from February to May (Usman 2019). The vegetation is characterized by grasses and scattered trees. The soil in the study area is predominantly sandy loam.The plantation consists of Eucalyptus camaldulensis (Gum tree) Azadirachta indica (Neem) and Phoenix dactylifera (Date palm)

[bookmark: _147n2zr]3.2 Materials 
The Materials used for the study included:
· Haga Altimeter
· Measruing tape
· Compass
· Field notebook and pen
[bookmark: _3o7alnk]3.3 Experimental Design
[bookmark: _23ckvvd]The research focus on Eucalyptus camaldulensis. The plantation was divided into three strata bases on shadow conditions:
· Strata 1: Long shadow (morning shadow)
· Strata 2: Medium shadow (mid-morning shadow)
· Strata 3: Short shadow (fully-day sunlight)

[bookmark: _ihv636]3.4 Sampling Design
A Stratified random sampling technique was employed. The plantation contains a total of 143 stands, out of which 58 trees (19 in strata1, 19 in strata 2, and 20 in strata 3) were selected.
The proportional allocation formula for stratified sampling is:

Where:
number of samples in stratum 
 population in stratum 
total population
 total sample size
This ensured equal sampling intensity across the three strata.
[bookmark: _32hioqz]3.5 Data Collection 
1. Shadow length: Shadow length was calculated using the formula. (gauthmath.com)

Where: 
shadow length (m)
tree height (m)
sun elevation angle
2. Shadow Direction: shadow direction was determined using a compass
3. Tree Height: Tree height was measured with a Haga Altimeter at a 15m horizontal distance from the tree. The formula is:

Where: 
4. Diameter at breast height (DBH): DBH was measured at 1.3 m above the ground. The recorded circumference in inches was converted to centimeters using:

5. Crown Diameter: Crown diameter was calculated by measuring the crown spread in North-South and East-west directions:



3.6 Data Analysis 
Data Collected from the study was analyzed using Descriptive statistics. (mean, minimum, maximum and standard deviation) with SPSS Version 27. Results are presented in tables and figures. 
[bookmark: _41mghml]
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CHAPTER FOUR
[bookmark: _vx1227]RESULTS AND INTERPRETATION
[bookmark: _3fwokq0]4.1 	Introduction
This chapter presents the findings from the data collected through the survey conducted in the Faculty of Agriculture, Department of Forestry and environment (Agro Forestry Research Plot) at Usmanu Danfodiyo University, Sokoto. It includes a long shadow length, medium shadow and short shadow tree stand on the plot and its impact on the trees.
[bookmark: _1v1yuxt]4.2. Strata 1: Long Shadow
The variable 'Shadow length Strata1' in Strata1 has a mean of 6.09 with a standard deviation of 0.32. The minimum observed value is 5.19 and the maximum is 6.56. The variable 'Tree height Strata1' in Strata1 has a mean of 10.63 with a standard deviation of 0.41. The minimum observed value is 10.01 and the maximum is 11.38. The variable 'DBH Strata1' in Strata1 has a mean of 41.84 with a standard deviation of 5.38. The minimum observed value is 33.02 and the maximum is 59.43.The variable 'Crown diameter Strata1' in Strata1 has a mean of 4.20 with a standard deviation of 0.87. The minimum observed value is 3.1 and the maximum is 5.95.
[bookmark: _4f1mdlm]4.3. Strata 2 Medium Shadow
      The variable 'Shadow length Strata2' in Strata2 has a mean of 2.59 with a standard deviation of 0.30. The minimum observed value is 2.08 and the maximum is 3.09. The variable 'Tree height Strata2' in Strata2 has a mean of 7.14 with a standard deviation of 0.81. The minimum observed value is 5.74 and the maximum is 8.5. The variable 'DBH Strata2' in Strata2 has a mean of 24.01 with a standard deviation of 3.85. The minimum observed value is 11.6 and the maximum is 29.21. The variable 'Crown diameter Strata2' in Strata2 has a mean of 2.83 with a standard deviation of 0.47. The minimum observed value is 2.05 and the maximum is 3.7.
[bookmark: _2u6wntf]4.4. Strata 3 Short Shadow
The variable 'Shadow length Strata3' in Strata3 has a mean of 1.46 with a standard deviation of 0.08. The minimum observed value is 1.22 and the maximum is 1.6. The variable 'Tree height Strata3' in Strata3 has a mean of 8.33 with a standard deviation of 0.45. The minimum observed value is 6.96 and the maximum is 9.11. The variable 'DBH Strata3' in Strata3 has a mean of 32.63 with a standard deviation of 3.55. The minimum observed value is 26.67 and the maximum is 39.37. The variable 'Crown diameter Strata3' in Strata3 has a mean of 3.39 with a standard deviation of 0.39. The minimum observed value is 2.93 and the maximum is 4.5.









Table1 showing the variable of shadow length on strata one(Long shadow)
	Variable	
	Count
	Mean
	Std. Dev
	Min
	25%
	Median (50%)
	Max

	Shadow length (m)
	19
	6.09
	0.32
	5.19
	5.91
	6.15
	6.56

	Tree height(m)
	19
	10.63
	0.41
	10.01
	10.27
	10.65
	11.38

	DBH (cm)
	19
	41.84
	5.38
	33.02
	39.11
	41.15
	59.43

	Crown diameter (m)
	19
	4.20
	0.87
	3.10
	3.42
	4.05
	5.95


[bookmark: _19c6y18]
[image: ]
[bookmark: _3tbugp1]Figure 1: showing the influence of shadow length on strata one




Table 2: Showing the variables of shadow length in strata 2(Medium shadow)
	Variable
	Count
	Mean
	Std. Dev
	Min
	25%
	Median (50%)
	Max

	Shadow length (m)
	19
	2.59
	0.30
	2.08
	2.42
	2.63
	3.09

	Tree height (m)
	19
	7.14
	0.81
	5.74
	6.68
	7.23
	8.50

	DBH (cm)
	19
	24.01
	3.85
	11.60
	24.00
	25.15
	29.21

	Crown diameter (m)
	19
	2.83
	0.47
	2.05
	2.55
	2.80
	3.70


[bookmark: _28h4qwu]
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[bookmark: _nmf14n]Figure 2: showing the influence of shadow length on strata two






Table 3: Shows variables of shadow length in strata 3(short shadow)
	Variable
	Count
	Mean
	Std. Dev
	Min
	25%
	Median (50%)
	Max

	Shadow length (m)
	20
	1.46
	0.08
	1.22
	1.44
	1.48
	1.60

	Tree height (m)
	20
	8.33
	0.45
	6.96
	8.18
	8.39
	9.11

	DBH (cm)
	20
	32.63
	3.55
	26.67
	30.39
	31.97
	39.37

	Crown diameter (m)
	20
	3.39
	0.39
	2.93
	3.14
	3.31
	4.50


[bookmark: _37m2jsg]
[bookmark: _1mrcu09][image: ]
[bookmark: _46r0co2]Figure 3: showing the influence of shadow length on strata three



[bookmark: _2lwamvv]CHAPTER FIVE
[bookmark: _111kx3o]DISCUSSION
[bookmark: _3l18frh]5.1. Accessing the growth pattern on different strata of the plantation
  Trees in long shadow areas were taller (mean height = 10.63 m) than those in medium (7.14 m) and short shadow areas (8.33 m). This suggests that prolonged shading promotes vertical growth as trees compete for light. Trees in long-shadow areas exhibited the greatest vertical growth (mean height = 10.63 m). This is consistent with the Shade Avoidance Syndrome (SAS), where plants allocate resources to elongation in shaded conditions to capture more light (Smith and Whitelam, 1997; Valladares and Niinemets, 2008). In contrast, medium-shadow areas had the shortest trees (mean height = 7.14 m), likely due to intensified competition for light. The moderate height growth in short-shadow areas (mean height = 8.33 m) reflects balanced light availability throughout the day, as supported by Rahman et al. (2020).
  DBH was highest in long shadow strata (41.84 cm), likely due to reduced crowding and increased light access on the peripheries aligning with studies by Monteith and Unsworth (2008) on light’s role in biomass allocation. Conversely, trees in medium shadow areas exhibited the lowest crown diameter (2.83 m), suggesting restricted horizontal growth due to competition. This supports Jose (2009), who noted that limited light availability in shaded environments impacts trunk development. The variability in growth patterns across long, medium, and short shadow strata reflects the adaptive strategies of trees to light availability. In areas with longer shadows, trees exhibit increased vertical growth, as evidenced by the higher mean height (10.63 m) and DBH (41.84 cm) in Strata 1. This is consistent with studies that highlight how trees adjust their height and diameter growth under competitive light conditions to optimize photosynthetic capacity (bioresources.cnr.ncsu.edu).  Conversely, medium shadow conditions in Strata 2 led to the lowest crown diameter (2.83 m), possibly due to increased inter-tree competition for light. This aligns with findings that light-demanding species prioritize height over horizontal expansion when shaded (bioresources.cnr.ncsu.edu). In short shadow areas (Strata 3), the moderate growth patterns suggest balanced light availability throughout the day, enabling a more uniform growth in height and diameter. The variability in growth across plantation sides highlights the importance of light availability and competition in shaping tree morphology. The findings support strategies for optimizing plantation design, such as adjusting tree spacing to ensure uniform light distribution (Luedeling et al., 2016).
[bookmark: _206ipza] 5.2 Investigate the Impact of Shadow Length on Directional Growth
     Directional growth in trees is influenced by phototropism, where plants grow toward light to maximize energy capture. Under medium shadow conditions, slight tilting was observed as trees adjusted to optimize light interception. Trees in medium-shadow areas exhibited slight tilting toward light, reflecting their adaptive strategies to optimize light capture. Phototropic adjustments under shaded conditions are well-documented, with plants exhibiting elongation and directional growth to maximize photosynthesis (Taiz et al., 2015).
Trees in Strata 1, with longer shadows, tend to grow more vertically, potentially indicating reduced directional adjustment due to a more stable light gradient. This vertical dominance under shaded conditions underscores the importance of shadow length in shaping growth trajectories (bioresources.cnr.ncsu.edu). Long shadows correlated with consistent vertical growth, as evident from greater tree heights and DBH values in Strata 1. However, the data suggests slight tilting in trees exposed to medium shadows as they adjust directionally for optimal light capture. Trees in long-shadow areas grew predominantly vertically with minimal directional adjustment. The stable light gradient likely reduces the need for phototropic tilting, emphasizing the role of shadow length in shaping growth trajectories (Smith, 2016). The findings underscore the role of shadow length in influencing directional growth. Plantation designs should account for phototropic responses by aligning rows to optimize light access and minimize shading competition (Jose, 2009).


































[bookmark: _4k668n3]CHAPTER SIX
[bookmark: _2zbgiuw]SUMMARY, CONCLUSION AND RECCOMMENDATION
[bookmark: _1egqt2p]6.1 Summary
"Impact of Shadow Length on the Growth and Direction Pattern on the Department of Forestry and Environment Agroforestry Research Plot" looks at how the development patterns of Eucalyptus camaldulensis trees are affected by the length and direction of their shadows. The study, which was carried out at the Agroforestry Research Plot of Usmanu Danfodiyo University, evaluates growth differences under long, medium, and short shadow circumstances. Shadow length, direction, tree height, diameter at breast height (DBH), and crown diameter were all factors in the data collection process. According to descriptive and regression analyses, shorter shadows allow for balanced development with sufficient light exposure, while longer shadows encourage vertical growth because there is less competition. The study emphasizes how crucial shadow management is to plantation design in order to maximize light distribution, boost output, and guarantee sustainable forestry methods.

[bookmark: _3ygebqi]6.2 Conclusion
 Shadow length significantly influences tree growth patterns. Long shadows promote vertical growth and DBH due to less competition and favorable light angles.
    Medium shadows limit growth, likely due to higher competition and restricted light availability. Trees adjust their direction in response to shadow length, with more pronounced directional growth under medium shadows. Longer shadows correlate with increased height, reflecting trees' competition for light in shaded areas. Shorter shadows result in balanced growth, leveraging full-day light exposure.


[bookmark: _2dlolyb]6.3 Recommendations
1. Optimize tree spacing to manage shadow distribution, ensuring even light penetration across the plantation should be practiced.
2.  Regularly monitoring of tree growth patterns and shadow dynamics to refine management practices.
3. Implementing pruning strategies in medium-shadow areas to reduce competition and improve light access.
4. Train plantation managers on the implications of shadow length for optimizing growth and yield in agroforestry systems.
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