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Abstract: Planting high density can reduce photosynthetic active radiation due to mutual shading or low light interception. 

The nature of the canopy and utilization of solar radiation influence the performances of coffee genotype. This study was 

designed to evaluate the effect of planting density and fertilizer rate on physiological parameters of Arabica coffee seedlings 

under nursery conditions. It was conducted at the Jimma Agricultural Research Center in southwest Ethiopia in 2018 season. A 

factorial experimentation in a completely randomized design with three replications was used for the study. The treatments 

consisted of combinations of two Arabica coffee cultivars (compact-74110 and open-75227), four population densities per 

polythene tube (one, two, three and four) and three compound NPK fertilizer (22:6:12 + Te) rates (control, 5g and 10g). The 

most common plant physiological parameters including NAR, AGR, RGR and CGR were estimated and analyzed using 

standard procedures. The results showed that interaction between cultivar, population density and fertilizer significantly (P 

≤0.05) influenced NAR and CGR, and highly significantly (P ≤0.01) influenced AGR and RGR. The highest values of NAR, 

AGR, RGR and CGR were recorded from the lowest population density (PD1) and increased in the order of PD1 > PD2 > 

PD3 > PD4 for each parameter. Application of 5g of NPK significantly enhanced NAR, AGR, RGR and CGR as compared 

with other fertilizer rates, while these parameters were observed to decrease for 10g of NPK perhaps due to toxicity problem. 

In general, high planting density decrease physiological parameters of the coffee plant, so more attention like intensive coffee 

tree management practices as well as optimization of population density should be done under field conditions to increase 

physiological parameters of the coffee plant. 
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1. Introduction 

Light is the energy source for photosynthesis and an 

essential prerequisite for plant life. The process of 

photosynthesis could be inhibited, due to the presence of too 

little or too much light which creates a stressful environment 

for the system. Plant photosynthesis, hence, net assimilation 

rate is affected by different factors; from this light intensity is 

the major one. Photosynthesis and growth of plants are 

affected by heavy shade, which reduces light interception of 

leaves [1]. Planting high density reduces photosynthetic active 

radiation due to mutual shading or self-shading. The decrease 

in net assimilation rate (NAR), absolute growth rate (AGR), 

relative growth rate (RGR) and crop growth rate (CGR), while 

increasing planting density might be due to the decrease in 

light interception [2]. Coffee yield is decreased in agro-forestry 

systems, due to the limitation of photosynthesis due to low 

light availability. Plants undertake certain morphological 

modifications and physiological adaptations to increase 

photosynthetic rate like increase leaf area index [3]. Optimum 

leaf area index is very important; above the critical level may 

decline yield due to shading and competition for water, 

nutrients and light [4]. Leaves are exposed to light have more 
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net photosynthesis than shaded leaves [5]. 

Planting high density is an important strategy to obtain 

higher coffee productivity. It is better vegetative growth 

performances on coffee cultivars under field conditions. High 

planting density is important for efficient use of nutrients and 

requires more nutrients than a single coffee tree per hole [6, 

7]. The productivity of high population density of coffee is 

much greater than that of traditional plantings. At high 

population density production per unit area increases, but the 

yield per tree could be decreased. The reduction of yield per 

individual tree in close spacing might be the effect of shading 

of fruit bearing nods [8, 9]. 

Nursery management is the first step in coffee seedling 

production for field planting. However, nutrient availability 

during the nursery period is one of the factors that determine 

the successful production of high-quality coffee seedlings. 

Coffee seedlings are more sensitive mainly to nitrogen and 

phosphorus, though potassium has also a significant effect. 

Previous study on the effect of compound NPK (15:15:15) 

nutrients on coffee seedlings showed significant differences 

in leaf NPK content and nutrient uptake [10]. The seedlings 

growth is improved by additions of 2 g DAP/seedling after 

the seedlings attain two pairs of true leaves [11]. This 

recommendation is for single seedling, but high population 

density needs more nutrient than a single seedling. High 

population density utilize resources efficiently, as plants 

grow the competition for resources becomes severe and leads 

to failure in production, because of this nutrient management 

is important for high planting density. The increasing of 

coffee seedling plant density per polythene tube would 

increase competition for light, water, and nutrients; this 

raised the question of whether high plant densities can 

enhance the physiological growth response of coffee 

seedlings or not? Therefore, the experiment was conducted 

with the objective: to evaluate the effect of planting density 

and fertilizer rate on some physiological parameters of 

Arabica coffee seedlings under nursery environments. 

2. Materials and Methods 

2.1. Description of Experimental Area 

The study was carried out at the Jimma Agricultural 

Research Centre (JARC) in southwestern Ethiopia under 

nursery for eight months from (February 29 to October 29), 

2018. Jimma is the National Coffee Research Coordinating 

Center of the Ethiopian Institute of Agricultural Research. 

It is one the potential of coffee growing areas in the country. 

It is located at 7° 46’ N latitude and 36° 0’ E longitude and 

at an altitude of 1753 meter above sea level. The site 

receives high amount of rainfall with a mean total of 1556.9 

mm per annum. Its mean minimum and maximum 

temperature are 12.77°C and 26.14°C, respectively [12]. 

2.2. Experimental Design and Treatments 

The study was carried out using a factorial experiment 

arranged in completely randomized design with three 

replications. The treatments consisted of two released Arabica 

coffee cultivars that represent contrasting growth habits of 

compact (74110) and open (75227), four plant population 

densities (one, two, three and four plants per polythene tube) and 

three compound NPK rates (control, 5g and 10g). Compound 

NPK fertilizer (22: 06: 12 +Te) with 22% total N, 6% P2O5, 12% 

K2O and trace elements (Te) including 4% S, 0.15% B, 0.15% 

Zn and 0.002% Mo was used. Hence, twenty-four treatment 

combinations (2*3*4) were used for the study. 

2.3. Experimental Procedures 

The growth medium was prepared from top soil (0-30 cm 

depth) from Jimma (Melko) and sand at 3:1 ratio. A 

conventional black polythene tube with size of (12 cm diameter 

and 22 cm length) was used and 2kg of the soil medium mix 

was filled, arranged on seed beds and irrigated prior to seed 

sowing. For each treatment, six polythene tubes were used per 

plot and the prepared seed from selected of coffee genotypes 

were sown on each polythene tube following the designed 

planting density. At two pair of true leaves, the compound 

fertilizer rates were applied to each pot using ring basal method. 

All the routine pre-and post-sowing nursery operations including 

mulching, watering, shading and weed control were uniformly 

applied as recommended according to [13]. 

The relevant destructive data was collected twice (two and 

six pairs of true leaves) using the standard procedures. The 

following physiological data was collected: 

Net Assimilation Rate (NAR): It was estimated as 

described by [14] 

NAR = [(PDWf - PDWi)/(LAf - LAi)] *[(lnLAf - lnLAi)/(tf - ti)], 

NAR is the ratio of the difference between the final and 

initial dry weight (PDWf and PDWi) to final and initial leaf 

area (LAf and LAi) and the ratio of natural logarithm initial 

to final leaf area (lnLAf and lnLAi) to the period (tf-ti), 

expressed in g cm-2 day
-1

. 

Absolute Growth Rate (AGR) in terms of weight: It was 

estimated as described by [15]. 

AGR = (PDWf - PDWi)/ (tf - ti), 

where, PDWi and PDWf are whole plant dry weight at time 

t1 and t2, tf and ti correspond to the final and initial time and 

expressed in g day
-1

. 

Relative Growth Rate (RGR): It was estimated as 

described by [16]. 

RGR = NAR*SLA*LWR, 

where, NAR, SLA and LWR are net assimilation rate, specific 

leaf area and leaf weight ratio, respectively, and expressed in g 

g
-1

day
-1

. 

Crop Growth Rate (CGR): It was estimated as described 

by [16]. 
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CGR = NAR*LAI, 

where, LAI is leaf area index, respectively, and expressed in g 

cm-2 day
-1

. 

All relevant data was summarized and subjected to three-

way analysis of variance (ANOVA) using SAS 9.3 version 

[17]. Treatments mean separation was done by least 

significant difference (LSD) at 5% probability level. 

3. Results and Discussion 

The analysis of variance revealed that the three-way 

interaction effect of cultivar, population density and fertilizer 

rate was highly significant (P ≤ 0.01) for absolute growth rate 

(AGR) and relative growth rate (RGR), whereas significant 

(P ≤ 0.05) for net assimilation rate (NAR) and crop growth 

rate (CGR) (Table 1). The maximum values of 0.00041, 

0.014, 0.036 and 0.0011 were recorded from the combination 

of 74110*PD1*5g of NPK for NAR, AGR, RGR and CGR, 

respectively in compact coffee cultivar-74110. In open coffee 

cultivar (75227), the maximum values of 0.00052, 0.024, 

0.049 and 0.0014 were recorded from combination of 

75227*PD1*5g of NPK for NAR, AGR, RGR and CGR, 

respectively (Tables 2 and 3). 

Table 1. Summary of the ANOVA for net assimilation rate (NAR), absolute 

growth rate (AGR), relative growth rate (RGR) and crop growth rate (CGR). 

SV DF 
Mean Square 

NAR AGR RGR CGR 

C 1 2.3.10-10NS 1.4.10-4** 2.9.10-5* 6.9.10-8** 

PD 3 3.3.10-8** 3.6.10-5** 1.5.10-4** 1.0.10-8** 

F 2 1.8.10-7** 1.10-3** 3.3.10-3** 4.2.10-7** 

C*PD 3 2.5.10-9NS 1.7.10-5** 3.9.10-5** 3.8.10-8** 

C*F 2 1.1.10-9NS 7.4.10-6 2.4.10-5* 9.3.10-9 

PD*F 6 7.7.10-9** 8.1.10-6* 6.8.10-5** 7.9.10-8** 

C*PD*F 6 2.8.10-9* 1.9.10-5** 1.9.10-5** 2.62.10-8* 

Error 46 1.02.10-9 3.4.10-6 5.2.10-6 1.10-8 

CV (%)  11.94 19.76 10.59 17.65 

SV, DF, C, PD, F, *, ** and NS represents source of variation, degree of 

freedom, cultivars, population densities, fertilizer rates, significant at (P ≤ 

0.05), highly significant at (P ≤ 0.01) and non-significant, respectively. 

3.1. Net Assimilation Rate 

Net assimilation rate (NAR) was highly significantly (P ≤ 

0.01) affected by population density and fertilizer rate, but no 

significant difference was observed between cultivars (Table 

1). The results showed that, the maximum value (0.00041 g 

cm-2 day
-1

) and minimum value (0.00014 g cm-2 day
-1

) were 

recorded from a combination of 74110*PD1*5g of NPK and 

74110*PD4*10g of NPK, respectively in compact cultivar-

74110. Similarly, the open coffee cultivar-75227 with PD1 

and 5g of NPK exhibited the highest response (0.00052 g cm
-

1
 day

-1
), while 75227*PD4*10g of NPK had the lowest value 

(0.00011 g cm-2 day
-1

) for NAR (Table 2). The treatment 

combinations of 74110*PD1*5g of NPK and 75227*PD1*5g 

of NPK were 192.86% and 372.73% increments over the 

respective lowest values. In general, NAR decreased with 

increasing population density from PD1 to PD4 and fertilizer 

rate from 5g to 10g of NPK for both coffee cultivars. 

Population density1 (PD1) was 15.5%, 28% and 45.45% 

increment over population density2 (PD2), population 

density3 (PD3) and population density4 (PD4), respectively. 

Application of 5g of NPK enhanced NAR at 29.63% and 

94.4% than control and 10g of NPK, respectively. 

Maximum NAR with single seedling per polythene tube 

(PD1) and application of 5g of NPK could be probably be 

associated with increased efficiency utilization of solar 

radiation, which enhanced photosynthetic capacity of 

seedlings of both coffee cultivars. The photosynthetic rate of 

a given plant is affected by light intensity. Competition for 

the common resources increases shading between leaves and 

lead to insufficient carbon fixation [18]. Population density 

may increase mutual or self-shading of the plants and, thus, 

reduce light interception and NAR of individual leaves, even 

in the presence of the adequate amount of water and nutrients 

as competition for light limits growth of coffee under high 

plantation as a result of lower photosynthetic rate in shaded 

leaves. Similarly, [19] have reported that when all leaves are 

exposed to full sun light the NAR is increased, but it is 

decreased when leaves are fully or partially shaded. It has 

also been reported that increased plant density may cause 

self-shading of plants and, hence, decline in NAR [20]. 

Plant photosynthesis, hence, NAR is known to be greatly 

affected by radiation, temperature and nutrient availability 

[21], with regard to this, it is believed that leaf area index 

(LAI) is indirectly affected NAR, as excessive leaf area 

causes mutual shading of photo synthetically active leave, 

thus LAI has negative effect on NAR. On the other hand, 

higher specific leaf area (SLA) of shaded coffee seedlings 

may result in lower photosynthetic rates and a decrease in 

NAR. Heavy shading due to reduced light penetration by the 

upper canopy can result in increased competition for light for 

photosynthesis, which leads to undesirable growth. Excess 

shade affects net photosynthesis due to insufficient light 

interception [22]. Coffee cultivated at high planting density 

may have some limitations in energy absorption capacity and 

such characteristic are more pronounced in plants with higher 

total leaf area, reduce the amount of energy that reaches the 

lower leaves in the canopy. In line with this result, increasing 

population density increase mutual shading finally decreases 

NAR [23]. 

3.2. Absolute Growth Rate 

Absolute growth rate (AGR) was highly significantly (P ≤ 

0.01) affected by cultivar, population density and fertilizer 

treatments (Table 1). The results showed that treatment 

combination of 74110*PD2*5g of NPK had the highest 

(0.019g day
-1

) AGR while the lowest value (0.00169 g day
-1

) 

was recorded for 74110*PD4*10g of NPK in cultivar-74110. 

Similarly, cultivar-75227 with PD1 and 5g of NPK exhibited 

the highest (0.024 g day
-1

) while 75227*PD4*10g of NPK 

had the lowest value (0.0033 g day
-1

) for AGR (Table 2). 

Combinations of 74110*PD2*5g of NPK and 

75227*PD1*5g of NPK had 375% and 627.27% increments 

on AGR over the lowest values in cultivar-74110 and 75227, 
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respectively. 

AGR is expresses variation in plant growth weight for a 

given time, and increase plant density had negative effects on 

AGR; it might be due to low light interception [24]. 

Population density1 (PD1) was 10%, 20.87% and 48.65% 

increments on AGR over population density2 (PD2), 

population density3 (PD3) and population density3 (PD4), 

respectively. Application of 5g of NPK enhanced AGR than 

control and 10g of NPK with increments of 110% and 

321.1%, respectively. Application of 10g of NPK decreased 

AGR when compared with other treatments; it might be 

related to toxicity problems and a similar toxicity problem 

was observed with other parameters. This result in line with 

[25] reported that due to the high dosage of NPK fertilizer, 

the dry matter yield of coffee seedlings was decreased. 

Table 2. Interaction effect of coffee cultivar, population density and fertilizer rate on net assimilation rate (NAR) and absolute growth rate (AGR) of coffee 

seedling. 

NPK (g) 
Cultivar -74110 (Compact) Cultivar -75227 (Open) 

PD1 PD2 PD3 PD4 PD1 PD2 PD3 PD4 

Net Assimilation Rate (g cm-2 day-1) 

0 0.000299d 0.000286de 0.000283de 0.00022gh 0.000283de 0.00028de 0.00027d-f 0.00025e-g 

5 0.00041b 0.00036bc 0.00032cd 0.0003d 0.00052a 0.00031d 0.0003d 0.0003d 

10 0.00021gh 0.00022fg 0.00017hi 0.00014ij 0.0002gh 0.00021gh 0.00015ij 0.00011j 

LSD (5%)        5.2.10-7 

CV (%)        11.94 

Absolute Growth Rate (g day-1) 

0 0.008h-k 0.006j-m 0.0067i-l 0.005l-n 0.011fg 0.0086h-j 0.009hi 0.006j-m 

5 0.014def 0.019b 0.012fg 0.0126e-g 0.024a 0.015de 0.0186bc 0.016cd 

10 0.003no 0.004l-o 0.0017o 0.00169o 0.004l-o 0.0067i-l 0.0056k-n 0.0033m-o 

LSD (5%)        0.003 

CV (%)        19.76 

Figures followed with same letters within a column and row for a given variable are not significantly different at 5% probability level. PD1, PD2, PD3 and 

PD4 are represents population density1, 2, 3 and 4, respectively. 

3.3. Relative Growth Rate 

The result indicated that relative growth rate (RGR) was 

highly significantly (P ≤ 0.01) affected by fertilizer rate and 

population density. The difference between coffee cultivars 

was also significant (P ≤ 0.05) for RGR (Table 1). The 

highest (0.036 g g
-1

 day
-1

) RGR of cultivar -74110 was 

recorded for 74110*PD1*5g of NPK, whereas the lowest 

(0.008 g g 
-1

day
-1

) was for 74110*PD4*10g of NPK. The 

maximum value of 0.049 g g 
-1

 day
-1

 of RGR for cultivar -

75227 was recorded for 75227*PD1*5g of NPK, whereas the 

minimum (0.0087 g g 
-1

day
-1

) was recorded for 

75227*PD4*10g of NPK (Table 3). 

Single seedling per polythene tube (PD1) and 5g NPK 

resulted in higher RGR in both coffee cultivars than the other 

treatment combinations, but cultivar -75227 had higher than 

cultivar-74110. Application of 5g of NPK exhibited 80% and 

271.1% a higher value of RGR as compared to the control 

and 10g of NPK, respectively, in cultivar-74110. The 

increment was 122.73% and 444.4% higher than the control 

and 10g of NPK, respectively, for the open coffee cultivar-

75227. Lower RGR was recorded for higher planting density 

in both cultivars. This could probably be attributed to low 

light interception due to mutual shading of coffee seedlings 

and, thus, low rate of dry matter production and poor 

growing conditions, such as water and nutrient stresses as 

well as self-shading. Similar findings have been reported by 

[26], indicating that plant species may differ considerably in 

RGR, as a result of variations in competition for both a biotic 

(temperature, water, light and nutrients) and biotic factors. 

The result of the current study was also in agreement with the 

findings of [27] who reported that self-shading by dense 

canopies reduces RGR. Similarly, it has been reported that 

wheat plants exhibited high RGR at the initial stage, but the 

RGR decreased later on with increased shading [28]. It has 

also been reported that increases in planting density had 

negative effects on RGR and NAR as the result of low light 

interception [24]. 

3.4. Crop Growth Rate 

The result indicated that crop growth rate (CGR) was 

highly significantly (P ≤ 0.01) affected by coffee cultivar, 

population density and fertilizer rate (Table 1). It was 

observed that CGR was more enhanced with combinations of 

74110*PD1*5g of NPK (0.0011 g cm-2 day
-1

) and 

75227*PD1*5g of NPK (0.0014 g cm-2 day
-1

), whereas 

lowest values (0.00009 and 0.0001 g cm-2 day
-1

) were 

recorded for74110*PD1*10g of NPK and 75227*PD1*10g 

of NPK in cultivar -74110 and 75227, respectively (Table 3). 

The highest CGR was obtained from the treatment 

combination of PD1 and 5g of NPK for both coffee cultivars, 

but cultivar-75227 had higher values than cultivar-74110. 

The decrease in CGR with increasing population density 

from PD1 to PD4 it might be related with self-shading and 

low light interception, which might have led to the low rate 

of photosynthesis and dry matter accumulation and, thus, 

lower CGR. This result was in line with [2] who reported that 

increase planting density had a negative effect on CGR in 

maize. Application of 5g of NPK exhibited more CGR than 

did the other fertilizer treatments. The decline in CGR of the 

control plot and with the application of 10g of NPK could be 

associated with the decline of LAI. It has been reported that 
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maximum CGR occurs when plants are large enough to 

exploit all the environmental factors to the greatest degree. 

The result of the present study was in agreement with the 

findings of [21] who reported that increases in plant 

population density significantly reduced NAR and CGR due 

to low light interception. CGR is directly related to the 

amount of radiation intercepted by the crop. Similarly, it has 

been reported that CGR is directly affected by plant 

photosynthetic area, as an increase in plant population 

density increases leaf area and finally affects CGR [29, 30]. 

Table 3. Effect of coffee cultivar, population density and fertilizer rate on relative growth rate (RGR) and crop growth rate (CGR) of coffee seedling. 

NPK (g) 
Cultivar -74110 (Compact) Cultivar -75227 (Open) 

PD1 PD2 PD3 PD4 PD1 PD2 PD3 PD4 

Relative Growth Rate (g g-1 day-1) 

0 0.02e-g 0.0223e 0.018e-h 0.015h-j 0.022e 0.0197e-g 0.021ef 0.0167e-i 

5 0.036b 0.034b 0.0323bc 0.028d 0.049a 0.032bc 0.033bc 0.0293cd 

10 0.0097kl 0.016ghi 0.011jkl 0.008l 0.009l 0.014ijk 0.0113j-l 0.0087l 

LSD (5%)        0.004 

CV (%)        10.59 

Crop Growth Rate (g cm-2 day-1) 

0 0.00045e-h 0.00049ef 0.00032f-j 0.000226i-m 0.00053e 0.00037e-i 0.00046e-g 0.00027h-l 

5 0.0011b 0.001b 0.00092b-d 0.00076d 0.0014a 0.00083cd 0.000996bc 0.00099bc 

10 0.00009m 0.00025i-m 0.00023i-m 0.00013k-m 0.0001lm 0.00034f-i 0.00029g-k 0.00015j-m 

LSD (5%)        0.0002 

CV (%)        17.65 

Figures followed with same letters within a column and row for a given variable are not significantly different at 5% probability level. PD1, PD2, PD3 and 

PD4 are represents population density 1, 2, 3 and 4, respectively. 

4. Conclusion 

Coffee production depends on several factors, among 

which quality of coffee seedlings to greatly affect the rate 

of establishment and subsequent growth and yield 

performance of genotypes. Poor preparation of growing 

media and improper planting density in polythene tube is 

considered as the major factors affecting growth and 

physiology of seedlings during the nursery period. It was 

observed that planting one seed per polythene tube or 

population density 1 (PD1) and fertilized with 5g of NPK 

gave the highest NAR, AGR, RGR and CGR in both 

cultivars, but open coffee cultivar-75227 had higher than 

the compact cultivar-74110 in all parameters. In general, a 

single seedling per polythene tube (PD1) is best population 

density when compared with other population density and 

application 5g of NPK enhanced physiological parameters 

(NAR, AGR, RGR and CGR) than other treatments in both 

cultivars. 

5. Recommendation 

In high planting density, self-shading is one the major 

problems that decreases light interception of individual 

leaves. Therefore, more attention should be given to cova 

planting system under field conditions and intensive pruning 

practices should be done to increase light interception on 

each part of leaves. 
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