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Abstract 

Wetland areas in Indonesia cover more than 33,3 million hectares, and slightly less than 40 % is 
inland swamp. During the rainy season, for up to 9 months annually, the wetlands are flooded, and no 
conventional agricultural activities can be done by local farmers. However, this condition can be seen as 
an opportunity to employ floating culture system. The objective of this research was to evaluate responses 
of leaf celery to floating culture system with different depths of water-substrate interface and NPK-
fertilizer application. The results of this study indicated that the depth of water-substrate interface (WSI) 
should be maintained between 1 to 3 cm. At less than 1 cm, continuous contact between the water surface 
and the bottom part of the substrate cannot be ensured; meanwhile, aerobic substrate volume was reduced 
and caused significant effects on growth and yield in celery plants if WSI was deeper than 3 cm. 
Moreover, the effectiveness of NPK-fertilizer application was weakened if the depth of WSI was at 6 cm. 
Fresh leaf yield in celery plants harvested at 45 days after transplanting (DAT) can be predicted as early 
as 3 weeks earlier using the midrib length of the largest leaf or plant height as a predictor measured at 26 
DAT.  
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Introduction 

Leaf celery (Apium graveolens L. var. secalinum) is more popular in Asia, and has a smaller petiole, 
but produces more leaves compared to stalk celery (A. graveolens L. var. dulce) as is commonly 
consumed in western countries. Celery is rich in phenolic and antioxidant compounds [1] and has been 
consumed for medicinal purposes, to prevent, or lower the risk of, several diseases [2]. Leaf celery is an 
annual or biennial vegetable with leaves as a common part for consumption [3]. Leaf celery can be 
harvested frequently throughout its life cycle by plucking mature leaves from the stem. Yommi et al. [4] 
estimated that a mature celery plant could have approximately 20 compound leaves attached to the stem. 
Each compound leaf consists of 5 to 9 leaflets. Its petiole has collenchyma tissue comprised of elongated 
cells, with a thickening wall which provides strong but elastic structural support [5] and accommodates 
excessive water absorbed by roots [6]. 

The original native habitat of wild celery was in marsh land [7]. Therefore, leaf celery is expected to 
be suitable for cultivation in wetland ecosystems or by using floating culture system. Floating culture is 
traditionally practiced by local farmers for rice seedling preparation in tropical riparian wetland using 
local biomaterials for constructing floating rafts [8]. The floating culture was designed for adapting to 
flood-prone areas [9]. Further, floating culture system is also applied for vegetable production. Successful 
vegetable production using the floating system has been reported in green apple eggplant [10], chili 
pepper [11], and water spinach [12]. 
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Celery cultivation using bottom wet culture has been successfully performed [13]. However, 
cultivation of leaf celery using floating culture system has not been intensively studied. Celery can be 
grown directly using seeds but also using young suckers collected from the mother plant. Celery seed is 
very tiny, has a low germination percentage, and takes time to germinate [14]. Early seed germination 
contributes to seedling performance and plant establishment in agricultural practice [15]. Therefore, leaf 
celery seedlings collected from suckers of 6-month-old leaf celery mother plants were used as planting 
material in this study, to shorten the production cycle and to bypass germination inconveniency. Different 
rates of NPK fertilizer were applied at 1 week after seedlings were transplanted, in order to evaluate 
response of celery to NPK application at early growth stage. 

The objective of this study was to evaluate responses of leaf celery to floating culture system with 
different depths of water-substrate interface and NPK-fertilizer application. 

 
Materials and methods 

Climate and plant material 
The study was carried out during the rainy season in tropical lowland climate at an outdoor research 

facility in Jakabaring (104° 46’ 44’’ E; 3° 01’ 35’’ S), Palembang, South Sumatra, Indonesia. The leaf 
celery (A. graveolens var. secalinum) seedlings used in this study were relatively homogenous in size 
(height and canopy diameter) and had 4 leaves. The seedlings were selected from suckers of 6-month-old 
leaf celery plants.   

Experiment setup 
Seedlings were transplanted to plastic pots filled with soil and manure mix (3:1 v/v) to a height of 

20 cm. The dimensions of the plastic pots used were 30 cm in upper diameter, 20 cm in base diameter, 
and 25 cm in height. Pots used were customized to have 4 bottom holes which enabled direct contact 
between growing substrate and water at the base of the pot and 4 side holes at the height of 20 cm from 
the pot base to avoid waterlogging above substrate surface during heavy rain.  

Floating cultivation system was performed in an experimental pool using 3 cultivation rafts.  The 
raft dimensions were 2.0 m (length)×1.0 m (width)×0.078 m (height). Sixty-nine emptied plastic bottles 
(polyethylene terephthalate, PET) were used as floaters. Captive air within each bottle was 1,500 cm3. 
Polyvinyl chloride (PVC) pipes were used in constructing the designed frame of the raft. The floating raft 
received Indonesia granted patent no. IDP000065141 [16].  

After seedlings were planted in soil-manure mix substrate in each pot, 18 pots were placed on each 
raft. Water-substrate interface (WSI) was managed by adding necessary extra weight on the raft until the 
upper raft surface was immersed at 1, 3, or 6 cm below the water surface, depending on the WSI 
treatment. Substrate moisture was measured at 1 and 5 cm depth. Measurement at 1 cm was for sensing 
the evaporation rate; meanwhile, measurement at 5 cm was for detecting whether upward water 
movement due to capillarity had reached to the substrate depth where root distribution was at the highest 
density. 

Experimental design 
This experiment was arranged based on a split plot design with 2 factors (main plot and sub-plot). 

Water-substrate interface (WSI) treatment was used as the main plot and NPK (16:16:16 w/w/w) fertilizer 
rate application (F) as the sub-plot. The thickness of WSI treatments was 1 cm (WSI1), 3 cm (WSI3), and 
6 cm (WSI6). Extra load was added to adjust each WSI treatment. F treatments applied at one week after 
transplanting (WAT) consisted of 15 g/pot (F15), 10 g/pot (F10), and 5 g/pot (F5). Each combination of 
WSI×F treatments consisted of 5 replications. 

Data collection  
Plant height, number of leaves, midrib length, and leaf width were measured regularly during pre-

harvest period at 14, 18, 22, and 26 days after transplanting (DAT) as indicators of plant growth. Plant 
height was determined by measuring from petiole base to tip of terminal leaflet. The number of leaves 
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was counted on the fully expanded leaves. Soil moisture was measured using a soil moisture meter 
(Lutron PMS-714) at depths of 1 and 5 cm below soil surface at 26 DAT. The number of harvested 
leaves, yield fresh weight, and shoot dry weight was measured at 26, 31, 38, and 45 DAT. The weight of 
plant materials was measured using a standard digital scale. Shoot dry weight was determined after 
samples were dried at 70 °C until a constant weight was obtained.  

Data analysis 
All data were organized and analyzed using the statistical analysis software (SAS 9.0 for Windows, 

SAS Institute Inc., Cary, North Carolina, US). Analysis of variance was used for evaluating significance 
of individual treatments and their interactions. Least significant difference test was carried out to access 
the significant difference in all sets of collected data. P < 0.05 was used to indicate statistical significance.  

 
Results and discussion 

Water availability within rhizosphere and water loss at upper surface 
Substrate moistures measured at depths of 1 and 5 cm were significantly different in all thicknesses 

of water-substrate interface treatments (Figure 1). In floating culture system, the moisture is much lower 
near the substrate surface due to evaporation activity and capillarity action. Sunlight absorbed at the 
substrate surface increases substrate temperature, triggers evaporation activity, and in turn decreases 
substrate moisture. A long-term study had confirmed that temperature influenced soil moisture values 
[17]. Higher moisture content at deeper position in the substrate was associated with less water loss due to 
evaporation and continuous upward water supply from the lower part of the substrate in direct contact 
with water surface due to capillarity action. 

 
Figure 1 Substrate moisture measured at depths of 1 cm (DoM-1) and 5 cm (DoM-5) below substrate 
surface in different thicknesses of water-substrate interface. Different letters on top of bars indicate a 
significant difference between depths of measurements in each WSI treatment. 
 
 

Depth and range of soil moisture measurements are varied depending on the objective of the study 
and characteristics of a soil profile. Gao et al. [18] measured soil moisture to a depth of 160 cm with 20 
cm intervals in their study on soil moisture variability along transects over a well-developed gully. Cheng 
[19] et al. measured to a 200 cm depth but at 40 cm intervals plus additional measurements at 20 cm 
depth in their study on required precipitation intensities for reaching depths of 200 cm. Zhu and Lin [20] 
specifically measured at depths of 10, 40, and 80 cm as representations of top, near-top, and sub soils in 
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their study on influences of soil, terrain, and crop growth on soil moisture variation. Meanwhile, Kader et 
al. [21] measured at depths of 5, 15, and 25 cm in their study on soybean under rain-fed condition. High 
variability in the depths of soil moisture measurements chosen by researchers in agricultural research is 
related to expected water distribution throughout soil horizon and/or root distribution within the 
rhizosphere of the studied crop. 

In floating culture system, the bottom part of the substrate within the pot is set to have direct contact 
with water surface. This contact can be achieved by setting the total weight of all substrate-filled pots 
loaded on the floating raft that exceeds maximum load capacity, such that the raft is completely 
submerged in water at the desired depth. The base of substrate submerged in water within the pot is called 
the water-substrate interface, abbreviated to WSI [10].  

The source of water for supporting plant growth and development is mainly provided from water 
underneath the pots, penetrating each pot through 4 bottom holes. Soon after direct contact between the 
water and the growing substrate, an upward transfer of water to the upper surface of the substrate is 
driven by capillarity force [22,23]. Measurement of substrate moisture at depths of 1 and 5 cm in this 
study was designed to ensure that water was successfully transported from the bottom to the upper part of 
the substrate. Therefore, additional watering was not needed. 

Celery growth under different depths of water-substrate interface 
Steady growth of celery plants was observed in all treatments during the 3rd and 4th weeks. 

However, there were significantly different growth rates amongst plants treated with different depths of 
water-substrate interface. The fastest growth was exhibited by plants grown on the floating raft with the 
thinnest WSI (Figure 2). However, the effects of WSI on the number of leaves in 7 consecutive 
measurements from 14 DAT to 45 DAT were mostly not significant or inconsistent. Meanwhile, NPK 
fertilizer at the rate of 15 g/plant exhibited a higher number of leaves compared to the application at lower 
rates, i.e., 5 and 10 g/plant (Figure 3). 

In floating culture system used in this study, substrate thickness in all pots was similar. Therefore, 
positive effects of thin WSI, specifically on plant height and generally on growth, may not be directly due 
to the thinness of the WSI itself, but more likely due to the larger volume of aerobic substrate. Reversely, 
thicker WSI causes a smaller volume of aerobic substrate. Although wild celery plant was reported 
originally to be from marsh ecosystem [24], cultivated celery has fine roots without aerenchyma space, as 
typically found in roots of wetland plants. A small volume of aerobic substrate restricts root growth and 
development. In turn, it also restricts the growth of above ground organs [25]. 

Restriction on root growth did not affect the development of new leaves in this study; as a result, the 
number of leaves was not significantly different amongst WSI treatments ranging from 1 to 6 cm depth. 
Leaf development involves initiation, determination, transition, expansion, and maturation. Many genes 
and small RNAs have been known to be involved in leaf development [26]. Leaf development in celery 
seems to be genetically-controlled and not affected by restriction on root growth or development.  

Although statistical analysis did not always assume significant differences amongst WSI treatments, 
WSI at a depth of 1 cm consistently exhibited higher leaf length×width, except in measurement at 14 
DAT in plants fertilized with 15 g/plant (Figure 4). Leaf length×width had been used as a predictor in 
estimating leaf area in celery plant, and the coefficient for converting leaf length×width to leaf area in 
celery is 0.3431, with accuracy of 87.24 % [13]. A zero-intercept linear regression model [27] could be 
used for leaf area estimation in celery plants. 
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Figure 2 The thinnest water-substrate interface (WSI 1) exhibits the tallest leaf celery plants in each rate 
of NPK applications at 15 g/plant (A), 10 g/plant (B), and 5 g/plant (C), measured at 14, 18, 22, and 26 
days after transplanting. Different letters on top of the bars at each day of measurement indicate 
significant differences amongst WSI treatments. 
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Figure 3 The number of leaves frequently counted from 14 to 45 days after transplanting in leaf celery 
plants grown using floating culture systems with different thicknesses of water-substate interface and 
rates of NPK application at 15 g/plant (A), 10 g/plant (B), and 5 g/plant (C). Different letters on top of the 
bars at each day of measurement indicates significant differences amongst WSI treatments. 

14 18 22 26 31 45
WSI 1 3.6 5.4 7.2 10.2 13.8 19.6
WSI 3 5.4 6.2 8.4 10.2 15.8 16.6
WSI 6 6.0 7.4 8.4 10.8 13.4 22.8
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Figure 4 Length×width of the largest leaf was measured from 14 to 26 days after transplanting in celery 
plants grown using floating culture systems with different thicknesses of water-substate interface and 
rates of NPK application at 15 g/plant (A), 10 g/plant (B), and 5 g/plant (C). Different letters on top of the 
bars at each day of measurement indicate significant differences amongst WSI treatments. 
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Yield components in celery 
There are 3 types of cultivated celery. Golubkina et al. [2] used all 3 of these types in their study. 

The types are leaf, stalk, and root celeries. This study focused on leaf celery (A. graveolens). Leaf celery 
produces more compound leaves, consisting of 5 to 9 leaflets, but much smaller petiole compared to stalk 
celery, and produces much smaller corm compared to root celery. The harvested yield of leaf celery is its 
leaf, including the blade and petiole. Therefore, valuable yield components are the number of leaves and 
the yield fresh weight. There was an increasing trend in the number of harvested leaves and the yield 
fresh weight as NPK application rates were increased; however, significant upsurges were only observed 
in yield fresh weight if WSI was not deeper than 3 cm (Figure 5). Shoot dry weight followed the trend 
exhibited by yield fresh weight in the studied celery plant (Figure 6). These similar trends were 
predictable, since the most dominant part of the shoot in leaf celery are its leaves. 

Ahmed et al. [28] reported that application with bio fertilizer plus inorganic NPK significantly 
increased vegetative growth characters, i.e., plant height and the fresh and dry weights of aerial parts in 
celery plants. However, the effects depended on agroclimatic conditions and the types of soil used. They 
suggested the need for more studies concerning the effect of NPK fertilizer and biofertilization on celery 
plants under different environments to reach the optimum combination to achieve the best yield. This 
suggestion related to our finding that the positive effect of NPK fertilizer on the yield fresh weight of 
celery plants cultivated using floating culture system was achieved if the depth of WSI was 3 cm or less. 

Navarro et al. [29] discovered that the yield and size of marketable organs in celery plants were 
greater with inorganic fertilizer treatment; however, the nutritional quality of the celery plants was better 
in those plants treated with organic fertilizer. Tanwar et al. [30] also reported that biological amendments 
increased celery yield by increasing leafstalk length, the number of leafstalks, leaf area, and basal disc 
diameter. Moreover, amendment at the transplanting stage increased the production of high-quality celery 
stalks with better nutrition and a reduced need for inorganic fertilizer. Niu et al. [31] argued that 
application of 200 kg N/ha in aerated irrigation systems effectively improved soil biological environments 
and increased N utilization rate. These mixed findings lead to the assumption that organic and inorganic 
fertilizers are needed in celery cultivation yet should be mixed in much different proportions based on 
agroclimatic conditions and cultivation practices. 
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Figure 6 The cumulative shoot dry weight measured at selected days after transplanting in leaf celery 
plants fertilized with different rates of NPK application and thicknesses of water-substate interface of 1 
cm (A), 3 cm (B), and 6 cm (C). 
 

Yield components and early yield prediction 
The number of harvested leaves, fresh leaf yield, and shoot dry weight in leaf celery plants were 

interrelated, as proven in Figure 7. There was a strong correlation between the number of harvested 
leaves and fresh weight yield. Further, a strong correlation was also exhibited between fresh leaf yield 
and shoot dry weight. 
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Based on a study using 29 varieties of celery, Shen et al. [32] concluded that celery yield exhibited 
significant positive correlations with some morphological traits, including individual plant quality, plant 
height, and petiole diameter. A strong correlation between morphological traits had also been reported in 
other crops. For instance, Janwar et al. [33] reported that a strong positive correlation between the number 
of bolls per plant, lint index, and staple length with cottonseed yield per plant. Bisen et al. [34] listed 
morphological traits which were significantly correlated with corn yield. The traits included grains per 
cob, grains per row, shelling percentage, grain rows per cob, cob per plant, harvest index, cob weight, cob 
girth, and seed index. Bagati et al. [35] also had recognized that some yield components exhibited 
significant positive genotypic and phenotypic correlations with grain yield in basmati rice. The yield 
components included tillering ability, spikelet fertility percentage, number of grains per panicle, and 
1,000-grain weight. 

 
 

 
Figure 7 Interrelated amongst number of harvested leaves, fresh leaf yield, and shoot dry weight in leaf 
celery plants. 
 
 

Some of the morphological traits can be used as reliable predictors for upcoming yield in many 
crops. The measurable traits at the earliest plant growth stage and exhibited reliable correlation with yield 
are the most advantageous predictors. Some early measurable morphological traits for predicting 
cumulative fresh yield in leaf celery are displayed in Figure 8. 

The harvested yield of the celery plant is the leaves, consisting of the petiole and blade. Celery has a 
very short stem at the center of the plant, but has long petioles. The marketed part of celery is the whole 
shoot except for old and senescence leaves. Planting materials can be true seeds or young suckers, 
separated from mother plants, grown with or without roots. It takes a much longer time to harvest if true 
seeds are used as planting materials, due to the slow growth of celery at the seedling stage. Celery can be 
harvested at 45 days after transplanting (DAT) if young suckers are used as planting materials. Celery is 
harvested at the vegetative growth stage. Yield at harvest can be predicted as early as 26 DAT, based on 
plant height or the midrib length of the largest leaf. The ability to predict yield earlier is useful for farmers 
in planning their marketing strategies. 

Early yield prediction using morphological traits has not been intensively studied. In contrast, 
morphological traits have been widely used in plant breeding for selecting desirable lines and developing 
new varieties, mostly for increasing yield. Maleki et al. [36] used correlation and sequential path analysis 
approaches for improving dry leaf yield in tobacco based on some agronomic traits, including fresh leaf 
yield, leaf length, leaf number, and stem circumference. Fellahi et al. [37] suggested using biological 
yield (biomass) and harvest index as quantitative traits in selecting bread wheat for higher grain yield. 
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Mousavi et al. [38] reported that corn grain yield had a positive correlation with plant height, outer 
ear diameter, the weight of ear, the weight of cob, the number of leaves, total seeds weight per ear, the 
weight of 1,000 seeds, stem diameter, the number of seeds per column, and total fresh weight per hectare. 
Lopes et al. [39] concluded that agronomic and physiological traits were able to predict yield variation 
across 288 advanced spring wheat lines, especially under stressful environmental conditions. Meanwhile, 
Sandhu et al. [40] found that rice grain yield was significantly and positively correlated with seedling-
establishment traits, root morphological traits, nutrient uptake-related traits, and grain yield-contributing 
traits. 

 
Figure 8 Plant height at 14 DAT (A), plant height at 26 DAT (B), number of leaves at 26 DAT (C), and 
midrib length of the largest leaf at 26 DAT (D) used as measurable morphological traits for predicting 
cumulative fresh yield in leaf celery. 
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Conclusions 

Leaf celery can be cultivated using a floating culture system with the benefit of continuous water 
supply from the bottom of the growing substrate due to capillarity force. The bottom part of the substrate 
should be kept in direct contact with the water surface; however, depth of water-substrate interface (WSI) 
should be maintained at 3 cm or less. Otherwise, leaf celery response to NPK-fertilizer application was 
diminished, since deeper WSI directly limits the aerobic rhizosphere. There was interrelation between 
some morphological traits and fresh leaf yield. Furthermore, the midrib length of the largest leaf and plant 
height at 26 DAT can be used as a predictor of leaf celery yield, harvested at 45 DAT. 
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