
Article Not peer-reviewed version

Evaluation of Split Root Nutrient Film

Technique (Sr-NFT) for Hydroponically

Grown Lettuce (Lactuca sativa L.) Under

Differing Nutrient Concentrations

Yuta Inoue , Nicholas S. Kaczmar , Chito F. Sace , John Osborn , Neil S. Mattson *

Posted Date: 12 May 2025

doi: 10.20944/preprints202505.0793.v1

Keywords: Split root; Nutrient concentration; NFT; Hydroponics; Tipburn; Lettuce

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4438609
https://sciprofiles.com/profile/3953768
https://sciprofiles.com/profile/261641


 

 

Article 

Evaluation of Split Root Nutrient Film Technique 

(SR-NFT) for Hydroponically Grown Lettuce (Lactuca 

Sativa L.) Under Differing Nutrient Concentrations 

Yuta Inoue 1, Nicholas S. Kaczmar 1, Chito F. Sace 2, John Osborn 1 and Neil S. Mattson 1,* 

1 School of Integrative Plant Science, Cornell University, Ithaca, NY 14850, USA; yi92@cornell.edu (Y.I.); 

nsk37@cornell.edu (N.S.K.); jo397@cornell.edu (J.O.) 

2 Department of Agricultural and Biosystems Engineering, College of Engineering, Central Luzon State 

University, Science City of Muñoz, Nueva Ecija, Philippines; chitofsace@gmail.com 

* Correspondence: neil.mattson@cornell.edu 

Abstract: Previous research has shown benefits of splitting nutrient application to plant roots either 

temporally or spatially. A split-root nutrient film technique (SR-NFT) was developed for lettuce 

where an NFT channel is divided longitudinally into two separate channels, each with their own 

input and drain line. In this system, plant roots can be intentionally divided to supply different 

nutrient solutions without mixing them. Plant growth was observed using combinations of 3 

different hydroponic fertilizer concentrations: EC 0.5 dS∙m-1 (L, tap water), EC 1.8 dS∙m-1 (M, nutrient 

solution), and EC 3.1 dS∙m-1 (H, nutrient solution). For the same average concentration of solution 

(EC 1.8 dS∙m-1), SR-NFT that supplied different concentrations of solution on the left and right side 

(SHL) increased the shoot fresh and dry weight by weight by 15%, shoot dry weight by 14%, and 

root dry weight by 25% without increasing number of tipburn leaves compared to conventional 

NFT (MM). In addition, the lowest concentration with SR-NFT (SML) reduced the number of 

tipburn leaves without reducing the shoot fresh weight in all conditions except SMM. In other 

words, the use of tap water on one side is expected to suppress tipburn or increase yield. 

Keywords: split root; nutrient concentration; NFT; hydroponics; tipburn; lettuce 

 

1. Introduction 

Lettuce (Lactuca sativa) is an economically important crop, with over 28.08 million tons of lettuce 

produced in fields and greenhouses in 2023 [1]. The global lettuce harvested area in 2023 was 1.26 

million hectares [1]. Global lettuce production had been increasing until 2018, but growth has slowed 

in recent years. The United States was the second largest lettuce producing country in 2023, following 

mainland China, and the third largest in harvested area, following mainland China and India. In 2023, 

lettuce production in the U.S. was 4.71 million tons, with a production area of 134 thousand hectares. 

In 2019, lettuce was the third most consumed food in the U.S., after potatoes and tomatoes, with 25.1 

pounds consumed per capita per year [2]. Charles et al. showed that the annual yield of lettuce was 

higher in greenhouse than in field [3]. This is due to year-round production cycles in a greenhouse, 

while field production is limited by season. 

There are a variety of production methods used in greenhouse lettuce cultivation, including 

nutrient film technique (NFT) and deep water culture (DWC) [4]. The two methods differ mostly by 

the volume of water that the roots are grown in; NFT uses a shallow stream of water, while DWC 

fully submerges the root system. DWC is more stable with less fluctuation in nutrient concentration, 

pH, and water temperature due to its larger volume per plant [4]. 

Tipburn is a significant physiological issue which reduces the quality and marketable value of 

lettuce. There are two types of tipburn: inner leaf tipburn and outer leaf marginal necrosis [5]. Inner 

leaf tipburn is caused by insufficient calcium supply to the growing young leaves. High humidity, 
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lack of airflow, or poor root development will limit plant transpiration, resulting in insufficient 

calcium supply to the plants. There are three ways to prevent inner leaf tipburn. The first is to ensure 

that the nutrient solution contains sufficient calcium. The second is to promote transpiration of plants. 

lower humidity and better ventilation to promote transpiration of the plants. Vertical air flow (VAF) 

fans can be used to provide sufficient air to the lettuce center. The third is to avoid excessive daily 

light integrals (DLI). Tipburn occurs more frequently when DLI exceeds 17 mol∙m2∙d-1 [6]. 

Previous research has shown tipburn symptoms were greatest at electric conductivity (EC) 1.8 

dS∙m-1, while lower EC exhibited reduced symptoms [7]. However, while lower EC reduced tipburn 

symptoms, it also resulted in reduced yield [8]. Application of a foliar calcium chloride spray has 

been shown to reduce tipburn symptoms. However, this approach can lead to excess moisture on the 

surface of the leaves, potentially contributing to foliar diseases such as powdery mildew [9]. 

Nutrient delivery can be adjusted both temporally (over time) and spatially (delivering 

difference concentrations to different parts of the root system). Overall, studies have shown that the 

higher the nutrient concentration, the more nutrients are absorbed [7,10]. Cresswell showed that 

when nutrient concentrations were higher during the day than at night, shoot fresh weight did not 

differ but tipburn was reduced compared to when concentrations were the same during the day and 

night for lettuce [11]. Masaharu et al. showed that tomatoes and cucumbers absorbed more water and 

nutrients during the day than at night [12]. Also, the amount of nutrients per unit volume of water 

absorbed was higher at night than during the day. Both daytime and nighttime water absorption 

decreases with increased nutrient concentrations. Nutrient absorption, except for Ca, increased 

during the day and at night as nutrient concentrations were increased. Ca absorption during the day 

decreases with increasing nutrient solution concentration but increases at night. Francisco et al. 

investigated whether the daily pattern of absorption of each nutrient was affected by the age of the 

plants [13]. N, P, and K absorption decreased with age, but not for Ca, Mg, and S. In general, water 

and nutrients are absorbed by transpiration during the day and osmotic pressure at night. 

Additionally, this study showed that all nutrients released nutrients both during the day and night. 

Francisco et al. show that at 25°C and 600 PPF, the nighttime uptake rate of Ca, Mg and S is negative, 

meaning that nutrients were released [14]. 

A technique known as Split-root system (SRS) has been used in plant biology studies for decades, 

allowing for adjusted spatial delivery of nutrients to plant root systems. The oldest study of the split 

root system is by Wiersum in 1958 [15]. This was a study of the effect of peas on roots in response to 

single ions in pot culture. Tomatoes grown in different concentrations of nutrient solution under SRS 

had higher yields and lower blossom end rot (BER) than tomatoes grown in uniform concentrations 

of nutrient solution [16]. Furthermore, calcium content in leaves and stems was higher at uneven 

concentrations. Italian ryegrass was supplied with nitrate to only half of the root system via SRS, 

showing that nitrate-containing roots were able to absorb more nitrate to make up for the deficiency 

[17]. Root biomass was higher for roots that had uneven nitrate supply than for roots that had even 

nitrate supply. Corina et al. explored the effects of locally high concentrations of phosphorus on plant 

growth and nitrate uptake [18]. The results showed that nitrate absorption was inhibited when the 

entire root was highly phosphate. However, localized high concentrations of phosphate resulted in 

the same amount of nitrate absorption as plants whose roots were exposed to medium concentrations. 

Cucumbers grown in SRS with calcium and phosphorus were supplied separately to prevent 

sedimentation, resulting in increased chlorophyll concentration and stomatal conductance, improved 

photosynthesis, and increased biomass and yield [19]. In a tomato experiment with SRS supplying 

nutrient solution and clear water for 30 days, shoot and root dry weight were not found to be 

significantly different from nutrient solution only [20]. Another tomato experiment found that the 

combination of high salinity nutrient solution and clear water increased yield over for both high 

salinity concentrations, but the combination of medium salinity concentration and clear water did 

not increase it [21]. No research on hydroponic SRS lettuce production has been reported to date. 

Further, most previous research on SRS has focused on scientific aspects of root nutrient uptake rather 

than crop yield and quality. For this study, we developed a Split Root Nutrient film technique (SR-
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NFT) where an NFT channel is divided longitudinally into two separate channels with their own 

input and drain line. In the system plant roots can be intentionally divided to supply different 

nutrient solutions to each half without mixing them. 

Our experiment had two specific objectives. First, we investigated the impact of SR-NFT on yield 

and tipburn compared to conventional NFT with the same nutrient concentrations. We hypothesized 

that uniform nutrient concentrations would not affect plants in NFT and SR-NFT. Second, we 

investigated the effects of SR-NFT on yield and tipburn at non-uniform nutrient concentrations. We 

hypothesized that when SRS had uniform nutrient concentrations their growth would not be affected 

vs. traditional NFT with a single nutrient concentration. However, when SRS had uneven nutrient 

concentrations plant growth and quality would be impacted. 

2. Materials and Methods 

2.1. Seedling nursery system 

A butterhead lettuce (Lactuca sativa) variety ‘Rex’ was used for this experiment as it is one of the 

most common butterhead lettuce varieties in control environment agriculture (CEA) and was selected 

to be suitable for research on the effects of tipburn. Plants were germinated in cell trays (128pcs) in 1-

inch rockwool cubes for 1 week, then transplanted into 1-inch net pots and irrigated with nutrient 

solution in a growth chamber an additional week (Figure 2). During this nursery stage, air pumps 

and air stones were used to increase the dissolved oxygen in the nutrient solution to allow the roots 

to grow large enough to extend beyond the rockwool curves to facilitate transplanting in SR-NFT. 

The nutrient solution was 15 N-5 P-15 K Jack’s CA-MG LX (J.R. Peter`s Inc., Allentown, PA, USA) 

(0.9 g∙L-1). Lighting fixtures were used at 340 µmol∙m2∙s-1 for photoperiod of 16 hour per day result in 

a DLI of 19.6 µmol∙m2∙s-1. Plants were kept in a growth chamber with 23 C° (73 F) day and night 

temperature. 

2.2. Growing system 

Nutrient film technique (NFT) and split root nutrient film technique (SR-NFT) (Figure 1) 

channels (HydroCycle 4” Pro NFT Series – 1.5” Deep) were used for this experiment. The SR-NFT 

was created by fixing plastic plates of 3 mm thick and 23 mm in the center of the NFT channel. The 

plates were caulked with silicone to provide a water tight seal along the center divider to avoid 

mixing of the nutrient solution and the plant roots. In the system design, drain lines at the end of the 

channel returned each EC specific nutrient solution back to the proper reservoir for subsequent 

recirculation. 

 

Figure 1. (a) Photographs of the experimental devices, (b) detailed diagram of the split root nutrient film 

technique, and (c) detailed diagram of the split root nutrient film technique from the front. The photograph was 

taken just before harvest (6 Weeks). 

Plants were transplanted from the growth chamber to these systems in the greenhouse at 14 days 

after seeding (Figure 2). All plants were irrigated with the same nutrient solution (EC 1.8 dS∙m-1) for 

the initial 2 days or 3 days after transplanting (Figure 2). 

(a) (b) (c) 
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Figure 2. Timeline of this experiment. 

After that the following treatments were used: Low (L, EC=0.5 dS∙m-1), Medium (M, EC=1.8 dS∙m-

1), or High (H, EC=3.1 dS∙m-1). Two emitters (12.1 L∙h-1) were used to supply nutrients to each NFT 

channel. For each crop cycle we had two blocks (each with one NFT channel consisting of 7 plants 

per treatment) with a total of three replicate crop cycles. The following treatments were implemented; 

control (no split root, traditional NFT): MM and five split root treatments based on a combination of 

EC conditions (SR-NFT treatments, beginning with an S): SMM, SML, SHM, SHL and SHH (Table 1). 

The circulating hydroponics nutrient solution was made by combing equal parts (0.99 g∙L-1 each for 

EC 1.8 dS∙m-1, 1.82 g∙L-1 each for EC 3.1 dS∙m-1) of 5 N-12 P-26 K part A (J.R. Peter’s Inc., Allentown, 

PA, USA) and 15.5 N-0 P-0 K YaraLiva Calcinit (Yara International, Oslo, Norway) [22] (Table 2). The 

clear water had an EC of 0.5 dS∙m-1. The nutrient solution pH was adjusted daily to a range of 5.5-6.0 

using 1 M KOH and 1 M H2SO4. Each nutrient solution was measured daily for pH, EC and water 

temperature (Bluelab Combo Meter; Bluelab, New Zealand) (Table 3). 

Table 1. Six experimental treatments. The EC was adjusted to be 0.5, 1.8, and 3.1 dS∙m-1. System used NFT or SR-

NFT. 

Treatment  
EC (dS∙m-1) 

System 
Left Right 

MM M (1.8) NFT 

SMM M (1.8) M (1.8) SR-NFT 

SML M (1.8) L (0.5) SR-NFT 

SHM H (3.1) M (1.8) SR-NFT 

SHL H (3.1) L (0.5) SR-NFT 

SHH H (3.1) H (3.1) SR-NFT 

Table 2. The nutrient solution recipe. 

  ppm 

Nitrogen (N) 150 

Phosphorus (P) 39 

Potassium (K) 162 

Calcium (Ca) 139 

Magnesium (Mg) 47 

Iron (Fe) 2.3 

Manganese (Mn) 0.38 

Zinc (Zn) 0.11 

Boron (B) 0.38 

Copper (Cu) 0.113 

Molybdenum (Mo) 0.075 

Table 3. The pH and EC of three different tanks from the time of transplanting in NFT or SR-NFT and setting 

the nutrient solution to the conditions in Table 1 to harvest. The tank is adjusted to have Low (EC= 0.5 dS∙m-1), 

Middle (EC 1.8 dS∙m-1) and High (EC= 3.1 dS∙m-1). 

Week 1 Week 2 Week 3 Week 4 Week 5 

Growth chamber Greenhouse 

Seed 

Transplant 

Net pot 

Transplant 

NFT or SR-NFT 
Harvest Change nutrient 
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  Tank 
1st trial 2nd trial 3rd trial 

Mean (SE) Mean (SE) Mean (SE) 

pH 

High 5.6 (0.04) 6.0 (0.04) 6.0 (0.05) 

Middle 6.0 (0.04) 6.1 (0.06) 6.1 (0.05) 

Low 5.7 (0.05) 6.2 (0.06) 6.2 (0.06) 

EC (dS∙m-1) 

High 3.1 (0.02) 3.0 (0.03) 3.0 (0.03) 

Middle 1.8 (0.01) 1.8 (0.01) 1.9 (0.02) 

Low 0.5 (0.04) 0.7 (0.03) 0.7 (0.02) 

Temperature and light in the greenhouse were recorded and controlled by the Argus control 

system. Daily light integral (DLI) is typically set at 17 mol∙m2∙d-1 for lettuce [23]. In this experiment, 

however, the DLI was set to higher than DLI 19 mol∙m2∙d-1 to encourage tipburn expression (Table 4, 

Figure 3). Photosynthetically Active Radiation was logged using a single full spectrum quantum 

sensor (SQ-520, Apogee Instruments, Logan, UT, USA) for each block. The supplemental lighting 

schedule was about 18 to 19 hours daily, fine-scale adjustment was made for each trial to take into 

account seasonal patterns in ambient DLI to achieve >19 mol∙m2∙d-1. 

Table 4. The temperature (C°) and humidity (%) and DLI (mol∙m-2∙d-1) mean and Standard error (SE) of the 

greenhouse after transplanting. 

  1st trial 2nd trial 3rd trial 

  Mean (SD) Mean (SD) Mean (SD) 

Temperature (C°) 22.6 (0.1) 21.9 (0.1) 21.8 (0.1) 

Humidity (%) 64.4 (0.6) 64.8 (0.6) 61.3 (0.6) 

DLI (mol/m2/d) 20.8 (0.4) 19.3 (0.7) 20.1 (0.5) 

 

Figure 3. Daily light integral each trial. 

2.3. Measurements 

The following measurements were collected on a weekly basis: tipburn index (The same person 

evaluated the score from 0 (none) to slight (1 point), medium (3 points), and heavy (5 points) (Figure 

4) [24].), height (from base to tallest leaf), diameter (two measurements taken at widest point and 

perpendicular to that point), and SPAD chlorophyll index (SPAD-502; Konica Minolta Sensing, INC). 
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Figure 4. Tipburn index used in this research. Tipburn symptoms were scored from left to light; 0 (none) to slight 

(1 point), medium (3 points), and heavy (5 points). 

Volume was calculated assuming an ellipsoid with the following equation: 

𝑉 =  
4

3
𝜋 ×

𝐷1

2
×

𝐷2

2
× 𝐻 (1) 

V =Volume (cm3); D1 =D2 = Diameter (cm); H = Height (cm). 

All plants were measured for shoot fresh weight (SFW), shoot dry weight (SDW), root dry 

weight (RDW), leaf count and tipburn count (number of leaves with symptoms of tipburn) at harvest 

in Week 5. Seedlings were placed in a paper bag and into a mechanical convection oven (Freas 645; 

Thermo Electron Corp., Marietta, OH, USA) maintained at 70 °C for a minimum of 3 d to measure 

SDW and RDW. Tissue from 14 plants were pooled together, and ground to a fine powder. Three 

grams from each sample were submitted for tissue elemental analysis (JR PETERS LABORATORY). 

2.4. Statistical analysis 

The experiment was replicated over time for three trials. Within each trial there were 2 blocks 

with each containing all 6 SRS treatments where a randomized complete block design was used to 

determine the location for each treatment. Each SRS treatment was one NFT channel containing 7 

plants. Treatments within a block were re-randomized for each trial. All data was analyzed using 

Rstudio. Analysis of variance (ANOVA) and Tukey’s honest significance difference (HSD) test were 

used to determine differences in measurements based on each treatment. Plants used for the data 

were six plants per block, 36 plants per treatment in total, with the lowest SFW for each treatment 

excluded. 

3. Results 

3.1. Shoot 

Volume increased over time in all treatments, with SHL showing the largest values, but not 

significantly different for all treatments and times (Table 5). SPAD decreased once from week 3 of 

transplanting in all treatments and showed a maximum value in week 5 of the harvest. There are also 

no significant differences for all treatments and times (Table 5). Tipburn was observed only in SHH 

in week 3, but not significantly different at all treatments. In Week 4, all treatments showed tipburn 

expression, with SHH having the highest value, and MM, SMM, and SML showing significant 

differences from SHH. In Week 5, like Week 4, SHH had the highest value, and MM and SML were 

significantly different from SHH (Table 5). 

Table 5. Volume, SPAD and tipburn index of lettuce ‘Rex’ every week. Data represent means and standard errors 

(SE) calculated in two blocks of six plants in three replications in a completely randomized block design. 

Time Treatment Volume (cm3) SPAD Tipburn index (1 – 5) 

(Weeks)  Mean (SE)  Mean (SE)  Mean (SE)  

2 
MM 185.1 (18.7) a1 25.0 (0.5) a 0.0 (0.0) a 

SMM 211.4 (19.1) a 25.3 (0.5) a 0.0 (0.0) a 
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SML 199.5 (19.3) a 25.0 (0.5) a 0.0 (0.0) a 

SHM 206.8 (19.5) a 24.9 (0.4) a 0.0 (0.0) a 

SHL 204.6 (19.4) a 24.9 (0.5) a 0.0 (0.0) a 

SHH 212.9 (19.7) a 25.0 (0.5) a 0.0 (0.0) a 

3 

MM 564.3 (32.4) a 24.2 (0.3) a 0.0 (0.0) a 

SMM 640.0 (53.1) a 24.5 (0.4) a 0.0 (0.0) a 

SML 532.1 (39.8) a 24.5 (0.3) a 0.0 (0.0) a 

SHM 577.9 (44.7) a 24.3 (0.3) a 0.0 (0.0) a 

SHL 587.4 (39.3) a 24.8 (0.3) a 0.0 (0.0) a 

SHH 628.4 (43.2) a 24.8 (0.4) a 0.1 (0.0) a 

4 

MM 1741.6 (65.5) a 24.8 (0.4) a 0.4 (0.1) b 

SMM 1915.4 (80.9) a 24.9 (0.3) a 0.4 (0.1) b 

SML 1682.5 (90.3) a 24.5 (0.4) a 0.4 (0.1) b 

SHM 1815.1 (82.8) a 25.0 (0.4) a 0.6 (0.1) ab 

SHL 1939.4 (74.5) a 24.8 (0.4) a 0.6 (0.1) ab 

SHH 1846.9 (77.2) a 25.3 (0.4) a 1.1 (0.2) a 

5 

MM 3073.3 (81.9) a 28.2 (0.4) a 1.7 (0.2) b 

SMM 3092.7 (81.9) a 28.5 (0.4) a 1.9 (0.2) ab 

SML 3154.9 (96.6) a 27.7 (0.3) a 1.4 (0.2) b 

SHM 3051.9 (78.3) a 28.2 (0.4) a 2.2 (0.2) ab 

SHL 3326.2 (76.8) a 28.0 (0.3) a 2.1 (0.2) ab 

SHH 3098.6 (79.0) a 28.9 (0.4) a 2.7 (0.3) a 

1 Means with different letters are significantly different using Tukey`s honestly significance difference test at p 

≤ 0.05. 

Regarding biomass, when medium EC solution was used for both split root sections (i.e. SMM) 

SFW was not statistically larger than the traditional NFT with medium EC (i.e. MM). However, 

numerically SFW was 9% greater for SMM vs. MM (Figure 5a). SHL and SHH had a 15% greater SFW 

than MM. While the treatments SHL and SHH were not statistically greater than SMM, there was a 

numerical pattern of 5% and 6% greater SFW than SMM SDW showed almost the same pattern as 

SFW (Figure 5a). SHL, SHH and SHM were 14%, 16% and 14% higher than MM and significantly 

different. SMM was 5% higher than MM, but not significant difference (Figure 5b). Ft SR-NFT was 

shown to be equal or higher in both SFW and SDW than traditional NFT. 

 

Figure 5. (a) Shoot fresh weight (SFW) and (b) shoot dry weight (SDW) of lettuce ‘Rex’ at harvest (five weeks). 

Data represent means and standard errors calculated in two blocks of six plants in three replications in a 
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completely randomized block design. Letters represent mean separation comparison using Tukey’s Honestly 

Significant Difference (alpha = 0.05). 

There was no statistically significant difference in the number of leaves at harvest, though there 

is a numerical pattern similar to SFW/SDW whereby some SR-NFT combinations had more leaves 

than control treatment MM (Figure 6a). SHH had the greatest number of tipburn leaves which was 

greater than MM, SMM, and SML. SHL and SHM had statistically the same number of tipburn leaves 

as MM, SMM, and greater than SML (Figure 6b). 

 

Figure 6. (a) Number of leaves and (b) number of tipburn leaves of lettuce ‘Rex’ at harvest (five weeks). Data 

represents means and standard errors calculated in two blocks of six plants in three replications in a completely 

randomized block design. Letters represent mean separation comparison using Tukey’s Honestly Significant 

Difference (alpha = 0.05). 

Water content was calculated with the following equation: 

𝑊𝐶 =  
𝑆𝐹𝑊 − 𝑆𝐷𝑊

𝑆𝐹𝑊
 × 100 (2) 

WC =Water content (%), SFW = Shoot fresh weight (g), SDW = Shoot dry weight (g). 

Water content was not significantly different based on treatments (Figure 7). 
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Figure 7. Water content of lettuce ‘Rex’ at harvest (five weeks). Data represents means and standard errors 

calculated in two blocks of six plants in three replications in a completely randomized block design. Letters 

represent mean separation comparison using Tukey’s Honestly Significant Difference (alpha = 0.05). 

Leaf tissue nutrient concentration was not affected by split-root treatment for 9 out of 12 

evaluated nutrients (N, P, K, Ca, Mg, S, Fe, Mn, B, Cu, Zn, Mo) (Figure 8). The dashed line shows five 

grades according to Patrick et al. [25]. Below purple indicates deficient levels, between purple and 

blue low, between blue and red insufficient, between red and green high, and green and above 

indicate excessive. All except sulfur and copper were sufficient or high. For phosphorus, boron, and 

molybdenum there was an effect of split-root treatment on leaf concentration. For example, for 

phosphorus, SHL had greater concentration than SMM. For boron, SMM had greater leaf 

concentration than MM and SHL while SHL had greater boron concentration than SHL (Figure 8). 

 

Figure 8. Nutrient concentration for lettuce shoot grown in each treatment. The data is a sample of 14 seedlings 

mixed per treatment in one trial, repeated three times, and the mean and standard error are expressed as the 

mean and standard error. The dashed line shows five grades according to Patrick et al. [25]. Below purple 

indicates deficient, between purple and blue low, between blue and red insufficient, between red and green high, 

and green and above indicates excessive. 

3.2. Root 
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Total dry weight of roots showed no significant difference between MM and SMM (Figure 9a). 

SHL exhibited the greatest shoot dry weight which was greater than MM and SMM and SHM. Percent 

dry matter root was calculated with the following equation: 

𝑃𝐷𝑀𝑅 =  
𝑅𝐷𝑊

𝑅𝐷𝑊 + 𝑆𝐷𝑊
 × 100 (2) 

PDMR = Percent dry matter root (%), PDW = Root dry weight (g), SDW = Shoot dry weight (g). 

Percent dry matter root showed almost the same pattern as root dry weight (Figure 9b). MM 

and SMM were not significantly different. The highest PDMR was for SHL, which was significantly 

greater than the lowest treatment. 

 

Figure 9. (a) Total root dry weight and (b) percent dry matter root of lettuce ‘Rex’ at harvest (five weeks). Data 

represent means and standard errors calculated in two blocks of six plants in three replications in a completely 

randomized block design. Letters represent mean separation comparison using Tukey’s Honestly Significant 

Difference (alpha = 0.05). 

The left side was supplied with a higher or the same concentration of nutrient solution compared 

to the right side. SMM and SHH had the same concentration of nutrient solution supplied and almost 

the same RDW on both left and right sides, not significantly different (Figure 10a). The root rate is 

also close to 50% (Figure 10b). SML and SHM had an EC difference of 1.3 dS∙m-1 between the left and 

right nutrient solution. RDWs on the left side of SML and SHM and on the right side of SML and 

SHM are almost the same and not significantly different (Figure 10a). SML and SHM root rates 

showed more roots on the left side (Figure 10b). SHH had an EC difference of 2.6 dS∙m-1 between the 

left and right nutrient solution. SHL is highest on the left side RDW and significantly different (Figure 

10a). SHL was shown to have 67.8% of roots on the left side (Figure 10b). 
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Figure 10. (a) Each root dry weight on the left and right and (b) percentage of each root divided by the total root 

dry weight of lettuce ‘Rex’ at harvest (five weeks). The values in the graph (b) show the percentage of each root. 

Data represent means and standard errors calculated in two blocks of six plants in three replications in a 

completely randomized block design. Letters represent mean separation comparison using Tukey’s Honestly 

Significant Difference (alpha = 0.05). 

Table 6. p-value of shoot fresh weight, shoot dry weight, root dry weight, number of leaves, and number of 

tipburn leaves. 

  Treatment Trial Treatment × Trial 

Shoot fresh weight *** *** * 

Shoot dry weight *** *** NS 

Root dry weight *** *** NS 

Number of leaves NS *** NS 

Number of tipburn leaves *** *** * 

NS, *, **, *** denotes nonsignificant or significant at p ≦ 0.05, 0.01, or 0.001, respectively. 

4. Discussion 

Comparing MM, SMM and SHL, (all had the same average EC of 1.8 dS∙m-1), SFW was 

significantly higher (by 15%) for SHL compared to MM. This result indicated that SFW increased 

with SRS at uneven concentrations. The number of tipburn leaves and calcium concentration in leaf 

tissue was not significantly different in SHL and MM. This is an interesting finding as typical lettuce 

plants with a larger biomass have greater incidence of tipburn [23]. Growing tomatoes under uneven 

nutrient concentrations, resulted in increased SFW and lower incidence of blossom end rot (BER) 

caused by calcium deficiency more than under uniform nutrient concentrations [17]. There is a strong 

correlation between the incidence of BER and the amount of exudation. When nutrients are unevenly 

distributed, exudation increases due to low osmotic pressure in low-concentration areas, resulting in 

a lower incidence of BER. Supplying low concentrations of nutrients or only calcium nitrate at night 

reduced tipburn without reducing lettuce yields [11]. The calcium content of young leaves was also 

found to be higher when supplied at lower concentrations or only with calcium nitrate during the 

night. The research team hypothesized that supplying low concentrations or calcium nitrate at night 

increased root pressure, causing the plants to absorb more calcium during the night. Increasing root 

pressure flow successfully prevented leaf tipburn in cabbage [26]. In an experiment with strawberries, 
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low concentrations of nutrient solution at night causes positive water pressure in the xylem, which 

results in greater calcium translocation to the leaves [27]. Therefore, we conclude that our 

experimental SHL treatment decreased tipburn, in part due to the low EC nutrient solution side 

facilitating greater calcium uptake at night. Francisco et al. showed that when nutrient concentrations 

were higher at night than during the day, shoot fresh weight did not differ but nutrient content 

decreased compared to when concentrations were the same during the day and at night for lettuce 

[28]. This allows the same yield with less fertilizer. The total root dry weight was 25% higher for SHL 

than MM. The dry weight of SHL root at the higher concentration was 5% greater than at the lower 

concentration. 

All nutrients in leaf tissue were not significantly different between SHL and MM. When P. Laine 

et al. used SR-NFT to locally supply nitrate to plant roots, root dry weight was greater in the nutrient 

solution containing nitrate than in the nutrient solution without nitrate [18]. Furthermore, the rate of 

nitrate uptake was the same as plants that were uniformly supplied with nitrate. These assisted in 

supplementing the nitrate deficiency. Anna et al. showed that localized supply of nitrate increased 

the rate of nitrate uptake [29]. Therefore, localized supply of nitrate, or non-uniform concentration, 

increases the dry weight of roots and the rate of nitrate absorption. The increased dry weight of the 

roots is also thought to increase the root surface area, and therefore other nutrients may have been 

absorbed to a greater extent. 

Comparing SMM (EC 1.8 dS∙m-1) and SHH (EC 3.1 dS∙m-1), which were supplied in even 

concentration to both sides of the roots, SFW and SDW were higher for SHH than SMM but not 

significantly different. The number of tipburn leaves were significantly greater for SHH than SMM. 

However, Samarakoon et al. showed that SFW and tipburn increased from EC 1.4 to 1.8 dS∙m-1 yet 

decreased from EC 1.8 to 2.0 dS∙m-1 [8]. Serio et al. showed that SFW reaches a maximum at EC 1.5 

dS∙m-1 and decreases as EC increases (EC 2.5, 3.5 dS∙m-1) [30]. Scuderi et al. conducted experiments 

under high EC (2.8, 3.8, 4.8 dS∙m-1) and showed that the yield was maximum at EC 2.8 dS∙m-1 and 

decreased with increasing EC [31]. Previous research has shown that too high EC decreases SFW, but 

the suitable EC depends on the cultivar. If the Mattson et al. nutrient solution recipe we referred to 

uses water with EC 0 dS∙m-1, the solution will be EC 1.8 dS∙m-1 [22]. This would suggest that EC 3.1 

dS∙m-1 is too high and therefore SFW would decrease. However, our experiments showed the 

opposite result. This result may have been affected by the cultivar or SR-NFT, but further research is 

needed. 

There were statistically significant differences observed in the number of tipburn leaves in SR-

NFT (SML vs SHM, SHL, SHH). As mentioned above, this result may be due to the lower EC nutrient 

solution side, which promotes calcium uptake at night, thus leading to reduced tipburn. There were 

no statistically significant differences found in SFW and SDW with the SR-NFT treatments (SMM, 

SML, SHM, SHL, SHH). However, numerically SFW and SDW were greater with higher average EC 

except for SHL. This result matched that of the tomato experiment, where the combination of high 

concentration and clear water increased yield more than both medium concentrations, but the 

combination of medium concentration and clear water did not increase yield [21]. These results 

indicate that the use of clear water on one side is expected to suppress tipburn or increase yield. 

We evaluated the comparative performance of traditional NFT (i.e. MM, no split root with EC 

1.8 dS∙m-1) and SR-NFT (i.e. SMM, EC of 1.8 dS∙m-1 in both sides of the channel) There were no 

statistically significant differences in all parameters (volume, SPAD, tipburn index, SFW, SDW, 

number of leaves, number of tipburn leaves, water content, RDW and percent dry matter root). 

However, numerically SFW, SDW, and RDW were 8-9% greater for SMM vs MM. The Pearson 

correlation, which measures the degree of correlation between two variables, showed 0.62 (p<0.001) 

for SFW and RDW. The increase in RDW is thought to have increased the root surface area. Root 

length and root surface area are related to the plant’s ability to uptake nutrients [32]. These indicate 

that the roots absorb more water and nutrients by growing more, resulting in increased SFW and 

SDW. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 May 2025 doi:10.20944/preprints202505.0793.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.0793.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 15 

 

Future research should focus on clarifying the absorption mechanism with SR-NFT at uneven 

concentrations to increase the shoot fresh and dry weight and suppress tipburn. In addition, multiple 

cultivars should be compared to see if there is a consistent SRS response from one cultivar to another. 

Our experiments were conducted with hydroponics in greenhouses, but in the future, this strategy 

could be adopted to outdoor field production. As Jing indicated, irrigating every other row would 

meet the transpiration demands of the crop and providing a small amount of nutrients in the 

remaining rows would allow for increased yields and tipburn suppression in fields [33]. In addition, 

if recirculating aquaponics and conventional hydroponics are used with SR-NFT, it could allow 

aquaponic nutrients to be supplemented with conventional nutrients which are often lacking in 

aquaponics solutions. 

5. Conclusions 

This is the first paper, to our knowledge, to examine the effect of split root nutrient applications 

on hydroponic lettuce. For the same average concentration of solution (EC 1.8 dS∙m-1), SR-NFT that 

supplied different concentrations of solution on the left and right side (i.e. SHL) can increase the shoot 

fresh weight by 15%, shoot dry weight by 14%, and root dry weight by 25% without increasing 

tipburn compared to conventional NFT (i.e. MM). 

Furthermore, there were no statistically significant differences in all parameters between SR-

NFT with the same concentration on the left and right sides (i.e. SMM) and conventional NFT (i.e. 

MM). This suggests that SRS are more effective when different nutrient concentrations are used. 

There were no significant differences in SFW and SDW for SHL vs. SMM, but biomass tended 

to increase as the average nutrient solution concentration increased in all conditions with the 

exception of SHL where the concentration difference was greatest. In addition, the lowest 

concentration (SML) reduced tipburn without reducing the shoot fresh weight in all conditions except 

SMM. In other words, the use of low EC water on one side is expected to suppress tipburn or increase 

yield. 
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MDPI Multidisciplinary Digital Publishing Institute 

SR-NFT Split root nutrient film technique 

NFT Nutrient film technique 

DWC Deep water culture 

VAF Vertical air flow 

DLI Daily light integral 

EC Electric conductivity 

SRS Split-root system 

CEA Control environment agriculture 

SFW Shoot fresh weight 

SDW Shoot dry weight 

RDW Root dry weight 

ANOVA Analysis of variance 

HSD Tukey’s honest significance difference 

WC Water content 

PDMR Percent dry matter root 
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