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Lettuce (Lactuca sativa L.) is one of the most 
important vegetable crops, occupying a total of 
1226,370 ha and reaching a worldwide production of 
27,660,187 Mt [Martínez-Moreno et al. 2024]. It is an 
important source of vitamins and minerals and of bio-
active compounds such as polyphenols, carotenoids, 
and chlorophyll, with significant health benefits [Shi 
et al. 2022, Martínez-Moreno et al. 2024]. Yet, similar 
to other raw, salad-type crops, lettuce is considered to 
be one of the main sources of dietary nitrate intake  
[Blekkenhorst et al. 2017]. 

Although there are several benefits of nitrate on 
human health [Du et al. 2007], its potential harmful 

effects are a common public concern. Nitrates them-
selves have low toxicity to humans, but nitrates be-
come reduced to nitrites, which react with other com-
pounds as amines or amino acids contained in food, 
leading to nitrosamine formation [Urlić et al. 2017b, 
Martínez-Moreno et al. 2024]. These specific com-
pounds might put humans at risk of gastrointestinal 
cancer and methemoglobinemia [Liu et al. 2016]. The 
risk is highlighted in EU Regulation 1258/2011, which 
sets upper limits on nitrate levels in lettuce depending 
on the growing season: 5000 mg kg–1 fresh mass (FM) 
in winter and 4000 mg kg–1 FM in summer for green-
house lettuce [European Commission 2011]. Hence, 
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ABSTRACT

A factorial experiment testing the effects of different nitrogen dose applications (60, 80, and 120 kg ha–1) 
provided varying ratios of N-NH4 to the total amount of nitrogen supplied (0.4, 1.0) was conducted in two 
successive growing seasons (autumn-winter and spring) with the Lactuca sativa Lagarde F1. Phosphorus and 
potassium fertilizers were kept constant and uniform at all experimental plots, respectively 25 (P2O5) and  
180 (K2O) kg ha–1. Root traits, growth parameters, yield, nitrogen use efficiency (NUE), and NO3 concentra-
tion in the lettuce leaves were measured and analyzed. N-NO3 concentration and NUE were the most sensi-
tive traits to N dose applications and N-NH4:Ntotal ratio. The remaining traits, yield included, rather than on 
the N dose and its application forms, were subject to seasonal variation of environmental factors. A range of 
60‒80 kg ha–1 N was the optimum for greenhouse lettuce fertilization. Further increase of N dose applications 
did not provide a higher yield, whereas it significantly increased the N-NO3 concentration in the plant and 
reduced the N use efficiency. The NO3 concentration in the lettuce leaves was reduced by increasing the ratio 
of N-NH4 to total N applied and extending the period of the latest N application before harvesting. 
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reducing nitrate content in vegetables through modu-
lating the production environment is a major concern 
of lettuce producers [Liu et al. 2016].

Nitrate is taken up by roots and stored in root vac-
uoles or is transported to leaves, where it is reduced 
to ammonium and incorporated into carbon skeletons, 
organic molecules that act as acceptors for reduced ni-
trogen during amino acid biosynthesis, or otherwise 
stored in the leaves [Castaings et al. 2011]. The ab-
sorption, translocation, and assimilation of nitrates in 
vegetables are tightly regulated by the interaction of 
internal cues and external environmental factors [Bian 
et al. 2020]. The amount and form of N-fertilizer, light 
availability and quality, water availability, air and root 
zone temperature, and CO2 concentration [Bian et al. 
2020, Martínez-Moreno et al. 2024] affect N uptake 
and accumulation in plants. Among them, nitrogen 
fertilization and light intensity are the most important 
factors. 

Nitrate accumulation in leafy vegetables is tight-
ly linked to N fertilization practices. Various studies 
reported a significant positive correlation between 
the dose of nitrogen supply and NO3 content in leafy 
vegetables [Fu et al. 2017, Ortega-Blu et al. 2020].  
As a common rule, an increase in N supply is followed 
by a significant increase in N concentration [De Pin-
heiro Henriques 2000, Cometti et al. 2011, Fu et al. 
2017]. Furthermore, N fertilization and the type of N 
fertilizers impact the fresh yield and might pose some 
environmental risks. Over-fertilization limits lettuce 
productivity because of osmotic stress [Albornoz and 
Lieth 2015], whereas high-dose N applications are re-
sponsible for significant N losses and severe environ-
mental impacts [Balliu et al. 2007a,  2008].

Appropriate NH4:NO3 ratios can modulate N accu-
mulation in the plant’s leaves [Hachiya and Sakakiba-
ra 2017]. An increase in NH4 supply versus the total 
amount of N supplied to the plants leads to a reduction 
in N-NO3 accumulated in the plants [Santamaria et al. 
2001]. Next to it, the NH4:NO3 ratio impacts the mor-
phology of the root system. It has been proven that 
ammonium supply increases lateral root initiation and 
higher-order lateral root branching, whereas the elon-
gation of lateral roots is stimulated mainly by nitrate 
[Lima et al. 2010, Hachiya and Sakakibara 2017]. 

Light intensity modulates uptake and nitrate re-
duction, and is considered the leading environmental 

factor controlling nitrate accumulation in leafy vege-
tables [Albornoz and Lieth 2015]. Plants reduce bio-
mass production [De Pinheiro Henriques 2000], but 
accumulate more nitrate under low light intensities 
[Lillo and Appenroth 2001]. Furthermore, significant 
interactions between N supply and light intensity are 
often reported in lettuce crops and other leafy vegeta-
bles. An increase in N supply, combined with reduced 
light intensity, is the recipe for having the maximum 
N-NO3 concentration in the plant [Cometti et al. 2011, 
Fu et al. 2017]. Still, besides the intensity, the quality 
of light plays a significant role in the N accumulation 
in lettuce plants [Chen et al. 2014, Liu et al. 2016]. 

Considering that background, the goal of this ex-
periment was to estimate the potential interactions 
between N dose applications and different NH4-N:to-
tal-N ratios as they were modulated by the growing 
season, on root morphology traits, N use efficiency, 
yield, and NO3 concentration of lettuce plants grown 
under greenhouse conditions. 

MATERIALS AND METHODS

Plant materials and experimental design. The 
study was conducted in plastic, non-heated green-
houses, Vushtrri municipality (42°53'N,  20°52'E) of 
the Republic of Kosovo. The area is characterized by 
a continental climate with temperatures varying from 
0.6 to 22.4 °C, whereas the irradiation values range 
from 42 to 214 kWh. Details of the climatic conditions 
during both growing conditions are provided in the 
Table 1. Natural soil classified as clay loam soil was 
used as growing media. Details about soil physical and 
chemical characteristics are provided in Table 2. Two 
sequential planting seasons, autumn (October 2023–
February 2024) and spring (February–May 2024), 
have been experimented with. 

The lettuce cultivar Lagarde F1 (BASF) was used 
as a plant material in both seasons. A split-plot exper-
imental design was established with N doses (respec-
tively 60, 80, and 120 kg ha–1), as the main factor, and 
N-NH4 to total nitrogen supplied (Ntotal) ratio (0.4, 1.0) 
as the secondary factor. Phosphorus and potassium 
were kept constant and uniform at all experimental 
plots, respectively 25 (P2O5) and 180 (K2O) kg ha–1. 
An experimental unit (treatment) was represented by  
a 2 square meter plot (2 m × 1 m). Thirty-day-old seed-
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Table 1. The average monthly temperatures and global horizontal irradiation. Data retrieved from PVGIS. European Union. 
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html  

Month Average temperature 
(°C) 

Global horizontal irradiation 
(kWh) 

January 0.6 47.8 
February 2.3 65.9 
March 5.8 107.5 
April 10.8 145.7 
May 15.0 179.4 
June 19.6 198.1 
July 22.2 214.3 
August 22.4 193.6 
September 17.2 134.5 
October 11.6 95.6 
November 6.6 57.0 
December 2.0 41.6 

 

 

 

 

Table 2. The physical and chemical properties of the soil 

The parameters and methods 

Volumetric density  
(g cm–3) 

Granulometric analysis (%) 

Sand 
(2.0–0.2 mm) 

Fine sand 
(0.2–0.02 mm) 

Silt 
(0.02–0.002 mm) 

Clay 
(<0.002 mm) 

2.50 3.0 29.8 25.2 27.6 

pH (H2O) CaCO3 (%) organic matter (%) nitrogen (%) 
Ass. P2O5  

(mg 100g) 

7.04 2.78 2.94 0.14 14.7 

1:2 method S-2.10 Volumetric method 
SPWR 2003 Method 

S-14.10 
Soil Kjeldahl Nitrogen 

Method S-8.10 
Mehlich 3 

Exchangeable macro nutrients (mg kg–1) 

Ca Mg K Na S 

1743 151 134 12 147 

Mehlich 3 Mehlich 3 Mehlich 3 Mehlich 3 Mehlich 3 

Micronutrients (mg kg–1) 

B Zn Fe Mn Cu 

0.19 2.43 0.57 0.12 0.85 

Hot water Mehlich 3 Mehlich 3 Mehlich 3 Mehlich 3 
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lings were transplanted in the field at a fixed planting 
density of 24 m–2 (0.25 m × 0.25 m). Four randomly 
distributed replications were applied for each experi-
mental unit, assembling in total a 24-treatment design 
(3 (N doses) × 2 (NH4:Ntotal ratios) × 4 (replications)). 

Combinations of different fertilizers: Frutta (Adri-
atica Spa, Strada Dogado, Rovigo, Italia; 8-16-20- 
-13.5-11), K2SO4 (0-0-51), NH4NO3 (34-0-0), and 
CO(NH2)2 (46-0-0) at different amounts were used to 

compose the specific nutrient formulations for each 
treatment. Details on the respective fertilizer composi-
tions were provided in Table 3. The whole amount of 
Frutta (8-16-20-13.5-11) was applied as basic fertil-
ization, providing that the total amount of phosphorus 
and partial amounts of potassium and nitrogen were 
applied before transplanting. The rest of the fertiliz-
ers were delivered during the vegetation and split into 
two equal doses for each specific treatment. Common  

Table 3. Detailed information on the fertilizer’s recipe composition  

A_60-25-180 

  Fertilizer's composition 
Amount of each 
fertilizer used 

(kg ha‒1) 
N-total N-NO3 N-NH4 P2O5 K2O NH4:NTotal 

ratio 

A1 
Frutta (8-16-20-13.5-11) 156 12.5  12.5 25.0 31.0  

K2SO4 (0-0-51) 291     149.0  

NH4NO3 (34-0-0) 140 47.5 36.4 12.5    

  Total A1  60 36 25 25 180 0.4 

A2 
Frutta (8-16-20-13.5-11) 156 12.5  12.5 25.0 31.0  

K2SO4 (0-0-51) 291     149.0  

CO(NH2)2 (46-0-0) 103 47.5  47.5    

  Total A2  60 0 60 25 180 1.0 

B_80-25-180 

B1 
Frutta (8-16-20-13.5-11) 156 12.5  12.5 25.0 31.0  

K2SO4 (0-0-51) 291     149.0  

NH4NO3 (34-0-0) 198 67.5 51.7 17.8    

  Total B1  80 52 30 25 180 0.4 

B2 
Frutta (8-16-20-13.5-11) 156 12.5  12.5 25.0 31.0  

K2SO4 (0-0-51) 291     149.0  

CO(NH2)2 (46-0-0) 147 67.5  67.5    

  Total B2  80 0 80 25 180 1.0 

C_120-25-180 

C1 
Frutta (8-16-20-13.5-11) 156 12.5  12.5 25.0 31.0  

K2SO4 (0-0-51) 291     149.0  

NH4NO3 (34-0-0) 316 107.5 82.3 28.3    

  Total C1  120 82 41 25 180 0.4 

C2 
Frutta (8-16-20-13.5-11) 156 12.5  12.5 25.0 31.0  

K2SO4 (0-0-51) 291     149.0  

CO(NH2)2 (46-0-0) 234 107.5  107.5    

  Total C2  120 0 120 25 180 1.0 
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commercial crop management practices were equal-
ly applied to all treatments during the plant life cy-
cle. Harvesting was conducted when the plant’s ro-
sette reached marketable size, respectively 107 days 
after transplanting (DAT) in the autumn season, and  
68 DAT in the spring season. The number of market-
able heads was counted for each treatment and each 
replication, and the average head weight was calculat-
ed as the ratio of total weight to the number of respec-
tive heads for each replication. 

Nitrate/nitrite measurements. Mature leaves of 
ten randomly selected plants in each experimental 
plot were collected to analyze the nitrate (NO3) and 
nitrite (NO2) concentrations. The leaves were washed 
out carefully, dried, and analyzed by the UV-VIS spec-
troscopy method [Cataldo et al. 1975, Zhao and Wang 
2017] using a Spectrophotometer (NANOCOLOR 
VIS II). The analyses were performed only at the har-
vesting time, in the autumn season, whereas several 
successive measurements (5, 12, and 34 days after the 
latest fertilizer application) were performed during the 
spring season. 

Biomass assessment and root analyses. On the 
harvesting day, six plants were randomly selected and 
used for biomass assessment and root morphology 
analyses. For that purpose, the plants were carefully 
removed from the soil with their root system intact. 
The roots were dissected from the aboveground or-
gans, washed free of adhering soil particles using  
a soft water jet, and scanned with an Epson Expres-
sion/STD 4800 Scanner. The acquired root images 
were analyzed with WinRHIZO Arabidopsis 2013 
software (Regent Instruments Inc., Quebec, Canada). 
Root length (RL), root surface area (RSA), average 
root diameter (AvgD), and root volume (RV) were in-
dividually measured and recorded. 

The leaves were carefully removed from the ro-
settes and individually counted for each plant. Ten cm2 
discs were cut from 10 randomly selected leaves of 
each treatment. They were dried out for 72 h at 65 °C 
and weighed with an accuracy of  ±1 mg. The coeffi-
cient of leaf area per unit of dry weight (cm2 mg–1) was 
calculated for each treatment, which was then used to 
calculate the entire leaf area for each treatment. 

Following root morphology analyses, the roots and 
leaves of each plant were dried (65 °C, 72 h), and the 
dry matter (DM) of the roots and shoots of each plant 

was determined separately to an accuracy of ±1 mg 
(TP 303; Denver Instruments GmbH, Göttingen, Ger-
many). The ratio of root dry matter to shoot dry matter 
weight DMroot:DMshoot, and the ratio of shoot dry mat-
ter weight to fresh shoot weight ratio (DMshoot:FWshoot) 
were calculated for each treatment. Subsequently, spe-
cific root length (SRL) – root length divided by root 
dry mass (m g–1) [Bergmann et al. 2020], root tissue 
density (RTD) – root dry mass divided by fresh root 
volume (g cm–3), and root length ratio (RLR) – root 
length divided by whole plant dry mass (m g–1) [Ryser 
1996] were calculated for each treatment. 

Statistical analysis. A factorial arrangement of 
24 treatments (3 nitrogen dose levels × 2 levels of 
NH4:Ntotal ratios), 4 replicates each, was employed in 
a randomized complete block design. Residuals of 
all variables were tested for equality of variances and 
normality using Brown-Forsythe and Shapiro-Wilk 
tests, respectively. Differences regarding harvested 
yield, biomass indicators, root morphology traits, and 
nitrate/nitrite concentration were tested by three-way 
ANOVA, using the PC program SigmaPlot 13 (Systat 
Software Inc., San Jose, CA, USA). Each significant 
ANOVA result (p < 0.05) was followed by a Holm-Si-
dak test at p < 0.05 as a post-hoc test. Values given 
throughout the text are means ± SE. Main contributors 
of diversity regarding root traits, growth parameters, 
yield, and leaf N concentration under different grow-
ing seasons were assessed by principal component 
analysis (PCA). To produce a graphical evaluation of 
their relationships the respective heat-map analysis 
was performed via ClustVis (https://biit.cs.ut.ee/clust-
vis/, accessed on 14 February 2025) online program 
package. 

RESULTS

The nitrogen (N) supply did not affect root traits. 
So did the NH4:Ntotal ratio (Tab. 4). Although root 
length (RL), root surface area (RSA), and root length 
ratio (RLR) were slightly higher at the highest N dose 
(N120) the differences with N60 and N80 were not 
significant (Tab. 4). The only exception was root tissue 
density (RTD), where higher N doses were followed 
by a substantial reduction (p = 0.044) in the tissue 
density (Tab. 4). On the contrary, the planting sea-
son significantly affected most of the root traits. The 
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spring-grown lettuce plants had substantially higher 
average root diameter (AvgD), root volume (RootV), 
and root tissue density (RTD) than autumn-grown let-
tuce plants, but significantly smaller root length ratio 
(RLR). Yet, no differences were found regarding RL, 
RSA, and specific root length (SRL) due to the plant-
ing season (Tab. 4). Although no effects of N supply 
or NH4:N ratio were found within each planting sea-
son for most root traits, the significant interactions be-
tween N supply and planting season regarding AvgD, 
RootV, and RTD make it difficult to identify the im-
pacts of N supply on these specific parameters. 

The amount of nitrogen (N) supplied affected the 
average shoot fresh weight (FWshoot), and the yield 
of lettuce plants. A significant increase in FWshoot 
and total harvested yield followed the rise of N dose 
from 60 to 80 kg ha–1 but the further N dose rise to  
120 kg ha–1 was not followed by any further increase 
of either yield or FWshoot (Tab. 4). Importantly noting, 
the N dose effects were season-dependent. The rise of 
N supply was followed by an increase in the FWshoot 
and the yield in the autumn plantings, but not in the 
spring. Yet significantly higher FWshoot and yield were 
received in spring plantings than in autumn plantings 
for the same amount of N supply (Tab. 4). 

Neither the Ntotal dose, or NH4:Ntotal ratio affected 
the dry matter weight of roots (DMroot), the ratio of 
root and shoot dry matter weight (DMroot:DMshoot), the 
ratio of dry to fresh shoot weight (DMshoot:FWshoot), the 
number of leaves per plant (LN), and total leaf area 
per plant (LA). As an exception, the only trait affected 
by the NH4:Ntotal ratio was LN. A smaller number of 
leaves per plant was recorded when the total amount 
of N supplied was in the NH4 form (Tab. 5). On the 
contrary, significant differences were noted in all the 
above parameters due to the planting season. Spring-
grown lettuce plants were characterized by a higher 
number of leaves per plant and larger plant leaf area 
than autumn-grown plants. They also had higher  
DMroot, DMshoot, and FWshoot, but significantly low-
er root-to-shoot-dry matter weight (DMroot:DMshoot), 
and dry-to-fresh shoot weight (DMshoot:FWshoot) ‒ as in  
Table 5. 

In addition to the impacts on plant fresh weight and 
harvested yield, significant N-dose effects were found 
regarding the nitrogen use efficiency (NUE) from the 
lettuce plants. In either autumn or spring plantings, 

the increase in the N supply was followed by a steady 
decrease in NUE (Tab. 6). Yet, significant differences 
exist between the autumn and spring plantings, with 
the latter almost double the NUE values of autumn 
plantings. As expected, the increase in the N supply 
was followed by an increase in NO3 and NO2 con-
centrations in the plant. Remarkably, if no yield in-
crease was found when shifting from N80 to N120,  
a significant increase was found regarding NO3 or NO2 
concentration. Again, a strong planting season effect 
was noticed; significantly smaller NO3 concentrations 
were found in spring lettuce plants for each respective 
N dose. 

There was no effect of the NH4:N ratio in NUE 
either in autumn or spring plantings (Tab. 6). On the 
contrary, the NH4:N ratio significantly affected NO3 
and NO2 concentrations in lettuce plants at harvest 
time. The increase in the ratio of N-NH4 versus total N 
supplied from 40% to 100% was followed by a signif-
icant decrease in NO3 and NO2 concentration (Tab. 6). 
That was common to each N dose, either in autumn or 
spring plantings. Yet, a significant seasonal effect was 
strongly present. Significantly smaller NO3 concentra-
tions were found in spring-grown plants (317 mg kg–1) 
compared to autumn-grown plants (1244 mg kg–1).  
In contrast, the opposite results were found regarding 
the planting season effect on the NO2 concentrations 
(4.92 mg kg–1 ‒ autumn season vs. 10.9 mg kg–1 ‒ 

spring season) at the harvesting time (Tab. 6).
The NO3 and NO2 concentrations in the lettuce 

plants were significantly falling as the fertilizer with-
holding period (WHP) was extended. Both reached the 
peak values immediately after the N supply and were 
gradually reduced (Tab. 7). Moving from day 5 after 
N supply (WHP 5) to WHP 12, the NO3 concentra-
tion was reduced from nearly 1500 mg L–1 to nearly  
600 mg L–1. It was further reduced until the day of 
harvest (DAT 68, WHP 34) to less than 300 mg L–1  
(Tab. 7). NO2 concentration has followed the same 
course, falling from nearly 30 mg L–1 by WHP 5 to 
less than 15 mg L–1 by WHP 34 (Tab. 7). 

The principal component analyses (PCA) have 
shown that the variability of lettuce plants in response 
to N dose, NH4:Ntotal ratio, and planting season was 
largely (97%) determined by the first principal com-
ponent (PC1). LA, SRL, RL, and NO3 concentration 
(in diminishing order) show the highest (positive) 
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scores associated with PC1. The remaining traits 
show uniform (negative) values. Interestingly, having 
the smallest (negative) value, NUE was also clearly 
distinguished from the remaining traits. PC2 was re-
sponsible for only 3% of variability, with NO3 concen-
tration, RL, and SRL (in diminishing order) showing 

the highest (positive) associated scores. Overall, SRL, 
RL, leaf NO3 concentration, and NUE appear to be 
the most important traits that express plant variability 
(Tab. 8). As such, they can potentially be developed as 
assisted markers to evaluate the sensitivity of lettuce 
cultivars to nitrogen supply. 

 

Table 6. Nitrogen use efficiency (NUE, kg kg–1), NO3 concentration (NO3, mg kg–1), and NO2 concentration (NO2, mg kg–1) 
of autumn and spring-grown lettuce plants under different N supplies (60, 80, 120 kg ha–1) and NH4-Ntotal ratio (0.4, 1) 
conditions. NO3 and NO2 concentrations are measured on the harvesting day (107 and 68 days after transplanting).  
Different letters indicate significant differences within parameters (Holm-Sidak test, p < 0.05; mean ±SE); significant  
p-values of a three-way ANOVA are noted in bold 

Factors 
NUE  NO3  NO2  Ntotal  NH4:N  

60  736 ±79a 628 ±104c 5.63 ±0.84c 
80  585 ±61a 732 ±136b 8.21 ±1.09b 
120  378 ±33b 983 ±182a 10.2 ±1.17a 
 0.4 564 ±58 820 ±129a 9.03 ±1.04a 
 1 569 ±57 742 ±112b 6.98 ±0.78b 

Autumn 342 ±16b 1244 ±66a 4.92 ±0.38b 
Spring 791 ±46a 317 ±10b 10.9 ±0.76a 

Autumn 

60 
0.4 417.4 ±14.7d 1036 ±2.59d 3.36 ±0.017j 

1 441.5 ±14.7d 906 ±3.75e 2.59 ±0.037k 

80 
0.4 346.7 ±9.51e 1320 ±11.5c 5.54 ±0.066h 

1 349.2 ±9.51e 1027 ±3.46d 5.12 ±0.009i 

120 
0.4 242.3 ±11.6f 1625 ±4.61a 6.77 ±0.066f 

1 257.1 ±11.6f 1553 ±7.21b 6.22 ±0.063g 

Spring 

60 
0.4 1045.8 ±12.4a 282 ±9.16g 9.46 ±0.08d 

1 1041.6 ±12.4a 287 ±7.23g 7.10 ±0.26e 

80 
0.4 825.0 ±9.41b 290 ±5.81g 13.66 ±0.20b 

1 821.8 ±9.41b 292 ±4.05g 7.50 ±0.28e 

120 
0.4 509.3 ±3.57c 368 ±1.15f 15.40 ±0.23a 

1 506.2 ±3.57c 387 ±6.17f 12.73 ±0.08c 
Significance 

Ntotal dose (A) <0.001 <0.001 <0.001 
NH4:Ntotal (B) 0.584 <0.001 <0.001 
Grow. season (C) <0.001 <0.001 <0.001 
A × B 0.903 <0.001 <0.001 
A × C <0.001 <0.001 <0.001 
A × B × C 0.884 <0.001 <0.001 
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The respective heat map visualizes the differenc-
es (Fig. 1). A clear distinction exists between autumn 
and spring-grown lettuce plants. Within the growing 
season, a clear separation of N60 with N80 and N120 
variants exists in spring-grown plants, with the last two 
being grouped. On the contrary, the picture is mixed in 
autumn-grown plants with no clear separation among 

N60, N80, and N120 variants. Furthermore, the 
NH4:Ntotal ratios (0.4, 1) were orderly arranged in the 
spring-grown but not in autumn-grown lettuce plants 
(Fig. 1), indicating significant N dose-growing season 
and NH4:Ntotal ratio-growing season interactions. Over-
all, the map confirms that SRL, RL, NO3 concentration 
(grouped), and NUE are the most sensitive traits re-

Table 7. NO3 concentration (mg kg–1), and NO2 concentration (mg kg–1) of spring-grown lettuce plants under different N 
supplies  (60, 80, 120 kg ha–1) and NH4-Ntotal ratio (0.4, 1) conditions on different fertilizer withholding intervals  (WHP; 
5, 12, 34) after N application. Different letters indicate significant differences within parameters (Holm-Sidak test, 
p < 0.05; mean ±SE); significant p-values of a two-way ANOVA are noticed in bold  

Ntotal amount NH4-Ntotal ratio NO3 concentration (mg kg–1) NO2 concentration (mg kg–1)

WHP 5

60
0.4 1474 ±41.3c 27.210 ±0.38b
1 1274 ±13.4d 25.987 ±0.18b

80
0.4 1532 ±19.6c 26.667 ±0.88b
1 1218 ±13.5e 25.777 ±0.77b

120
0.4 1860 ±41.7a 35.443 ±0.43a
1 1604 ±16.2b 33.377 ±0.44a

WHP 12

60
0.4 560 ±26.1g 11.653 ±0.20c
1 307 ±13.5i 11.000 ±0.23c

80
0.4 615 ±9.95g 12.143 ±0.38c
1 311 ±6.08i 10.467 ±0.29c

120
0.4 729 ±16.2f 13.967 ±0.43c
1 444 ±11.5h 12.487 ±0.24c

Harvest day (WHP 34)

60
0.4 282 ±9.16j 9.467 ±0.08d
1 287 ±7.23j 7.100 ±0.26d

80
0.4 290 ±5.8j 13.667 ±0.20c
1 292 ±4.05ij 7.500 ±0.28d

120
0.4 368 ±1.15hi 15.400 ±0.23c
1 387 ±6.17h 12.733 ±0.08c

Significance
Ntotal dose (A) <0.001 <0.001
NH4:Ntotal ratio (B) <0.001 <0.001
Withhold timespan of N application (C) <0.001 <0.001
A × B 0.044 0.006
A × C <0.001 <0.001
A × B × C 0.342 0.002
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garding N doses and NH4:Ntotal ratio. The remaining 
traits, yield included, rather than on the N dose and its 
application forms, were subject to the growing season. 

DISCUSSION

Commonly, an increase in N dose application is 
followed by a significant enhancement in plant growth 
[Balliu et al. 2007b, 2009]. However, within the 60 
to 120 kg‒1 ha total nitrogen range, we did not find 
significant effects regarding lettuce root parameters. 
Only slightly higher root length (RL), root surface 
area (RSA), and root length ratio (RLR) values were 
recorded at the maximum nitrogen (N) supply rate. 
Within a certain range of N applications, Babaj et al. 
[2021] have reported similar results for pepper seed-
lings grown in small containers. The root development 
is restrained under N supply limitations [Kiba and 
Krapp 2016]. Hence, since there was no difference in 
RL and RSA as the N supply was increased, we con-
clude that even the 60 kg ha–1 N supply regime pro-

vides enough N for the greenhouse-cultivated lettuce 
plants. The following discussion on the impact of N 
dose on the harvested yield confirms that conclusion. 
Although a common decrease followed the increase 
in the NH4:Ntotal ratio from 0.4 to 1.0, no significant 
effects of the NH4:Ntotal ratio were found regarding 
root morphology traits. Similar results were reported 
by Wang and Shen [2011] that analyzed root length 
and root surface area of hydroponically grown lettuce 
within the range of 0.25 to 0.5 NH4:Ntotal ratio. 

The amount of nitrogen supplied did not affect the 
dry matter of either roots (DMroot) or shoots (DMshoot), 
but a significant effect was noticed regarding the av-
erage shoot fresh weight (FWshoot). The increase in N 
application dose within the range from 60 to 80 kg ha–1 
led to an increase in the harvested yield, but the further 
increase to 120 kg ha–1 was not followed by any further 
increase in the yield. By itself, our results are almost 
identical to a previous report of Thouraya et al. [2022]. 
They tested the effect of several N dose applications 
(0, 40, 60, 80, and 120 kg ha–1) in different types of 

 

Table 8. The principal components score of root morphology, growth, yield, and fruit quality traits of autumn and spring- 
-grown lettuce plants under different N supplies  (60, 80, 120 kg ha–1) and NH4-N ratio (0.4, 1) conditions 

  PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 

DMroot –1.482 –0.179 –0.010 0.014 –0.017 0.002 –0.001 0.000 
DMshoot –1.438 –0.181 –0.010 0.014 –0.017 0.002 –0.001 0.000 
DMroot:DMshoot –1.484 –0.179 –0.010 0.014 –0.017 0.002 –0.001 0.000 
DMshoot:FWshoot –1.484 –0.179 –0.010 0.014 –0.017 0.002 –0.001 0.000 
RL 1.549 0.565 0.030 0.148 0.165 0.003 0.000 0.000 
RSA –1.021 –0.091 0.000 0.046 0.010 –0.016 0.000 0.000 
AvgD –1.483 –0.179 –0.010 0.014 –0.017 0.001 –0.001 0.000 
RootV –1.478 –0.179 –0.010 0.014 –0.017 0.001 –0.001 0.000 
SRL 2.439 1.156 0.452 –0.036 –0.055 0.000 0.000 0.000 
RTD –1.483 –0.179 –0.010 0.014 –0.017 0.002 –0.001 0.000 
RLR –1.303 –0.109 0.006 0.013 –0.011 0.002 0.012 0.000 
LN –1.407 –0.169 –0.009 0.013 –0.015 –0.001 –0.001 0.003 
LA 12.397 –0.619 –0.079 0.014 –0.028 0.000 0.000 0.000 
Yield –1.462 –0.184 –0.010 0.015 –0.017 0.001 –0.001 0.000 
NUE –0.138 –0.515 0.090 –0.240 0.106 0.000 0.000 0.000 
NO3 concentration 0.742 1.405 –0.398 –0.090 –0.016 0.000 0.000 0.000 
NO2 concentration –1.465 –0.183 –0.012 0.019 –0.020 0.001 0.000 –0.001 
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lettuce and found that the highest yields were obtained 
in the range from 60 to 80 kg ha–1. The excessive ad-
ditions of N fertilizers might even reduce the produc-
tivity of lettuce crops because of limitations on the K 
uptake and the reduction of the stomatal conductance 
[Albornoz and Lieth 2015]. Yet, it is important to note 
that the differences we found exist only in the autumn 
season. No differences were found regarding the yield 
in the spring season concerning N dose applications. 

While there was almost no increase in the harvested 
yield, a significant, steady decrease in nitrogen use effi-
ciency (NUE) followed the increase in the N dose ap-

plication. It fell from nearly 1000 kg kg–1 to 500 kg kg–1  
in the spring season and from slightly above 400 kg kg–1 
to almost 250 kg kg–1 in the autumn season. Very sim-
ilar to us, Saah et al. [2022], have reported an increase 
in lettuce NUE following an increase in N dose ap-
plication from 31.3 to 62.5 kg ha–1 and later a steady 
decrease following a further increase in N dose appli-
cation to 93.8 and 125 kg ha–1. 

Opposite to NUE, the increase in the N supply was 
followed by a steady increase in NO3 and NO2 concen-
trations in the plant. Both reached the peak values at the 
highest N dose applications (120 kg ha–1). Many authors 

Fig. 1. The heatmap of root morphology, yield, and fruit quality traits of autumn and spring-grown lettuce plants under 
different N supplies (60, 80, 120 kg ha–1) and NH4-Ntotal ratio (0.4, 1) conditions. Rows are centered; unit variance scaling 
is applied to rows. Both rows and columns are clustered using correlation distance and average linkage
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[Cometti et al. 2011, Urlić et al. 2017a, Thouraya et al. 
2022] have reported similar findings. The imbalance 
between nitrate absorption and reduction, i.e., the plants 
absorb more nitrates from the soil than is required for 
their growth, is supposed to be the reason for nitrate ac-
cumulation in the plants [Bian et al. 2020]. 

Different from El-Ghany et al. [2022] who reported 
higher yields when all N was supplied as NH4 versus 
the combined application of NO3 and NH4, we did not 
find any significant effect of the N-NH4:Ntotal ratio in 
lettuce yield. Although toxicity symptoms are reported 
in cases when the total amount of N supplied was in 
NH4 form [Guo et al. 2002, Martínez-Moreno et al. 
2024], we did not notice any. Apart from the fact that 
the different crops express different levels of suscep-
tibility, other factors such as rooting medium (soil, 
soilless substrate, pure nutrient solution) influence 
the response of plants to the N-NH4:Ntotal ratio, mostly 
due to the cation exchange capacity which alters NH4

+ 
availability in the root zone and the rhizosphere pH 
[Savvas et al. 2006]. Natural soil, as in our case, offers 
higher protection capabilities than soilless production 
regarding any potential toxicity issues regarding high 
N-NH4 dose applications. In addition, we used urea as 
a source of N-NH4, which is only gradually converted 
to NH4, and the fertilizers were supplied in two dos-
es, avoiding high NH4 concentrations in the soil that 
might potentially negatively affect the lettuce plants. 

Interestingly, the increase in the N-NH4:Ntotal ratio 
from 0.4 to 1.0 was followed by a significant decrease 
in NO3 and NO2 concentration. That was common to 
each N dose, either in autumn or spring plantings. 
Similar results were reported by Burns et al. [2011] 
and Martínez-Moreno et al. [2024] in lettuce and Zhu 
et al. [2021] in flowering Chinese cabbage. An expla-
nation for this phenomenon is provided by Kronzuck-
er et al. [1999]. According to them, the exposure of 
plant roots to NH4

+ imposes a reduction in NO3
– in-

flux and the enhancement of NO3
– efflux. The result 

will be a lower N-NO3 concentration in the plant tis-
sues. Furthermore, similar to Borgognone et al. [2016] 
we found that moving from day 5 after N supply  
(WHP 5) until the harvest day (WHP 34) of spring-
grown lettuce, the NO3 concentration was reduced 
from nearly 1500 mg L–1 to less than 300 mg L–1. 
The NO2 concentration followed the same course, 
falling from nearly 30 mg L–1 by WHP 5 to less than  

15 mg L–1 by WHP 34. Tabaglio et al. [2020] report-
ed a similar trend of decreasing NO3 concentration in 
NFT, spring-grown lettuce plants when they withheld 
fertilization in periods from 2 to 10 days. 

The impacts of the growing season were more sig-
nificant than the N dose application and N-NH4:Ntotal 
ratio. It heavily impacted root morphology traits, the 
dry and fresh plants’ weight, N use efficiency, and  
N concentration in plant tissues. Spring-grown lettuce 
plants tend to have thicker roots, which leads to a larg-
er root volume and a significantly higher root tissue 
density. Interestingly, although there were no differ-
ences in total root length (RL), the spring-grown let-
tuce plants had a significantly smaller root length ratio 
(RLR). Since RLR (m g–1) represents the ratio of root 
length (RL) to total plant weight, a reduction in RLR 
indicates a significantly lower investment of photo-
synthates of the spring-grown lettuce plants towards 
the root system. That is further supported by a greater 
root tissue density (RTD), indicating an increased root 
longevity of spring-grown lettuce plants [Ryser 1996]. 

The spring-grown lettuce plants showed signifi-
cantly enhanced nutrient uptake capabilities. Over-
all, the N use efficiency in spring-grown plants was 
twice as high as in autumn-grown plants. Was that  
a consequence of improved environmental conditions, 
i.e., higher soil and air temperatures [Balliu and Sal-
laku 2021], improved radiation [Fu et al. 2017], or 
enhanced plant symbiotic activities with soil micro-
organisms facilitated by thicker roots? This remains 
an open question. Not to forget, a significantly larger 
AvgD of spring-grown lettuce plants might indicate  
a higher colonization rate from the arbuscular mycor-
rhizal fungi [Bergmann et al. 2020, Ma et al. 2018] 
than the autumn-grown plants and potentially higher 
exudation rates of the root enzymes [Sallaku et al. 
2022, Williams et al. 2022]. Both options have signifi-
cantly boosted the plant’s uptake capabilities. 

The photosynthates saved in root system construc-
tion were invested in the above-ground organs. The 
spring-grown lettuce has shown significantly low-
er root-to-shoot dry matter weight (DMroot:DMshoot), 
and lower dry-to-fresh shoot weight (DMshoot:FWshoot) 
than the autumn-grown plants. In addition, the spring-
grown lettuce plants did have a higher FWshoot, a higher 
number of leaves per plant, and a larger plant leaf area 
than autumn-grown plants. Finally, there was a higher 
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yield than autumn-grown lettuce plants for the same 
amount of N supply. Seasonal effects on lettuce pro-
duction are not unknown. Similar effects were previ-
ously reported by Konstantopoulou et al. [2010], and 
El-Ghany et al. [2022]. 

Significantly smaller NO3 concentrations were 
found in spring-grown plants than in autumn-grown 
plants for each respective N dose. Similarly, Savvas et 
al. [2006] and Konstantopoulou et al. [2010] reported 
lower N-NO3 concentrations in autumn-grown lettuce 
plants compared to the winter-grown plants. Among 
many factors affecting NO3 uptake and accumulation 
in vegetable tissues, N fertilization and light intensity 
have been identified as the major factors [Santamaria 
2006, Bian et al. 2015]. The seasonal differences, par-
ticularly solar radiation, which strongly impacts ni-
trate reductase activity, and temperature, which accel-
erates both nitrification and plant metabolism [Savvas 
et al. 2006] enforce the differences between the spring 
and autumn-grown lettuce plants. A greater accumula-
tion of nitrates was recorded in autumn-winter-grown 
leafy vegetables due to lower natural radiation val-
ues, which led to reduced nitrate reductase activity 
[Urlić et al. 2017b]. That’s why different lettuce ni-
trate maximum levels (limits) are imposed by Euro-
pean Commission Regulation (EC) No. 563/20027, 
respectively 4000‒4500, and 2500‒3500 (mg kg−1) 
for the autumn-winter (October 1‒March 31) and 
spring-summer (April 1‒September 30) period [Eu-
ropean Commission 2011]. From the qualitative point 
of view, the nitrate content in our experiment, in both 
growing seasons and within all tested nitrogen doses, 
was quite low and always under the limits imposed by 
European regulations. 

CONCLUSIONS

N-NO3 concentration and NUE were the most sen-
sitive traits to N dose applications and N-NH4:Ntotal ra-
tio. The remaining traits, yield included, rather than on 
the N dose and its application forms, were subject to 
seasonal variation of environmental factors. A range 
of 60‒80 kg ha–1 N is recommended for the fertiliza-
tion of greenhouse-grown lettuce. Further increase of 
N dose applications does not provide a higher yield. 
On the other hand, an increase in N dose applications 
was followed by a significant drop in N use efficiency 

and a significant increase in N-NO3 concentration in 
the plant. The NO3 concentration in the lettuce leaves 
can be reduced by increasing the ratio of N-NH4:Ntotal 
applied and/or by extending the period of the latest N 
application before harvesting. 

Although the impacts of N dose applications on 
yield, quality, and leaf NO3 concentrations are largely 
studied, the picture is not yet fully completed. The in-
fluence of cultivar variation, fertigation method (quan-
titative vs. proportional fertigation), and the impacts 
of slow-release fertilizers on NUE and leaf NO3 con-
centration at various environmental conditions remain 
open questions. 
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