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Abstract: To reduce the use of commercial conventional inorganic fertilizers the possibility of using pulp and 

paper industry wastes in agriculture as an alternative source of nutrients is recently under study and 

discussion. This work aimed to evaluate the effect of sodium lignosulfonate application to soil on 

photosynthetic leaf nutrient (N, P, K, Ca, Mg, Fe, and Mn) and water use efficiency. A pot culture experiment 

was conducted with cucumber seedlings, using five lignosulfonate concentrations (0, 1, 2.5, 5, and 10 vol. %) in 

sandy soil under sufficient or low nutrient availability for plants. The impact of nutrient availability on plant 

physiological traits was stronger than the lignosulfonate impact. Under the condition of sufficient nutrient 

availability, the lignosulfonate application decreased N, P, K, Ca, Mg, and Fe use efficiency, increased Mn use 

efficiency, and did not change water use efficiency. The decrease of nutrient use efficiency was connected with 

both photosynthetic rate decrease and leaf nutrient content increase. The decline in soil nutrient availability 

caused a decrease in nutrient and water use efficiency. Under low nutrient availability, soil lignosulfonate 

tended to increase nutrient and water use efficiency, but it was not successful to eliminate the negative effects 

of soil nutrient deficiency on plant growth, photosynthetic processes, and efficiency of nutrient use. 

Keywords: Cucumis sativus; pulp and paper industry waste; plant biomass; photosynthesis; leaf 

macronutrient concentration 

 

1. Introduction 

For agricultural soils with low natural fertility, an application of a wide range of nutrient-rich 

substrates are recently under discussion [1–3]. To reduce the use of commercial conventional 

inorganic fertilizers the possibility of using pulp and paper industry wastes in agriculture as an 

alternative source of nutrients is also under study [4,5]. Lignosulfonates (LSs), which are 

by-products from the paper industry, can be applied as a soil conditioner and chelate fertilizer [6,7]. 

Recent studies have shown that LSs can be used as stimulants in plant growth and fructification 

[8,9], but Stapanian and Shea [10], on the contrary, did not found a stimaulated effect of LS on plant 

biomass and did show that it was decreased at high content of soil LS. It is assumed that LSs could 

have a positive effect on the photosynthetic process [11], but no information is available concerning 

the effects of lignosulfonate application to soils on plant photosynthetic activity. Moreover, it is 

uncertain whether the impact of LSs on plant CO2 assimilation is affected by soil nutrient availability 

for plants. A range of elements play a critical role in plant photosynthetic processes and the 

improvement of soil chemical properties by LS, as was shown by Islas-Valdez et al. [6], especially for 

the soils with low natural fertility, hypothetically could improve nutrient accumulation by plant and 

enhance photosynthetic activity. But how this affects the photosynthetic efficiency of nutrient using 
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remains unclear. This study aimed to evaluate the effects of sodium LS application to sandy soil on 

physiological responses such as plant growth, leaf nutrient (N, P, K, Ca, Mg, Fe, and Mn) 

accumulation, photosynthesis, nutrient and water use efficiency at the leaf level of Cucumis sativus 

seedlings. Comparisons were made using plants grown under contrasting conditions of soil nutrient 

availability. 

2. Experiments 

2.1. Substrate Preparation and Plant Growth Conditions 

Sodium LS was mixed with dry sandy soil to achieve its concentration in the substrates, equal 0, 

1.0, 2.5, 5.0, and 10 % (v/v), designated as 0LS, 1LS, 2.5LS, 5LS and 10LS treatments, respectively. The 

substrates were incubated under constant conditions for 90 days. Cucumber (C. sativus L., var. 

Kurag) were grown in pots filled with the substrates under controlled conditions of climate 

chambers (23/20 °C day/night temperature, 70% relative air humidity, 16-h photoperiod, 300 μmol 

m−2 s−1 of PPFD). For half of the pots, the nutrient solution (based on 1 g l−1 Ca(NO3)2, 0.25 g l−1 

KH2PO4, 0.25 g l−1 MgSO4 7H2O, 0.25 g l−1 KNO3, a trace quantity of FeSO4 and pH 6.2−6.4, EC 2.0 mS 

cm−1), while for the other half, water was supplied (SNA, sufficient nutrient availability, and LNA, low 

nutrient availability, respectively). 

2.2. Photosynthetic Parameters and Plant Biomass Measurements 

Gas-exchange parameters (An, net CO2 assimilation; Tr, leaf transpiration rate, and WUE = An 

Tr–1, photosynthetic water-use efficiency) were measured with a portable photosynthesis system 

(HCM-1000, Walz, Effeltrich, Germany) at leaf temperature of 25 °C and 1200 μmol m−2 s−1 of PPFD. 

After the gas exchange measurements, the plants were harvested, separated into organs, and dryed 

at 70 °C. The LMA values were calculated as leaf mass per unit leaf area. 

2.3. Leaf Chemical Analysis  

Dry leaves were used for chemical analysis. Kjeldahl digestion was applide for the 

determination of total N and P. The N content was determined by the nesslerization of the ammonia, 

and the P content was determined by the ammonium molybdate method. Both N and P were 

analyzed by spectrophotometer (SF 2000 OKB Spectrum, Saint-Petersburg, Russia). Total element 

concentration of K, Ca, Mg, Fe, Mn, and Na was determined by spectrophotometric atomic 

absorption (Shimadzu АА-7000, Kioto, Japan) in the Core Facility “Analytical laboratory” of the 

Forest Institute of KRC of RAS. Photosynthetic nutrient use efficiency was calculated by dividing 

area-related An by the value of specific leaf element content. 

2.4. Statistical Analysis 

For each treatment, the means ± SE were determined with at least five and more replicates for 

the An, Tr, WUE, and LMA parameters. For the chemical leaf analysis, we used four seedlings of each 

treatment grown under the condition of sufficient nutrient availability, but for the seedlings grown 

under low nutrient availability, all leaves of eight seedlings of each treatment were combined in one 

sample. To assess the significant difference between the treatments at the p < 0.05 level, the least 

significant difference (LSD) of ANOVA was used. The effects of soil LS concentration, nutrient 

availability, and their interaction were analyzed using a two-way ANOVA. 
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3. Results 

3.1. Plant Biomass 

With the decline in nutrient availability from SNA to LNA, the total plant and leaf biomass 

decreased by 18 and 37 times respectively, and LMA increased by 32% for the 0LS seedlings (Table 

1). The two-way ANOVA revealed a significant effect of both nutrition and LS, and their interaction 

on biomass accumulation and its allocation into organs (p < 0.001). While under the SNA conditions, 

LS application caused a decrease in leaf and total mass of 5LS and 10LS seedlings, under the LNA, 

the biomass tended to increase (0.05 < p < 0.01). The 2.5LS and 5LS seedlings of the SNA treatment 

had higher LMA values compared to 0LS ones, and the LMA values of LNA seedlings increased in 

accordance with the increase in LS content.  

3.2. Gas exchange Parameters 

The An and Tr values were significantly affected by nutrient availability, but not LS application. 

The decline of nutrient availability for the cucumber seedlings decreased the An rate, as well as Tr 

values (Table 1). Although the two-way ANOVA revealed an insignificant effect of LS application on 

An, the LS application significantly decreased the An rate for 1LS seedlings grown under SNA. For 

the LNA seedlings, the An rate tended to increase in the cases when LS was added to the soil. The LS 

application did not have a strong effect on Tr for the SNA seedlings, but for the LNA seedlings, the 

Tr value was the highest in 5LS leaves and the lowest in 0LS ones. 

3.3. Leaf Nutrient Content 

The decline of soil nutrient availability caused an increase in leaf N, Fe, and Na content, and a 

decrease in leaf P, K, and Mg content for 0LS seedlings (Table 1). According to the two-way ANOVA 

the effect of LS application was significant for leaf K, Ca, Mg, Fe, Mn, and Na. The N and p values 

were the highest in 1LS leaves among all LS treatments under the SNA condition. Following the 

increase in soil LS, leaf Na content increased, Mn content decreased, and K content did no change 

regardless of soil nutrient availability. Under both nutrient levels, the 1LS seedlings had higher and 

10LS seedlings had lower leaf concentrations of Ca and Mg than the 0S seedling. While the increase 

in the soil LS concentration decreased Fe content under LNA, this tendency was not recorded for 

seedlings grown under SNA. 

3.4. Photosynthetic Nutrient Use Efficiency 

For all elements under the study, photosynthetic nutrient use efficiency was lower for LNA 

than SNA seedlings (Table 1). The LS effect on the use efficiency of elements depended on the soil’s 

ability of nutrients. While for the PNUE, PPUE, PKUE, and PFeUE values, the two-way ANOVA 

revealed an insignificant effect of the LS treatment (p > 0.05), PCaUE, PMgUE, PMnUE, and PNaUE 

were significantly altered by both LS application and nutrient availability (p < 0.01). For the most of 

studied leaf element concentrations in the LNA seedlings, no significant effect of LS on 

photosynthetic nutrient use efficiency was observed. The LS application decreased PNUE, PPUE, 

and PNaUE, respectively, by 74, 114, and 79% on average among all LS seedlings grown under SNA 

condition. For the PKUE, PCaUE, PMgUE, and PFeUE values, a significant LS-related decrease was 

found only for the 1LS and 2.5LS SNA seedlings. Unlike other elements under the study, LS 

enhanced PMnUE values following the increase in soil LS content from 1LS to 5LS regardless of soil 

nutrient ability. 
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Table 1. Mean values of physiological traits, leaf nutrient concentration, and photosynthetic nutrient and water use efficiency of cucumber plants grown on the sandy soil 

with lignosulfonate concentration of 0 (0LS), 1 (1LS), 2.5 (2.5LS), 5 (5LS) and 10 (10LS)% under sufficient or low nutrient availability (SNA and LNA, respectively). 

Variables SNA LNA 

 0LS 1LS 2.5LS 5LS 10LS 0LS 1LS 2.5LS 5LS 10LS 

Plant DM, g plant−1 1.96 ± 0.21 a 2.08 ± 0.12 a 2.03 ± 0.10 a 1.80 ± 0.201 ab 1.53 ± 0.12 b 0.11 ± 0.00 c 0.17 ± 0.02 c 0.18 ± 0.02 c 0.20 ± 0.02 c 0.22 ± 0.02 c 

Leaf DM, g plant−1 1.11 ± 0.21 ab 1.31 ± 0.07 a 1.28 ± 0.06 a 1.12 ± 0.11 a 0.97 ± 0.06 b 0.03 ± 0.00 c 0.07 ± 0.01 c 0.08 ± 0.01 c 0.09 ± 0.01 c 0.12 ± 0.02 c 

LMA, g m−2 36.2 ± 1.2 d 34.0 ± 16 d 42.2 ± 1.6 c 42.3 ± 1.8 c 39.3 ± 1.8 d 44.4 ± 2.6 bc 47.1 ± 1.3 bc 49.2 ± 2.4 b 56.3 ± 2.9 a 59.9 ± 1.4 a 

An, μmol m−2 s−1 13.5 ± 0.6 a 11.7 ± 0.8 b 12.4 ± 0.7 ab 12.4 ± 0.45 ab 14.0 ± 0.4 a 0.36 ± 0.05 d 1.55 ± 0.31 cd 1.33 ± 0.19 cd 2.00 ± 0.11 c 1.53 ± 0.27 cd 

Tr, mmol m−2 s−1 1.93 ± 0.1 a 1.69 ± 0.16 a 1.78 ± 0.20 a 1.69 ± 0.06 a 2.01 ± 0.07 a 0.57 ± 0.10c  0.69 ± 0.07 cb 0.63 ± 0.04 c 0.92 ± 0.07 b 0.84 ± 0.13 bc 

N, g kg−1 28.0 ± 3.4 b 40.9 ± 2.2 a 30.3 ± 5.5 ab 28.7 ± 3.9 b 27.4 ± 2.8 b 33.7 16.0 14.1 9.5 17.0 

P, g kg −1 2.1 ± 0.4 b 3.4 ± 1.0 a 2.6 ± 0.6 ab 2.1 ± 0.3 b 2.9 ± 0.3 ab 1.3 1.2 1.7 0.8 1.6 

K, g kg −1 14.6 ± 2.0 а 16.6 ± 1.6 а 17.1 ± 1.7 а 14.3 ± 0.7 а 15.7 ± 2.5 а 10.5 8.4 8.7 8.0 9.1 

Ca, g kg −1 11.8 ± 0.5 b 14.0 ± 1.1 a 11.5 ± 0.5 b 10.4 ± 0.2 bc 9.5 ± 0.7 c 13.4 15.8 12.8 12.1 11.6 

Mg, g kg −1 8.4 ± 1.0 ab 9.7 ± 0.5 a 8.2 ± 0.6 abc 6.7 ± 0.4 bc 6.3 ± 0.3 c 5.4 5.9 5.2 4.6 3.9 

Fe, mg kg−1 99.2 ± 16.7 a 92.8 ± 8.4 a 82.6 ± 2.5 a 84.4 ± 5.8 a 90.0 ± 9.8 a 2077 1300 378 493 304 

Mn, mg kg−1 954 ± 37 a 365 ± 137 b 196 ± 13.4 bc 116 ± 27 c 224 ± 10.0 bc 960 203 134 90 220 

Na, g kg −1 1.02 ± 0.1 c 2.0 ± 0.2 c 3.7 ± 0.3 b 3.8 ± 0.3 b 6.8 ± 0.7 a 3.7 7.9 9.0 10.7 14.9 

PNUE, μmol CO2 g−1 N s−1 18.2 ± 3.1 d 7.8 ± 09 c 11.0 ± 2.4 bc 11.1 ± 2.3 bc 12.0 ± 0.5 ab 0.3 ± 0.0 d 1.9 ± 0.3 d 1.9 ± 0.3 d 3.9 ± 0.2 d 1.5 ± 0.3 d 

PPUE, μmol CO2 g−1 P s−1 261 ± 76 a 91.4 ± 6 bc 136 ± 35 b 149 ± 25 b 112 ± 5 b 7 ± 1 d 50 ± 7 cd 15 ± 2 d 44 ± 24 cd 16 ± 3 d 

PKUE, μmol CO2 g−1 K s−1 
0.028 ± 0.004 

a 

0.020 ± 0.002 

bc 
0.018 ± 0.002 c 

0.024 ± 0.001 

ab 

0.023 ± 0.005 

abc 

0.001 ± 0.000 

d 

0.004 ± 0.001 

d 

0.003 ± 0.001 

d 

0.005 ± 0.000 

d 

0.005 ± 0.000 

d 

PCaUE, μmol CO2 g−1 Ca s−1 
0.033 ± 0.002 

a 
0.023 ± 0.001 c 

0.026 ± 0.002 

bc 
0.028 ± 0.003 b 0.035 ± 0.003 a 

0.002 ± 0.000 

d 

0.002 ± 0.000 

d 

0.002 ± 0.000 

d 

0.003 ± 0.000 

d 

0.002 ± 0.000 

d 

PMgUE, μmol CO2 g−1 Mg 

s−1 

0.048 ± 0.006 

a 
0.033 ± 0.002 c 

0.037 ± 0.004 

bc 

0.044 ± 0.003 

ab 
0.052 ± 0.007 a 

0.002 ± 0.001 

d 

0.005 ± 0.001 

d 

0.005 ± 0.001 

d 

0.008 ± 0.000 

d 

0.007 ± 0.001 

d 

PFeUE, μmol CO2 g−1 Fe s−1 4.16 ± 0.58 a 3.42 ± 0.23 b 3.60 ± 0.16 ab 3.52 ± 0.356 ab 3.74 ± 0.52 ab 0.00 ± 0.00 c 0.02 ± 0.00 c 0.07 ± 0.01 c 0.08 ± 0.00 c 0.08 ± 0.01 c 

PMnUE, μmol CO2 g−1 Mn

s−1 
0.40 ± 0.02 df 1.13 ± 0.27 c 1.53 ± 0.12 b 2.74 ± 0.27 a 1.46 ± 0.15 b 0.01 ± 0.00 f 0.15 ± 0.02 df 0.21 ± 0.03 df 0.42 ± 0.02 d 0.11 ± 0.02 f 

PNaUE, μmol CO2 g−1 Na s−1 
0.440 ± 0.040 

a 
0.160 ± 0.020 b 0.080 ± 0.010 c 0.080 ± 0.020 c 0.050 ± 0.010 c 

0.003 ± 0.001 

d 

0.004 ± 0.001 

d 

0.003 ± 0.001 

d 

0.004 ± 0.000 

d 

0.002 ± 0.000 

d 

WUE, μmol CO2 mmol H2O 7.0 ± 0.2 a 6.8 ± 0.4 a 7.2 ± 0.5 a 7.3 ± 0.1 a 7.0 ± 0.3 a 0.7 ± 0.1 c 2.2 ± 0.2 b 2.1 ± 0.2 b 2.3 ± 0.2b 1.9 ± 0.3 b 

DM, dry mass; LMA, leaf mass per area; An, area-based net CO2 assimilation rate; Tr, transpiration rate; PNUE (PPUE, PKUE, PCaUE, PMgUE, PFeUE, PMnUE, PNaUE) 

photosynthetic N (P, K, Ca, Mg, Fe, Mn, Na) use efficiency; WUE, water use efficiency. 
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3.5. Photosynthetic Water Use Efficiency 

The decline of nutrient availability caused a decrease of photosynthetic WUE for the cucumber 

seedlings (Table 1). The WUE value was significantly altered by both LS application and nutrient 

availability (p < 0.05). The LS effect on WUE was stronger under LNA than the SNA condition. So, 

for the LNA seedlings, the WUE values were, on average, 2.3 times higher in the LS seedlings than in 

0LS ones. 

4. Discussion 

In this study, we sought to understand how LS application affects plant physiological state, 

particularly nutrient use efficiency for the photosynthetic processes. Therefore, we quantified the 

effects of soil nutrient availability on nutrient use efficiency of C. sativus to understand whether the 

response of these parameters to LS depends on soil nutrient conditions. The impact of nutrient 

availability on plant physiological traits was much stronger than the LS impact.  

The plant biomass was positively, and LMA was negatively correlated with the leaf nutrient 

content, except the Fe and Mn concentration. Dramatically high levels of Fe under LNA and Mn 

under both SNA and LNA may be caused by the low pH of the soil under the study, which might 

increase the localized availability of Fe and Mn for plants. Iron toxicity reduces root development 

and plant growth [12], so the high concentration of Fe in LNA seedling can be the main reason for 

plant growth depression (Table 1). The high Mn concentrations found in this study is considered to 

be toxic for many species, including cucumber. Since LS application caused a decrease in leaf Mn, as 

well as, Fe, probably, due to an LS-related decrease in soil acidity, it could be assumed as Mn and Fe 

detoxifier. But further research needs to examine this statement. 

With the decline in nutrient availability, the LMA of cucumber seedling increased, which is 

consistent with the earlier findings demonstrating that species grown in nutrient poor environments 

tend to have high LMA [13]. The LS application increased LMA regardless of the nutrient 

availability for the seedlings (Table 1). Our results demonstrated that the high LMA of LNA 

seedlings is associated with low nutrient use efficiency, is according to studies that have shown that 

high-LMA leaves tend to have low PNUE [14]. Since the decline in nutrient availability caused the 

significant decrease in the An rate and biomass accumulation, but not leaf N content, it can be 

assumed that the majority of leaf N of LNA seedlings was not connected with the photosynthetic 

processes. For the seedlings grown under SNA, the LS application decreased photosynthetic 

nutrient use efficiency of most elements, except Mn. It was connected with the decrease of An and/or 

increase of element content per unite leaf area. The reduction of photosynthetic activity of SNA 

seedlings grown on the soil with low LS content (1LS) could be caused by an increase in N allocation 

to leaf non-photosynthesis structures and/or shift of N to P ratio to P deficit. The positive effect of LS 

on nutrient use efficiency was found only for Mn, and it was associated with LS-related decrease of 

Mn content per unit leaf area. The significant decrease of PNaUE was strongly correlated with the 

increase of leaf Na content for seedlings grown on the soil with LS.  

It is well documented that the mineral-nutrient status of plants plays a critical role in water use 

efficiency [15]. Our results are in agreement with the findings that plant nutrients are not only 

required for the photosynthetic process and plant growth but also can improve WUE. In contrast to 

studies suggesting a trade-off relationship between PNUE and WUE, in this study photosynthetic 

efficiency of using of most studied elements decreased, as well, as WUE following the decline in 

nutrient availability for plants. The LS-related increase of WUE at the leaf level of LNA cucumber 

seedlings may have been due to an increased CO2 assimilation rate.  

5. Conclusions  

The impact of nutrient availability on plant physiological traits of cucumber seedlings was 

stronger than the lignosulfonate impact. The decline of nutrient availability affected seedlings 
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growth and photosynthesis more than leaf nutrient content, excluding leaf Fe concentration. 

Moreover, the decline of nutrient availability increased leaf mass per area and decreased the CO2 

assimilation rate, photosynthetic nutrient and water use efficiency. The nutrient availability affected 

the seedling’s response to lignosulfonate. Whereas lignosulfonate decreased nutrient use efficiency, 

except Mn, under sufficient nutrient availability, it slightly improved efficiency under low nutrient 

availability, but this impact was not successful to eliminate the negative effects of soil nutrient 

deficiency on cucumber seedlings. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

RAS Russian Academy of Science 

LS Lignosulfonate 

PPFD Photosynthetic photon flux density 

SNA Sufficient nutrient availability  

LNA Low nutrient availability 

LMA Leaf mass area 

PNUE Photosynthetic N use efficiency 

PPUE Photosynthetic P use efficiency 

PKUE Photosynthetic K use efficiency 

PCaUE Photosynthetic Ca use efficiency 

PMgUE Photosynthetic Mg use efficiency 

PFeUE Photosynthetic Fe use efficiency 

PMnUE Photosynthetic Mn use efficiency 

PNaUE Photosynthetic Na use efficiency 

WUE Photosynthetic water use efficiency 
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