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Abstract 
 

Soil solution is a complex and open system that has inputs and outputs of energy, this study was 

carried out to determine the impact of different types of fertilizers on the composition of the soil 

solution and the accumulation of biomass in tomato plants. Tomato plants cultivated in greenhouse 

in pots with calcareous soil and forest soil were used to apply three types of fertilizers: Steiner 

solution, solid fertilizers and vermicompost tea. Concentrations of NO3
-, K+, Ca2+, Mg2+, Na+ and 

SO4
2- in the soil solution increased over time, registering higher ion concentration values in the 

solid fertilizer (625, 183, 374, 70, 49 and 161 mg L-1, respectively) and in the Steiner solution (500, 

177, 363, 65, 69 and 235 mg L-1). The highest concentrations of ions in the soil solution coincided 

with the largest accumulation of biomass, 3 938 and 4 546 g plant1 in the solid fertilizer and the 

Steiner solution, respectively. In contrast, in the soil solution of the vermicompost tea, except for 

Na+, there were lower ion concentrations (94, 63, 118, 28, 75 and 98 mg L-1) and a lower 

accumulation of biomass, with an average of 1 355 g plant-1. The Steiner solution and solid 

fertilizers treatments had the highest average yield values, with 3 637 and 2 712 g plant-1, 

respectively. This result indicates that the form of application and source of the fertilizer influences 

the soil solution. 
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Introduction 
 

Plants take from soil solution (SS) the nutrients necessary for their development and growth, the 

elements found in SS and that are in contact with the roots of the plant are influenced by many 

processes such as, microbial respiration, root exudes, absorption, fixation by soil particles, drainage, 

the amount of oxygen, temperature, soil moisture, redox processes etc. Few studies have been 

conducted addressing the influence of the processes mentioned above on the dynamics and 

composition of the SS over time, especially soils for cultivation purposes (Huang et al., 2011). 

 

Exchange processes are often regulated by the concentration of NO3
-, usually the dominant anion 

in SS (Plett et al., 2020). However, other elements included in fertilizers also modify the 

composition of SS (Narváez-Ortiz et al., 2015). Therefore, the chemical form of the fertilizer will 

directly and indirectly affect the chemical composition of SS and consequently, the absorption of 

nutrients and the growth of plants. 

 

The study of SS allows an approach to the real state of the availability of nutriments released by 

fertilizers and the contents in the soil (Hernández-Díaz et al., 2014). SS is the interface between 

the solid phase of soil and the root cells that absorb nutrients. It is considered important to 

understand the dynamic conditions prevailing in SS, since changes in composition can occur 

quickly, especially during absorption of nutrients by plants (Narváez-Ortiz et al., 2015). The study 

of the chemical composition of SS can be carried out by different techniques, one of them is the 

placement of suction probes that allow the extraction and characterization in the laboratory or even 

in-site of the SS sample. 

 

The study of the dynamic behavior of SS allows to establish an index of the availability of 

mineral nutrients, as well as their impact on crops (Souza et al., 2013). The soil solution is the 

dynamic phase that connects the use of fertilizers with leaching and adsorption in the solid 

phase of soil and with the absorption and growth of plants (Llanderal et al., 2019). As far as 

we know, the impact on different soils of different fertilizers on the composition of the soil 

solution has not been studied for the tomato under greenhouse. The objective of the research 

was to evaluate the dynamic behavior of the soil solution in two types of soil with three types 

of mineral or organic fertilization, and its impact on the accumulation of biomass and chemical 

composition of tomato plants. 

 

Materials and methods 
 

This research was carried out at the Antonio Narro Autonomous Agrarian University (UAAAN), 

in Saltillo, Mexico. Hybrid tomato plants (Solanum lycopersicum) of the Toro variety, with a 

determinate growth habit, were used as experimental material. After germination and care of 

seedlings, these were established under greenhouse during the period October-April in 

polyethylene pots of 12 L with two types of soil: a non-agricultural calcareous soil collected from 

the profile 0-0.3 m in an area without the presence of vegetation and a black forest soil collected 

from the profile 0-0.3 m, eliminating the surface mulch, in an area with reforestation of 20 years 

with Pinus halepensis. The soils were collected at the sites marked by coordinates 25° 21’ 14.87’’ 

north latitude and 101° 2’ 23.25’’ west longitude for the calcareous soil, and 25° 21’6.81’’ north 

latitude and 101° 1’ 27.69’’ west longitude for the black forest soil. 
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Before use in pots the soils were screened to remove stones and other materials. Likewise, the soils 

were characterized from the physicochemical point of view according to NOM-021-RECNAT-

2000 (SEMARNAT 2002) (Table 1). The irrigation water was also analysed in order to take into 

account the composition of the different ions for the calculation of the fertilizer application (Table 

2). The treatments began 7 days after transplantation (ddt) and consisted of three types of nutritional 

contribution to the soil during 22 weeks of plant growth. The three treatments are described below. 

 
Table 1. Physicochemical properties of the soils. 

Soil pHa H2O CE (dS m-1) 
Apparent density 

(g cm-3) 

Total 

carbonates (%) 

N-NO3
- 

(mg L-1) 

P-Olsen 

(mg L-1) 

Calcareous  8.08 0.9 1.04 39.8 23.1 19 

Forest  7.59 0.58 0.95 29.7 2.72 15 

 Cations interchangeable (mg L-1) Texture  
Organic 

matter  

 Ca2+ Mg2+ Na+ K+ Class  (%) 

Calcareous  6 536 714 107 296 Loam 0.97 

Forest 6 364 341 101 599 Loam 4.9 
a= pH (1:2 water). 

 

Treatment 1. Witness. Continuous supply of a Steiner nutrient solution (Steiner, 1961) by 

irrigation. From 0-40 ddt the nutrient solution was applied in concentration of 25% (500 µS cm-1) 

during the vegetative stage, from 41-60 ddt it was raised to 50% (1 000 µS cm-1) during the 

flowering stage, from 61-100 ddt it was increased to 100% (2 000 µS cm-1) during fruit mooring 

60 ddt and 120% (2 400 µS cm-1) at the beginning of the harvest. 

 

Treatment 2. Weekly supply of nutrients using solid fertilizers. The amount applied was equivalent, 

in terms of solid mineral elements, to that applied in treatment 1 by means of the Steiner solution. 

 

Treatment 3. Organic supply by irrigation with a vermicompost tea of cattle origin with an CE of 

2 000 µS cm-1. CE was adjusted by dilution until it equaled the CE of the Steiner solution, applied 

at the different stages listed for treatment 1. The composition of the vermicompost tea is shown in 

Table 2. 

 
Table 2. Characteristics and concentration of elements of the irrigation water and the 

vermicompost tea used in the experiment. 

Irrigation water  Vermicompost tea 

Variable Value   Variable Value 

pH 8.06  N-NO3
- 50 mg L-1 

CE 770 (µS cm-1)  P 9.3 mg L-1 

N-NO3 4.96 mg L-1  K+ 440.2 mg L-1 

K+ 6.24 mg L-1  Ca2+ 96.5 mg L-1 
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Irrigation water  Vermicompost tea 

Variable Value   Variable Value 

Ca2+ 

Mg2+ 

Na+ 

SO4
-2 

HCO3
- 

CO3
2- 

95.8 mg L-1 

24.1 mg L-1 

20.5 mg L-1 

81.7 mg L-1 

256 mg L-1 

34.2 mg L-1 

 

Mg2+ 

Na+ 

SO4
-2 

Fe2+ 

Zn2+ 

B 

Cu2+ 

Mn2+ 

42.8 mg L-1 

186 mg L-1 

154.5 mg L-1 

0.3 mg L-1 

0.05 mg L-1 

1.2 mg L-1 

<0.005 mg L-1 

<0.025 mg L-1 

 

To determine the temporary changes in the SS composition, 21 soil solution samples were carried 

out, one every week, using three repetitions for each treatment. For the characterization of SS, three 

suction probes were placed in each treatment. Three plants were randomly chosen in each sampling 

to place the probes inside the pot 15 cm deep and 10 cm from the plant. To take the SS sample, the 

following procedure was followed: 2 L were applied per pot, 15 minutes after the irrigation applied 

during the morning a suction pressure of 75 centibars was applied to the suction probe. The next 

day during the morning the SS sample was extracted from the probe with a syringe. The volume of 

the sample obtained in each probe oscillated between 20 and 30 ml. 

 

The samples obtained were first subjected to an in situ analysis to determine: pH with a 

potentiometer of the brand Horiba model B-713, the electrical conductivity (CE) with an equipment 

of the brand Horiba model Spectrum Cardy Twin, the oxidation reduction potential (ORP) was 

measured with an electrode of the brand OMEGA model PHH-7011 and the nitrate concentration 

(NO3
-) was determined with an ion-selective equipment of the brand Horiba model B-743. 

Subsequently, the SS samples were analyzed in the laboratory to determine the total nitrogen 

content (N) using the micro Kjeldahl technique (AOAC, 1980), that of P through visible 

spectrophotometry (AOAC, 1980), and the potassium concentration (K+), calcium (Ca2+), 

magnesium (Mg2+), sulfate (SO4
-2), sodium (Na+) and boron (B) with an ICP-OES equipment of 

the brand Perkin Elmer model optima 8300. 

 

The plants used in the experiment were placed in a density of 3 plants m-2, were kept in the 

greenhouse for 22 weeks after transplantation and received cultural  practices such as training, 

pruning, monitoring and control of pests and diseases. Three samples were carried out on the 

plants, collecting three plants chosen at random in each treatment at 40, 60 and 90 ddt. The 

plants were separated into stems, leaves and roots to determine their fresh weight using a digital 

balance. Fresh samples were placed in labeled paper bags and dried on a dehydration stove at 

70 °C for 72 hours up to a constant weight to then determine the dry weight (PS) using a digital 

balance. 

 

The statistical arrangement used was completely randomized with 30 repetitions per treatment. 

The experimental unit was a plant in a pot, with a total of 180 plants in the experiment. The 

results of the mineral composition of the soil solution were presented in scatter plots against 

time. The data of the plant biomass were analyzed with the R software, for each of the biomass 

variables, a variance analysis and the Fisher’s mean test were performed with a significance 

value of p≤ 0.05. 
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Results and discussion 
 

Fruit production per plant. According to the variance analysis, there were significant differences 

(p≤ 0.05) in the amount of fruit per plant between the different ways of applying fertilizers (Figure 

1). The differences between ion concentration in SS and the biomass accumulation over time (Table 

3-4) impacted fruit production (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Average yield values (g plant-1) quantified at the growing cycle for two classes of soil with 

different types of fertilizer application in tomato plants. Significance p≤ 0.05 DLS Fisher. 

 
Table 3. Average concentration of elements in the soil solution for two types of soil. 

Soil T. Fertilizer 
Ca2+ 

(mg L-1) 

Mg2+ 

(mg L-1) 

Na+ 

(mg L-1) 

S04
-2 

(mg L-1) 

K+ 

(mg L-1) 

NO3
- 

(mg L-1) 

Forest Steiner 363.69 65.08 69.75 235.9 177.67 500.9 

Solid 374.03 70.62 49.11 161.51 183 625.55 

Vermicompost 118.98 28.39 73.84 98.63 63.37 94.51 

Calcareous Steiner 263.85 120.01 75.31 256.22 173.54 505.4 

Solid 238.99 97.65 49.14 143.22 207.61 698.3 

Compost 45.47 48.57 64.67 82.811 65.95 42 

 
Table 4. Accumulation of fresh and dry biomass in three samplings of plant tissue from tomato 

cultivation with three different fertility regimens and their statistical significance. 

Soil T. Fertilizer 
Fresh biomass (g) 

40 ddt 60 ddt 90 ddt 40 ddt 60 ddt 90 ddt 

Forest  Steiner 297.5 a 978.04 a 1181.4 a 35.5 a 120.2 a 185.9 a 

Solid 147.8 c 490.03 bc 631.9 bc 21.4 b 65.4 bc 87.5 bc 

Vermicompost 82 de 159.63 de 210.7 d 12.4 d 15.09 de 30.1 cd 

Calcareous  Steiner 206.3 b 614.6 b 886.7 b 21 bc 69.21 b 106.9 b 

Solid 89.03 d 333.4 cd 479.7 c 13.16 cd 42.34 cd 66.7 bcd 

Vermicompost 32.2 e 65.8 e 81.6 d 5.39 d 8.8 e 11.4 d 

Significance of p≤ 0.05 DLS Fisher. 



Rev. Mex. Cienc. Agríc.   esp. pub. num. 26   June 15 - July 30, 2021 
 

110 

The Steiner nutrient solution and the solid fertilizer treatments for the forest soil obtained the 

highest values 4 546 g plant -1 and 3 938 g plant-1, while the treatment of the vermicompost tea had 

average values between the two soils of 1 355 g plant-1, being these the lowest in the experiment. 

 

Hernández-Díaz et al. (2014) found significant differences in a study carried out in the reference 

levels of nutrients in the soil solution in a tomato cultivation under protected conditions at two 

times of production. These differences were present in both the concentration of ions in the soil 

solution and the accumulation of biomass; in the flowering stage during spring (March-June) they 

reported values for NO3
- of 371.3 mg L-1, Ca2+ 58.2 mg L-1, K+ 123.24 mg L-1, Mg2+ 16.08 mg L-1, 

pH 7.23 and CE 1 300 (µS cm-1) with a total production of dry matter of 206.53 (g m-2). 

 

The treatment with Steiner, for the two soil types, obtained the highest total of dry matter 

production of 557.01 (g m2), the solid treatment 303.48 (g m-2) and that of vermicompost 91.86 (g 

m-2), with an average yield for the Steiner treatment of 4 746.22 g plant-1, followed by the treatment 

with solid fertilizer of 3 994.1 g plant-1 and the treatment with vermicompost of 1 050 g plant-1 for 

forest soil, as for the calcareous soil the yield was lower (Figure 1). 

 

Electrical conductivity of the soil solution. From a dynamic point of view, the electrical 

conductivity (CE) was different for both soil classes and fertilization types (Figure 2a and 2b). 

During the vegetative growth phase (first 40 ddt) the largest CE was present in the Steiner 

solution and the solid fertilizer treatments, while the vermicompost treatment had the lowest 

values. The Steiner solution and the solid fertilizer, except for some samples, showed no 

differences between the CE values, while the vermicompost treatment showed lower values 

almost constantly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Average values and standard error of the electrical conductivity and pH in the soil solution 

over time for two classes of soil with different types of fertilizer application in tomato 

plants. Vertical lines mark the stages of plant development. 
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During the reproductive stage, the CE values increased for all treatments, this regardless of the 

soil type, although the vermicompost treatment had the lowest values (Figure 3a and 3b). The 

above possibly because the contribution of organic matter modifies the ion exchange balance in 

the soil, resulting in a different profile of ions available, rather than a different CE (Narváez-

Ortiz et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Average values and standard error of NO3

- in soil solution over time for two classes of soil 

with different types of fertilizer application in tomato plants. Vertical lines mark the stages 

of plant development. 

 

On the other hand, differences in the CE values between treatments within each type of soil 

probably reflect the different nutrient load in the exchange matrix (Table 2) and the resulting buffer 

capacity of each soil, in interaction with the different sources of fertilizers (Chenu et al., 2000), 

additionally, the differential metabolic work of the roots (extrusion of protons or organic acids) in 

each type of soil must be taken into account, factor that also induces changes in the soil composition 

(Broadley, 2012). 

 

pH of the soil solution. In the calcareous soil, the pH of the soil solution had an average of 7.8 

(Figure 2c and 2d ). This average was even lower than the pH observed for SS in the three 

treatments applied to the forest soil. Generally, for the two soils and the different treatments, 

the pH decreased 7.6 during the vegetative stage, and during flowering and fruit mooring 7.5, 

and increased 8 again when the fruit harvest arrived, with no significant differences between 

treatments. 
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The forest soil had a lower pH than the calcareous soil (Table 2), but during the experiment, the 

forest soil solution showed higher pH than that of the calcareous soil (Figure 2c and 2d). It is 

possible that this effect has depended on a greater absorption of NO3
- and other ions by the root 

(Butterly et al., 2013). 

 

The changes observed in the pH values between plant growth stages were surely due to changes 

in the plant metabolic activity, mainly the absorption of NO3
-, which caused modifications in 

the ions exchanged with the soil solution (Broadley, 2012; Llanderal et al., 2019). On the other 

hand, an explanation for the little difference in the pH values between treatments is indicated 

by (Lao et al., 2003) who mention that the soil buffering capacity keeps pH within certain 

limits even using nutrient solutions of different composition. However, these authors point out 

that there are no differences between stages of growth of tomato plants, while in this work they 

did occurre, the differences were surely due to the volume of soil used, since Lao et al. (2003) 

conducted their study in open field, without restriction on the soil volume, while in this 

experiment pots were used. 

 

Nitrate in the soil solution. The average concentration value of NO3
- in the SS of the three 

treatments was 398.57 mg L-1, with the highest concentrations corresponding to the solid fertilizer 

and the Steiner treatments (average 500.92 and 640.52 mg L-1, respectively), while the 

vermicompost treatment averaged 54.25 mg L-1 (Figure 3a and 3b), it should be noted that the 

dynamic behavior of NO3
- in SS in both calcareous soil and forest soil was relatively stable for the 

treatment of vermicompost. 

 

The value 48.17 mg L-1 obtained for the vermicompost (Figure 4a and 4b) is a concentration below 

the threshold of 62 mg L-1, which is considered the minimum that induces low affinity nitrate 

transporters (Dechorgnat et al., 2011). In the exchange phenomena between the solution and the 

solid matrix of the soil, nitrate plays an important role not only as a source of N, but in the balance 

of loads, as it is the most abundant anion in SS; However, very high values can lead to leaching 

because of their high mobility, with the consequent contamination of groundwater or excessive 

accumulation of nitrate in plant tissues (Dechorgnat et al., 2011; Hernández-Díaz et al., 2014; 

Llanderal et al., 2019). 

 

A tendency to show higher concentration values of NO3
- is also notable in the harvest period, which 

may indicate some association between the physiological processes of the plant and the 

composition of SS, possibly through radical exuded (Keiluweit et al., 2015). On the other hand, a 

possible explanation based on the tendency to further mineralize by varying the relative content of 

soil water (Plettp et al., 2020) does not sound plausible, as soil water was not allowed to decrease 

in its availability for plants and the increased availability of nitrate is known to occur in oxic 

systems with soil pores with lower water volume (Alvarez and Steinbach, 2009). 

 

N total and K+ in the soil solution. The average values for total N in SS were 79, 81 and 79 mg 

L-1 for the Steiner solution treatment, solid fertilizer and vermicompost, respectively. Contrary 

to what was observed for NO3
-, total N had a much more stable dynamic process and without 

significant differences between treatments in both soils (Figure 4a and 4b). It should be noted 

that, in both types of soil the lowest total N values occurred at the fruit harvest stage, that is, 

contrary to what was observed for NO3- (Figure 3). 
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Figure 4. Mean values and standard error of the concentration of N total and K+ in the soil solution 

over time for two classes of soil with different types of fertilizer application in tomato plants. 

Vertical lines mark the stages of plant development. 

 

As for the concentration of K+, the average for forest soil and calcareous soil was 256 and 241 mg 

L-1, respectively. The dynamic behavior of K+ in SS was different for each treatment (Figure 4c 

and 4d). 

 

The vermicompost treatment showed stable values, but with a small tendency to rise in the phases 

of flowering and filling of the fruit, showing an overall average concentration of K+ of 60 mg L-1. 

In contrast, the Steiner solution treatment showed a steady positive trend, reaching the highest 

values during fruit harvesting and presenting an overall average of 372 mg L-1 of K+. The solid 

fertilizer treatment reached the highest values during the harvest stage for the two types of soil and 

an overall average of 361 mg L-1. 

 

The variation in the quantities of N (Figure 5a and 5b) at the different stages of the growing cycle 

could indicate some association between the chemical and biological processes that provide 

different forms of N to SS and the physiological behavior of the plant, in this case possibly the rate 

of exudation of metabolites by the root (Keiluweit et al., 2015) or by the increase in the rate of 

mineralization that occurs against the higher relative water content (Plett et al., 2020). 

 

The treatment with solid fertilizer showed a positive trend as did the Steiner treatment in the K+ 

dynamics (Figure 5c and 5d) in SS, but with concentration spikes that occurred after flowering. It 

can be expected that the positive trend in the availability of potassium of higher relative soil water 
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content, but the same trend should be observed in the treatment where vermicompost was applied, 

but that did not occur. It is then likely that the additional contribution of organic matter of the latter 

fertilizer modified the adsorption of K+ in the soil colloids (Yanai el al., 1997;  Chenu et al., 2000; 

Yin el al., 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Mean values and standard error of the concentration of Ca2+, Mg2+, SO4

-2 and Na+ in the soil 

solution over time for two classes of soil with different types of fertilizer application in 

tomato plants. Vertical lines mark the stages of plant development. 

 

Ca2+, Mg2+, Na+ and OS4
-2 in the soil solution. The average concentration values of Ca2+, Mg2+, 

Na+ and OS4
-2 in SS for each type of soil and treatment are shown in Table 4. It should be noted 

that, the dynamic behavior of Ca2+ and Mg2+ (Figure 5) was similar to that shown by K+ (Figure 

4). The highest values for calcium concentration were found with the application of solid 

fertilizer. 
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The highest values for calcium concentration were found with the application of solid fertilizer 

(Figure 5a and 5b), when comparing fluctuations in Ca2+ with those of Mg2+ it is possible to 

observe greater stability around the average by Mg2+, so it appears to be a behavior associated 

with the exchange processes of these major cations, showing Ca2+ a higher number of peaks 

with higher concentration and a range of variation of hundreds of mg L-1 compared to Mg2+ 

(Figure 5c and 5d), which showed a range of variation of tens of mg L-1, with wider variations 

again for solid fertilizer. 

 

The dynamic behavior of Na+ (Figure 5g and 5h) was different from that of Ca2+ and with some 

resemblance to that of Mg2+, showing fluctuations and concentration peaks of tens of mg L-1, but 

now showing the lowest values in the solid fertilizer and the highest for the Steiner solution and 

the vermicompost. In the latter case the result is explained by the large amount of sodium found of 

origin in the fertilizer (Yanai et al., 1996; Venterink et al., 2002; Sana et al., 2013). 

 

As for the OS4
-2 values (Figure 5e and 5f), for both soils the highest were found during harvest for 

the Steiner treatment. A partial explanation of this fact could be the contribution of H2SO4 used for 

the acidification of the nutrient solution. 

 

Accumulation of plant biomass. The average values of fresh and dry biomass accumulated for each 

type of soil and treatment at 40, 60 and 90 after transplantation are described in Table 4. Biomass 

accumulation showed significant differences (p≤ 0.05), with highest values in the Steiner and the 

solid fertilizer treatments, while the lowest values in vermicompost treatment. 

 

The composition of the soil solution was affected by the growth of the plant, that is, the composition 

of anions and cations, as well as its concentrations showed dynamic changes dependent on the 

growth of the plant (Figure 1-6). This same phenomenon was reported by (Hernández-Díaz et al., 

2014) in a tomate cultivation. 

 

With an adequate supply of nutrients, fast-growing crops have a higher rate of nutrient uptake per 

unit of root weight, which causes differences in the absorption and exchange of ions, in turn 

modifying the composition of the soil solution in a differentiated way, depending on the root 

biomass and metabolic activity of this, this conclusion was corroborated by (Christie and Moorby, 

1975), who investigated different pastures under controlled conditions in greenhouse. It is difficult 

to distinguish whether in fast-growing crops there is higher absorption per unit of root biomass 

(perhaps due to higher density of channels per unit of root area) or whether this response depends 

on higher root biomass per plant (Hamnér et al., 2017).  

 

Conclusions 
 

The dynamics of ions in the soil solution over time and the biomass accumulation, as well as their 

chemical composition are affected by the concentration of ions in the two types of soil with the 

three forms of fertilizer application, where the highest values resulted in the treatment with the 

Steiner solution. 
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