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A B S T R A C T 
Potassium (K) is an essential macronutrient involved in numerous physiological 
processes in plants, including enzyme activation, osmotic regulation, and 

photosynthesis. However, its uptake is strongly influenced by soil properties and 

interactions among exchangeable cations. This study was conducted to investigate the 
effects of increasing K application rates on calcium (Ca), magnesium (Mg), and K uptake 

by wheat (Triticum aestivum L., cv. Esperia) grown in serpentine-derived and calcareous 

soils. The greenhouse experiment was conducted using a completely randomized 
factorial design. Plastic pots containing 2 kg of soil received K at 0, 50, 100, or 200 mg 

kg⁻¹, and the plants were harvested after 10 weeks. K application significantly increased 

plant K concentration from 1.03% to 1.33% and total K uptake from 51.32 to 72.64 mg 

pot⁻¹. Plant Ca concentration was not significantly affected, whereas plant Mg 
concentration decreased from 0.46% to 0.36%. Pearson correlation analysis revealed 

soil-specific relationships between plant growth and cation nutrition. In the serpentine-

derived soil, dry matter (DM) production was strongly correlated with total K uptake (r 
= 0.8540). Plant K concentration was positively correlated with K uptake (r = 0.9823) 

but negatively correlated with plant Ca (r = −0.7022) and Mg concentrations (r = 

−0.6597). Soil K concentration was also negatively associated with plant Mg 
concentration (r = −0.7274). In the calcareous soil, DM production was positively 

correlated with soil K concentration (r = 0.6202) and total K uptake (r = 0.8452). A 

strong positive relationship was found between plant K concentration and K uptake (r = 
0.9120), whereas plant K and Mg concentrations were negatively correlated (r = 

−0.7214). Overall, K fertilization promoted K accumulation and supported wheat 

growth, while its relationships with plant Ca and Mg differed between the two soil types. 

These contrasting patterns indicate that wheat responses to K application are influenced 
by the Ca-dominated environment of calcareous soil and the Mg-rich environment of 

serpentine-derived soil. Accordingly, soil characteristics and associated changes in Ca 

and Mg concentrations and uptake should be considered when evaluating K fertilization 
practices. 

I NT RO DUCTI O N  

Potassium (K) is an essential macronutrient involved in numerous physiological processes that regulate plant growth, 

including enzyme activation, osmotic regulation, stomatal movement, photosynthesis, assimilate transport, and water-use 

efficiency (Wang et al., 2021; Johnson et al., 2022). An adequate K supply can enhance plant biomass production, nutrient 

uptake, and tolerance to environmental stresses. Wheat has a relatively high K requirement, and inadequate K availability 

may restrict plant growth even when other essential nutrients are sufficiently supplied. Recent studies have shown that K 

fertilization can improve wheat growth, root development, nutrient uptake, and K-use efficiency (Godebo et al., 2021; 

Vijayakumar et al., 2022). The extent of these effects depends strongly on soil properties, nutrient availability, and 

fertilization practices. 

The effects of K fertilization cannot be evaluated independently of other base cations. Potassium, calcium (Ca), and 

magnesium (Mg) can interact during their movement in the soil solution, adsorption and exchange processes on soil colloids, 

and uptake by plant roots (Yu et al., 2023). The nature and strength of these interactions may vary depending on the soil’s 

cation exchange capacity and mineralogical properties, nutrient availability, and plant species. An increase in the availability 
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of one cation may therefore affect the soil distribution, plant uptake, and tissue accumulation of the others. Among these 

interactions, the antagonistic effect of high K supply on Mg nutrition is particularly important. Although high K availability 

can suppress Mg uptake, the extent of its effects on root-to-shoot translocation and Mg concentrations in plant tissues varies 

with plant species, tissue type, developmental stage, and nutrient supply (Xie et al., 2021; Dölger et al., 2024). In oat, high 

K supply was found to reduce root Mg concentration, whereas its effect on shoot Mg concentration was more limited (Dölger 

et al., 2024). Similarly, imbalances in Mg supply can affect K and Ca uptake differently depending on the developmental 

stage and plant organ (Li et al., 2024). Experimental evidence has also shown that K–Mg imbalance can adversely affect 

photosynthetic activity, carbohydrate allocation, enzyme activity, and plant growth (Garcia et al., 2022). These findings 

indicate that cation interactions are neither unidirectional nor constant but vary according to soil conditions and plant 

nutritional status. 

Parent material is a major factor determining the abundance, distribution, and plant availability of cations in soils. Calcareous 

and serpentine-derived soils represent distinct chemical environments for plant nutrition. Calcareous soils are generally 

characterized by alkaline reactions, high CaCO₃ contents, and exchange complexes dominated by Ca. Although these soils 

may contain substantial amounts of exchangeable and nonexchangeable K, its availability to plants is strongly influenced by 

clay mineralogy, fixation and release processes, cation exchange capacity, and fertilization practices (Shakeri & Abtahi, 

2020; Bell et al., 2021). By comparison, serpentine-derived soils are commonly characterized by an Mg-rich chemical 

environment, limited availability of certain essential nutrients, and, in some cases, potentially phytotoxic concentrations of 

trace elements (O’Dell et al., 2006; Oze et al., 2008). Their Mg-rich composition may affect the uptake of other base cations 

and their distribution within plant tissues. Demir and Dikici (2025) identified a negative relationship between leaf Mg and 

K concentrations in maize grown on serpentine soils and associated this finding with a potential antagonistic interaction 

between these nutrients. 

Türkiye’s Eastern Mediterranean transition zone is situated at the junction of the Tauride orogenic belt and the Arabian 

Platform and therefore exhibits a geologically heterogeneous structure in which carbonate and ophiolitic parent materials 

occur within relatively short distances. The ophiolitic units in the region include serpentinized dunite and harzburgite as well 

as ultramafic and mafic cumulate rocks, forming serpentinized ultramafic outcrops across different areas (Bağcı, 2013; 

Tanırlı & Rızaoğlu, 2016; Yapıcı et al., 2022; Karaoğlan et al., 2012). Extensive units composed of limestone and other 

carbonate rocks also occur within the same geological belt and constitute the principal parent materials of calcareous soils 

(Irmak & Aydemir, 2008; Uras & Yalçın, 2022). Regional studies indicate that this geological diversity is reflected in 

agricultural soils and that a substantial proportion of the soils in the region are calcareous, Ca-rich, and generally neutral to 

alkaline (Kadifeci et al., 2024; Yalçın, 2025; Yılmaz, 2025). The region therefore provides a distinctive natural setting in 

which Ca-dominated calcareous soils and Mg-dominated serpentine-derived soils can be compared within a relatively small 

geographical area. These distinct cationic environments make the comparative assessment of K fertilization effects on soil 

and plant cation nutrition important from both scientific and regional agricultural perspectives. 

Studies comparing the effects of K application on the soil and plant concentrations and total plant uptake of the investigated 

cations in calcareous and serpentine-derived soils remain limited. While tissue concentrations indicate plant nutritional 

status, total uptake values allow nutrient accumulation to be evaluated in relation to dry matter production. Evaluating these 

two indicators together may provide a more comprehensive understanding of the effects of K application on Ca and Mg 

nutrition and the potential interactions among these cations. This study therefore aimed to determine the effects of increasing 

K application rates on dry matter production, cation concentrations, and total nutrient uptake by wheat grown in calcareous 

and serpentine-derived soils. Pearson correlation analysis was also used to examine the relationships among dry matter 

production, soil and plant concentrations, and total uptake of the investigated elements within each soil type. Recognizing 

that correlation alone does not establish causality, the observed positive and negative relationships were evaluated in terms 

of potential synergistic or antagonistic interactions. The study tested the hypotheses that (i) wheat responses to K application 

would differ between the Ca-dominated calcareous soil and the Mg-dominated serpentine-derived soil, (ii) increasing K 

supply would improve plant K nutrition and dry matter production, and (iii) K application would alter Ca and Mg nutrition 

through cation interactions at the soil and plant levels. 

M AT ERI ALS AND M ET HO DS  

The serpentine-derived soil used in this study was collected from Örtülü Village in the İslâhiye district of Gaziantep 

Province, whereas the calcareous soil was obtained from the experimental orchard of the Faculty of Agriculture at 

Kahramanmaraş Sütçü İmam University (KSÜ). The winter wheat cultivar Esperia (Triticum aestivum L.) was used as the 

test plant. The physicochemical properties of the experimental soils are presented in Table 1. According to the analytical 

results, the calcareous soil was classified as a sandy clay loam (SCL) with a slightly alkaline reaction, high calcium carbonate 

content, and low organic matter content, whereas the serpentine-derived soil was characterized as a sandy loam (SL) with a 

neutral to slightly alkaline reaction and low calcium carbonate and organic matter contents. 

The concentrations of selected macro- and micronutrients, together with sodium (Na), in the experimental soils are presented 

in Table 2. Evaluation of the analytical results based on established sufficiency criteria indicated that the calcareous soil was 

sufficient in calcium (Ca) and contained high levels of magnesium (Mg), whereas the serpentine soil was characterized by 

excessive Mg concentrations but deficient Ca levels. According to the sufficiency criteria proposed by Kaiser et al. (2023), 

exchangeable K was within the sufficient range in the calcareous soil but was classified as deficient in the serpentine soil. 
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With respect to micronutrients, both soils generally contained adequate levels according to the critical limits established by 

Lindsay and Norvell (1978); however, zinc (Zn) deficiency was observed in the calcareous soil. 

Table 1. Selected physicochemical properties of the experimental soils 

Soil 
pH EC Lime OM Sand Silt Clay 

Texture 
 μS/cm % % % % % 

Calcareous 7.9 335 18.0 1.4 58.0 10.3 31.8 SCL 

Serpentine-derived 7.3 195 1.6 1.3 74.4 8.3 17.4 SL 

 

Table 2. Selected macro- and micronutrient concentrations and sodium (Na) content of the experimental soils 

 P Ca Mg K Na Fe Zn Cu Mn 

Soil mg kg-1 

Calcareous 4.5 3500 1058 209 42.5 8.44 0.36 1.04 4.56 

Serpentine-derived 4.9 430 2310 113 40 25.35 0.90 0.92 14.12 

Experimental Design and Treatments 

The experiment was conducted in a naturally ventilated greenhouse without climate control or supplemental lighting. The 

side panels were kept open throughout the experiment to expose the plants to ambient seasonal conditions. The treatments 

consisted of a factorial combination of two soil types and four K application rates arranged in a completely randomized 

design with three replications (Figure 1). Greenhouse temperature and relative humidity were not continuously monitored. 

Each plastic pot was filled with 2 kg of air-dried soil and sown with ten seeds of winter wheat (Triticum aestivum L., cv. 

Esperia). After seedling emergence, the plants were thinned to five plants per pot. Nitrogen (N) was applied at a total rate of 

150 mg N kg⁻¹. One-third of the total N was incorporated into the soil at sowing, and the remaining two-thirds were supplied 

in two equal portions at 3 and 6 weeks after sowing. Urea was used for the first two applications, whereas ammonium nitrate 

(33% N) was used for the final application. Phosphorus was applied at 50 mg P kg⁻¹ as triple superphosphate, while K was 

supplied at rates of 0, 50, 100, and 200 mg K kg⁻¹ as potassium sulfate (K₂SO₄). Phosphorus and K fertilizers were uniformly 

mixed with the soil in each pot before sowing. The field capacity of each soil was determined gravimetrically, and the 

corresponding target pot weights were established. Throughout the experiment, the pots were weighed every five days, and 

water lost through evapotranspiration was replenished with tap water to restore each pot to its predetermined field-capacity 

weight. To minimize positional effects within the greenhouse, the pots were periodically rearranged. The plants were 

harvested 10 weeks after sowing, during the tillering stage, by cutting the shoots at the soil surface. The harvested shoots 

were dried in a forced-air oven at 80°C until constant weight, ground using a laboratory mill, and prepared for chemical 

analysis following the general plant sample-preparation procedures described by Campbell and Plank (1998). Soil samples 

were collected from each pot after harvest, air-dried, and prepared for subsequent analyses. 

 

Figure 1. General view of the greenhouse pot experiment conducted with wheat grown in calcareous and serpentine-derived 

soils. 

Soil and Plant Analyses 

Soil samples were air-dried, passed through a 2-mm sieve, and analyzed using standard laboratory procedures. Soil pH and 

electrical conductivity (EC) were determined in the saturated paste extract using a pH meter and an EC meter, respectively 

(Peech, 1965; Richards, 1954). Calcium carbonate (CaCO₃) content was determined using the calcimeter method (Loeppert 

and Suarez, 1996), soil texture was determined by the Bouyoucos hydrometer method (Bouyoucos, 1951), and organic matter 

content was measured using the Walkley–Black method (Nelson & Sommers, 1996). Exchangeable Ca, Mg, Na, and K were 

extracted with 1 N NH₄OAc and quantified by atomic absorption spectrophotometry (Agilent 240AA) following the 

procedure described by Helmke and Sparks (1996). Available phosphorus was determined using the Olsen method (Kuo, 
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1996), whereas available Cu, Fe, Mn, and Zn were determined using the DTPA extraction method of Lindsay and Norvell 

(1978).  

Plant samples were digested using the HNO₃–HClO₄ wet digestion procedure described by Jones and Case (1990). Plant K, 

Ca, and Mg concentrations in the digests were determined by atomic absorption spectrophotometry (Agilent 240AA).  

Calculation of Nutrient Uptake 

Total plant uptake of K, Ca, and Mg was calculated separately for each pot by multiplying the tissue concentration of the 

respective nutrient by the shoot dry matter (DM) production. Because nutrient concentrations were expressed as percentages 

and DM production as g pot⁻¹, a conversion factor of 10 was applied to express nutrient uptake as mg pot⁻¹: 

Nutrient uptake (mg pot−1) = Tissue nutrient concentration (%) x DM (g pot−1) x 10. 

Statistical Analyses 

Soil and plant data obtained from the pot experiment were subjected to analysis of variance (ANOVA) using JMP Pro 13.0 

software (SAS Institute Inc., Cary, NC, USA). Differences among treatment means were determined using Tukey's multiple 

comparison test, whereas comparisons between the two soil types were performed using Student's t-test. Relationships 

among the measured variables were evaluated by Pearson correlation analysis using JMP Pro 13.0.  

RESULT S AND DI SCUSSI O N  

Dry matter (DM) production of wheat grown in soils derived from contrasting parent materials was significantly affected by 

both K application rates and soil type (Table 3). The mean DM yield was significantly higher in the calcareous soil (5.60 g 

pot⁻¹) than in the serpentine-derived soil (5.03 g pot⁻¹) (p < 0.01). Increasing K application generally promoted DM 

production, with the highest value (5.62 g pot⁻¹) obtained at 100 mg K kg⁻¹. These findings indicate that wheat biomass 

production was influenced not only by K fertilization but also by the physicochemical characteristics associated with soil 

parent material. The lower biomass production observed in the serpentine soil is likely attributable to its unfavorable cation 

balance, characterized by low Ca and excessive Mg concentrations. High Mg availability is known to suppress K uptake 

through ionic competition at the root surface, thereby reducing K use efficiency and limiting plant growth even when K is 

supplied (Marschner, 2012; Mengel et al., 2001). In contrast, the more balanced cationic environment of the calcareous soil 

appears to have favored K acquisition and biomass accumulation. The positive response of wheat dry matter production to 

K fertilization observed in the present study is consistent with previous reports demonstrating the essential role of K in 

photosynthesis, enzyme activation, assimilate translocation, and water relations. Adequate K nutrition therefore promotes 

biomass accumulation and grain production (Niu et al., 2013; Liu et al., 2026). Similarly, long-term experiments have shown 

that K fertilization significantly increases shoot biomass and grain yield, particularly under K-deficient conditions (Fontana 

et al., 2022). Large-scale field studies have further reported yield increases of 40–70% following K application, accompanied 

by substantial improvements in total dry matter production (Zhan et al., 2016). 

Exchangeable soil K concentrations (K-s) increased significantly with increasing K application rates, with mean values 

rising from 145 to 299 mg kg⁻¹ (p < 0.01). Significant differences were also observed between the two soil types, indicating 

that soil parent material exerted a strong influence on K availability (Table 3). The contrasting K status of the calcareous 

and serpentine-derived soils can be attributed primarily to differences in their parent materials and mineralogical 

composition. Calcareous soils, which are typically characterized by high CaCO₃ content and alkaline pH, generally contain 

moderate amounts of exchangeable and non-exchangeable K owing to the presence of K-bearing clay minerals, particularly 

illite and, to a lesser extent, smectite. Consequently, K availability in these soils is generally adequate, although the 

dominance of Ca in the exchange complex may influence nutrient balance and K uptake by plants (Marschner, 2012; Zörb 

et al., 2014). In contrast, serpentine soils originate from ultramafic parent materials and are characterized by excessive Mg 

concentrations, low Ca/Mg ratios, and generally low levels of essential plant nutrients. The high exchangeable Mg 

concentrations and extremely low Ca/Mg ratios observed in the present study are consistent with the geochemical 

characteristics of soils developed from serpentinized ultramafic rocks of the Amanos ophiolite belt (Kazakou et al., 2008; 

Tsiripidis et al., 2010; Duman et al., 2017). Moreover, the low exchangeable K concentration measured in the serpentine-

derived soil may be consistent with the generally limited abundance of K-bearing primary minerals reported for ultramafic 

parent materials (Brady et al., 2005; Kruckeberg, 2002). Nevertheless, in the absence of direct mineralogical 

characterization, this explanation should be regarded as a literature-based interpretation rather than conclusive evidence of 

the mineralogical controls on K availability in the experimental soil. 

Plant K concentration (K-p) increased significantly with increasing K application rates, rising from 1.03% to 1.33% (p < 

0.01). Wheat grown in the calcareous soil exhibited a significantly higher K concentration (1.27%) than that grown in the 

serpentine-derived soil (1.11%), indicating that soil parent material influenced not only soil K availability but also plant K 

nutrition (Table 3). The increase in plant K concentration in response to K fertilization is consistent with numerous previous 

studies. Potassium application increases the concentration of plant-available K in the soil solution, thereby enhancing K 

uptake by roots and promoting its accumulation in plant tissues. As one of the most mobile macronutrients within plants, K 

plays a central role in osmotic regulation, stomatal function, enzyme activation, and assimilate translocation; consequently, 

improved K availability is generally reflected in higher tissue K concentrations (Marschner, 2012; Zörb et al., 2014). The 

lower K concentration observed in plants grown on the serpentine soil is likely associated with the unfavorable cationic 

environment characteristic of these soils. Excessive Mg concentrations and a low Ca/Mg ratio increase competition among 
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cations for root uptake sites, thereby reducing K acquisition despite K fertilization. This interpretation is further supported 

by the correlation analyses, which demonstrated a close association between exchangeable soil K and plant K concentration, 

whereas elevated Mg was associated with reduced K nutrition. 

Potassium uptake (K-uptake) increased significantly with increasing K application rates, rising from 51.32 to 72.64 mg K 

pot⁻¹ (p < 0.01). However, no significant difference was observed between the 100 and 200 mg K kg⁻¹ treatments (p > 0.05), 

suggesting that K uptake reached a plateau at the higher application rates (Table 3). Parent material also exerted a significant 

effect on K uptake, with wheat grown in the calcareous soil accumulating significantly more K (71.74 mg K pot⁻¹) than 

plants grown in the serpentine-derived soil (56.36 mg K pot⁻¹). Potassium fertilization enhances K uptake efficiency and 

total K accumulation, thereby promoting both biomass production and nutrient translocation within the plant (Liu et al., 

2026). This response is closely related to the central role of K in osmotic regulation, enzyme activation, and the transport of 

photosynthetic assimilates, supporting the notion that an adequate K supply results in greater K accumulation in plant tissues 

(Meenakshi et al., 2025; Sidhu et al., 2024). The lower K uptake observed in the serpentine-derived soil may reflect the 

combined influence of initial K availability and its Mg-rich cationic environment. The correlation analyses showed that 

exchangeable soil K was positively associated with K uptake. However, the relationship between soil Mg and K uptake was 

not significant, indicating that the lower K uptake in the serpentine-derived soil cannot be attributed solely to its high Mg 

concentration. 

Table 3. Main Effects of K Application and Parent Material on DM, K-s, K-p, and K-uptake 

Factor/level DM (g pot-1) K-s (mg kg-1)      K-p (%) K-uptake (mg pot-1) 

Serpentine-derived 5.03b 173.25 b 1.11b 56.36 b 

Calcareous 5.60a 245.95 a 1.27a 71.74 a 

0 4.93 c 145 c 1.03c 51.32 c 

50 5.24 bc 179.25 bc 1.17 b 61.94 b 

100 5.62 a 215.16 b 1.24 ab 70.32 a 

200 5.44 ab 299a 1.33 a 72.64 a 

Anova Results      

Soil (S) 57.09** 57.88** 92.80** 41.57** 

K rate 15.12** 47.88** 52.59** 105.56** 

S x K 2.94 ns 0.69 ns 6.05* 4.27* 

CV (%) =    3.34 11.16 3.51 5.71 

Values are presented as means. Within each main-effect group, means followed by different lowercase letters are significantly different 

at p < 0.05. K-rate means were compared using Tukey’s multiple comparison test, whereas the two soil types were compared using 

Student’s t-test. ANOVA results are presented as F-values. CV: coefficient of variation ; ns: not significant ; *p < 0.05; **p < 0.01. 

The interaction between K application rate and parent material was not significant for DM production or K-s. In contrast, 

significant interaction effects were observed for K-p and K-uptake (p < 0.05). The lowest K-p (0.91%) was recorded in the 

control treatment of the serpentine soil, whereas the highest value (1.44%) was obtained in the calcareous soil receiving 200 

mg K kg⁻¹. In the calcareous soil, K-p increased markedly at the higher K application rates (100 and 200 mg K kg⁻¹), reaching 

1.28–1.44%, whereas the corresponding increase was considerably smaller in the serpentine-derived soil. A similar trend 

was observed for K-uptake. The lowest K-uptake (42.41 mg pot⁻¹) occurred in the control treatment of the serpentine soil, 

while the highest value (83.69 mg pot⁻¹) was recorded in the calcareous soil supplied with 200 mg K kg⁻¹ (Table 4). These 

findings indicate that the response of wheat to K fertilization depended on soil parent material, with the calcareous soil 

supporting greater plant K accumulation than the serpentine-derived soil. This difference may be partly related to the initial 

exchangeable K concentrations of the soils. As shown in Table 2, the calcareous soil contained approximately 85% more 

exchangeable K than the serpentine-derived soil before the experiment. Although K application increased plant K 

concentration and total K uptake in both soils, the values obtained were generally higher in the calcareous soil. This suggests 

that initial K availability, together with differences in soil mineralogy and the prevailing cationic environment, influenced 

the ability of wheat to acquire applied K. According to the evaluation criterion used in Türkiye, both soils had initial 

exchangeable K concentrations above the threshold of 100 mg kg⁻¹ reported by Güçdemir (2006). More recent fertilizer 

guidelines developed for wheat under Minnesota field conditions indicate that no additional K fertilizer is generally required 

when soil-test K is 161 mg kg⁻¹ or higher (Kaiser et al., 2023). Despite exceeding these reference values, both soils responded 

to K application through increases in plant K concentration and total K uptake. This apparent difference emphasizes that 

soil-test K is an index of potential K availability rather than a direct measure of the amount that plants will acquire during 

growth. Moreover, critical soil-test values are specific to the extraction method, crop, soil characteristics, and environmental 

conditions under which they were calibrated. The recommendations of Kaiser et al. (2023) are primarily intended to predict 

field-scale yield responses, whereas the present pot experiment evaluated dry matter production, tissue concentration, and 

total nutrient uptake during a 10-week growth period. Therefore, an increase in plant K concentration or uptake may occur 

even when soil-test K exceeds a threshold above which a field-scale yield response is considered unlikely. These results 

demonstrate the value of interpreting soil-test K together with plant tissue concentration and total uptake when assessing 

crop K nutrition. Similar responses have been reported in long-term fertilization studies, in which increased soil K 

availability enhanced both plant K concentration and total K accumulation (Sitoe et al., 2025). 
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Table 4. Interaction Effects of K Application and Parent Material on DM, K-s, K-p, and K-uptake 

Soil K Doses             DM (g pot-1) K-s (mg kg-1)         K-p (%)    K-uptake(mg pot-1) 

S
er

p
en

ti
n
e-

d
er

iv
ed

 

0 4.67±0.12 110.0±3.12 0.91±0.07 d 42.41±4.01 c 

50 5.13±0.32 146.3±15.00 1.11±0.09 c 58.18±5.69 b 

100 5.23±0.11 167.3±11.73 1.21±0.02 bc 63.29±2.09 b 

200 5.07±0.16 269.3±15.97 1.21±0.04 bc 61.57±3.99 b 

C
al

ca
re

o
u
s 

0 5.20±0.09 180.0±10.03 1.16±0.05 c 60.23±1.74 b 

50 5.35±0.20 212.2±15.67 1.23±0.07 bc 65.71±1.41 b 

100 6.02±0.26 263.0±27.71 1.28±0.03 b 77.34±5.06 a 

200 5.83±0.06 328.6±51.39 1.44±0.06 a 83.69±2.84 a 

Values are presented as mean ± standard deviation. Means followed by different lowercase letters are significantly different according to 

Tukey’s multiple comparison test. 

Potassium application had no significant effect on exchangeable soil Ca (Ca-s), plant Ca concentration (Ca-p), or Ca uptake 

(Ca-uptake) (p > 0.05). Nevertheless, a slight increasing trend in Ca-s was observed with increasing K application rates. In 

contrast, soil parent material significantly affected all Ca-related parameters (p < 0.01). Ca-s was markedly higher in the 

calcareous soil (3290 mg kg⁻¹) than in the serpentine soil (426 mg kg⁻¹). Similarly, wheat grown in the calcareous soil 

exhibited significantly greater Ca-p level (0.082%) and Ca-uptake (4.56 mg pot⁻¹) than plants grown in the serpentine soil, 

which contained 0.031% Ca-p and accumulated 1.56 mg Ca pot⁻¹, respectively (Table 5). Ca is an essential macronutrient 

with both structural and physiological functions in plants. It contributes to the stability of the cell wall, maintains membrane 

integrity, and regulates membrane selectivity and permeability. Because Ca is relatively immobile in the phloem, deficiency 

symptoms generally develop first in young and actively growing tissues (White & Broadley, 2003; Taiz et al., 2022). The 

markedly higher exchangeable Ca concentration in the calcareous soil reflects the abundance of Ca-bearing minerals 

associated with calcareous parent materials and explains the higher Ca concentration and uptake observed in wheat grown 

under these conditions. Conversely, the low Ca availability in the serpentine soil is consistent with the geochemical 

characteristics of ultramafic parent materials, which are typically depleted in Ca but enriched in Mg. Consequently, the low 

Ca/Mg ratio characteristic of serpentine soils may further restrict Ca acquisition by roots through competitive interactions 

with Mg, even when Ca supply is not completely limiting. 

Table 5. Main Effects of K Application and Parent Material on Ca-s, Ca-p and Ca-uptake in Wheat 

Factor/level Ca-s (mg kg-1) Ca-p (%) Ca-uptake (mg pot-1) 

Serpentine-derived 426 b 0.031 b 1.56 b 

Calcareous 3290 a 0.082 a 4.56 a 

0 1803 0.057 2.89 

50 1826 0.058 3.04 

100 1887 0.056 3.17 

200 1915 0.055 3.14 

Anova Results    

Soil (S) 569.62** 677.11** 1525.40** 

K rate 0.18 0.60 2.70 
S x K 0.22 1.14 7.52** 

CV (%) = 15.82 7.14 6.14 

Values are presented as means. Within each main-effect group, means followed by different lowercase letters are significantly different 

at p < 0.05. K-rate means were compared using Tukey’s multiple comparison test, whereas the two soil types were compared using 

Student’s t-test. ANOVA results are presented as F-values. CV: coefficient of variation; ns: not significant; *p < 0.05; **p < 0.01. 

The interaction between K application rate and parent material was not significant for Ca-s or Ca-p (p > 0.05). However, a 

significant interaction effect was observed for Ca-uptake (p < 0.01). The lowest Ca-uptake (1.48 mg pot⁻¹) was recorded in 

the serpentine-derived soil at 100 and 200 mg K kg⁻¹, whereas the highest value (4.87 mg pot⁻¹) was obtained in the 

calcareous soil receiving 100 mg K kg⁻¹ (Table 6). Across the K application rates, wheat grown in the calcareous soil 

accumulated considerably more Ca than plants grown in the serpentine-derived soil. This difference was primarily associated 

with the substantially greater exchangeable Ca concentration of the calcareous soil. In contrast, the lower Ca uptake in the 

serpentine-derived soil was consistent with its limited Ca availability and Mg-rich chemical environment (O’Dell et al., 

2006; Oze et al., 2008). Because Ca-uptake was calculated from dry matter production and plant Ca concentration, the 

significant interaction may reflect the combined variation in these two components. Moreover, the absence of a significant 

interaction for Ca-p indicates that K application did not directly alter plant Ca concentration in a consistent manner. 

Therefore, the observed differences should be interpreted as soil-specific responses rather than direct evidence that K 

application restricted Ca nutrition. 
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Table 6. Interaction Effects of K Application and Parent Material on Ca-s, Ca-p and Ca-uptake 

Soil K Doses Ca-s (mg kg-1) Ca-p (%)        Ca-uptake (mg pot-1) 

S
er

p
en

ti
n
e-

d
er

iv
ed

 

0 421±68.1 0.035±0.002  1.63±0.011 c 

50 385±46.7 0.032±0.002 1.64±0.08 c 

100 490±52.7 0.029±0.001 1.48±0.09 c 

200 407±80.9 0.029±0.0005 1.48±0.04 c 

C
al

ca
re

o
u
s 

0 3186±55.4 0.080±0.01 4.14±0.34 b 

50 3268±319.7 0.083±0.005 4.44±0.29 ab 

100 3285±662.2 0.083±0.006 4.87±0.21 a 

200 3423±362.6 0.080±0.001 4.80±0.08 a 

Values are presented as mean ± standard deviation. Means followed by different lowercase letters are significantly different according to 

Tukey’s multiple comparison test. 

Potassium application had no significant effect on exchangeable soil Mg (Mg-s) (p > 0.05). On the other hand, soil parent 

material significantly influenced Mg-s, with the serpentine soil containing substantially higher levels of exchangeable Mg 

(2378 mg kg⁻¹) than the calcareous soil (1068 mg kg⁻¹) (p < 0.01). Plant Mg concentration (Mg-p) decreased significantly 

from 0.46% to 0.36% with increasing K application (p < 0.01). This reduction became particularly evident at the 100 and 

200 mg K kg⁻¹ application rates. Parent material had a pronounced effect on Mg-p, which was significantly higher in wheat 

grown on the serpentine soil (0.59%) than in the calcareous soil (0.23%). A similar trend was observed for Mg-uptake, with 

plants cultivated in the serpentine soil accumulating significantly more Mg (29.61 mg pot⁻¹) than those grown in the 

calcareous soil (13.29 mg pot⁻¹) (p < 0.01) (Table 7). The predominance of Mg as the major exchangeable cation in the 

serpentine soil promoted greater Mg accumulation in plant tissues, resulting in significantly higher Mg concentrations and 

uptake compared with the calcareous soil. Similar findings have been reported by Brady et al. (2005) and Kazakou et al. 

(2008), who observed enhanced Mg accumulation in plants growing on serpentine-derived soils as a consequence of the 

abundant Mg supply. Conversely, the progressive decline in plant Mg concentration with increasing K application can be 

attributed to the well-established antagonistic relationship between K and Mg during root uptake. Because these cations 

compete for common transport systems, increasing K availability suppresses Mg acquisition, particularly under conditions 

of excessive Mg availability. The more pronounced reduction in plant Mg concentration observed in the serpentine soil 

therefore indicates that cation competition becomes increasingly important in Mg-rich environments. This interpretation is 

consistent with the findings of Marschner (2012), who reported that high K supply can inhibit Mg uptake through competitive 

interactions at the root surface. 

Table 7. Main Effects of K Application and Parent Material on Mg-s, Mg-p and Mg-uptake in Wheat 

Factor/level  Mg -s (mg kg-1) Mg -p (%)     Mg -uptake (mg pot-1) 

Serpentine-derived  2378 a 0.59 a 29.61 a 

Calcareous  1068 b 0.23 b 13.29 b 

0  1716 0.46 a 22.23 

50  1641 0.44 a 23.00 
100  1766 0.38 b 21.15 

200  1769 0.36 b 19.41 

Anova Results                  

Soil (S)  455.21** 761.04** 304.75** 

K rate  0.96 12.877** 2.77 

S x K  1.24 5.99** 2.73 

CV (%) =  15.75 7.51 10.67 

Values are presented as means. Within each main-effect group, means followed by different lowercase letters are significantly different 

at p < 0.05. K-rate means were compared using Tukey’s multiple comparison test, whereas the two soil types were compared using 

Student’s t-test. ANOVA results are presented as F-values. CV, coefficient of variation; ns, not significant; *p < 0.05; **p < 0.01. 

Evaluation of the interaction between K application rate and parent material revealed no significant effects on exchangeable 

soil Mg-s or Mg-uptake (p > 0.05). However, the interaction significantly affected Mg-p (p < 0.05). Plants grown in the 

serpentine-derived soil consistently exhibited higher Mg concentrations (0.51–0.67%) than those grown in the calcareous 

soil (0.22–0.26%). Moreover, Mg-p in the serpentine-derived soil showed a clear declining trend with increasing K 

application, with the lowest value (0.51%) recorded at 200 mg K kg⁻¹(Table 8). Although a smaller decrease was also 

observed in the calcareous soil, the magnitude of the response was greater in the serpentine-derived soil. These results 

indicate that the effect of K application on plant Mg concentration varied between the two soil types and was more 

pronounced under the Mg-rich conditions of the serpentine-derived soil. This response is consistent with studies showing 

that increasing K supply can reduce Mg uptake or accumulation, although the magnitude of this interaction depends on soil 

conditions, plant species, and tissue type (Xie et al., 2021; Dölger et al., 2024). 
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Table 8. Interaction Effects of K Application and Parent Material on Mg-s, Mg-p, and Mg-uptake 

Soil          K Doses Mg-s (mg kg-1) Mg-p  (%) Mg-uptake (mg pot-1) 

S
er

p
en

ti
n
e-

d
er

iv
ed

 

0 2405±197.1 0.67±0.043 a 31.26±2.45 

50 2193±170.7 0.64±0.053 a 32.79±4.73 

100 2448±86.1 0.55±0.040 b 28.68±2.57 

200 2466±297.0 0.51±0.032 b 25.73±2.26 

C
al

ca
re

o
u
s 

0 1028±20.2 0.26±0.015 c 13.21±0.80 

50 1088±63.3 0.25±0.011 c 13.20±0.69 

100 1085±108.9 0.22±0.005 c 13.63±0.71 

200 1073±30.1 0.22±0.006 c 13.08±0.49 

Values are presented as mean ± standard deviation. Means followed by different lowercase letters are significantly different according to 

Tukey’s multiple comparison test. 

Correlation Matrix for Serpentine-Derived Soil 

Correlation analysis revealed clear relationships between plant growth and cation nutrition in response to K application in 

the serpentine-derived soil (Figure 2). Dry matter production was strongly and positively correlated with total K uptake (r = 

0.8540, p < 0.001), suggesting an important role of adequate K nutrition in wheat biomass production. The very strong 

positive correlation between plant K concentration and total K uptake (r = 0.9823, p < 0.001) indicates that increased K 

supply was effectively reflected in K accumulation within the plants. These findings can be explained by the essential 

functions of K in photosynthesis, enzyme activation, osmotic regulation, and assimilate transport (Rengel & Damon, 2008; 

Pettigrew, 2008). Recent studies have similarly shown that K fertilization can improve nutrient uptake, physiological 

performance, and biomass production in wheat (El-Mageed et al., 2023). In contrast, plant K concentration was significantly 

and negatively correlated with plant Ca (r = −0.7022, p < 0.05) and Mg concentrations (r = −0.6597, p < 0.05). The strong 

negative correlation between exchangeable soil K and plant Mg concentration (r = −0.7274, p < 0.01) suggests that increasing 

K availability may suppress Mg nutrition and that K–Mg antagonism may be particularly evident within the plant. 

Competition between K and Mg may occur during root uptake, root-to-shoot translocation, and internal distribution, with 

the antagonistic effect of K on Mg frequently being stronger than the reverse effect (Xie et al., 2021). The high Mg content 

of the serpentine-derived soil may have increased the importance of ionic competition among K, Ca, and Mg. Experimental 

findings from different plant species showing that excessive Mg supply can restrict root growth and reduce K and Ca uptake 

further support the importance of cation interactions under Mg-rich conditions (Qu et al., 2023). However, the relationship 

between exchangeable soil Mg and total K uptake was very weak and statistically nonsignificant (r = −0.1099, p = 0.7340), 

indicating that variation in K uptake cannot be explained directly by soil Mg concentration alone. 

Positive correlations were observed between plant Ca concentration and total Ca uptake (r = 0.8310, p < 0.001) and between 

plant Mg concentration and total Mg uptake (r = 0.8963, p < 0.001). These relationships indicate that changes in the tissue 

concentrations of Ca and Mg were largely reflected in their total uptake. Although dry matter production was negatively 

correlated with plant Ca concentration (r = −0.7174, p < 0.01), its relationship with total Ca uptake was weak and 

nonsignificant (r = −0.2185, p = 0.4950). This finding indicates that the decrease in Ca concentration was not accompanied 

by a proportional reduction in total Ca uptake and may reflect a biomass dilution effect in addition to a possible K–Ca 

interaction. 

The relationships of DM production with plant Mg concentration (r = −0.2384, p = 0.4556) and total Mg uptake (r = −0.2151, 

p = 0.5019) were weak and statistically nonsignificant. Therefore, no direct or consistent relationship between biomass 

production and Mg nutrition was evident in the serpentine-derived soil, and changes in Mg concentration or uptake should 

not be attributed solely to plant growth. In general, the correlation matrix showed that K nutrition was positively associated 

with K uptake and biomass production but negatively associated with plant Ca and Mg concentrations. The negative 

association between K and Mg was particularly evident at the plant concentration level, whereas a direct effect of 

exchangeable soil Mg on K uptake was not statistically supported. These findings should nevertheless be interpreted 

cautiously because correlation alone does not establish causality, and the observed relationships may reflect the combined 

effects of K application, competition among cations, and possible biomass dilution. 
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Figure 2.  Pearson correlation matrix among DM production and soil and plant K, Ca, and Mg parameters in serpentine-derived soil 

Correlation Matrix for Calcareous Soil 

Correlation analysis of the calcareous soil revealed close relationships between K nutrition and plant growth (Figure 3). DM 

production was positively correlated with total K uptake (r = 0.8452, p < 0.001), indicating that increased K uptake was 

closely associated with biomass production. Exchangeable soil K was also positively correlated with plant K concentration 

(r = 0.7960, p < 0.01) and total K uptake (r = 0.8226, p = 0.001), showing that soil K availability was reflected in plant K 

nutrition. Previous studies have similarly reported that K fertilization can enhance K uptake, nutrient-use efficiency, and 

DM production in wheat (Godebo et al., 2021). The response to K fertilization may also vary with fertilizer rate, source, 

timing, and application method (Vijayakumar et al., 2022). Negative relationships between K and Mg were evident at the 

plant level. Plant Mg concentration was negatively correlated with plant K concentration (r = −0.7214, p < 0.01) and total K 

uptake (r = −0.7884, p < 0.01). However, the relationship between exchangeable soil Mg and total K uptake was not 

statistically significant (r = 0.3596, p = 0.2509). This finding suggests that the decrease in plant Mg concentration cannot be 

explained directly by soil Mg concentration and that the interaction between K and Mg may have occurred during root 

uptake, translocation, or internal ion distribution. Experimental studies have shown that an imbalanced K and Mg supply 

can alter nutrient uptake and distribution within plants, adversely affecting photosynthesis, Rubisco activity, carbohydrate 

transport, and biomass production (Garcia et al., 2022). 

Although DM production was negatively correlated with plant Mg concentration (r = −0.7326, p < 0.01), its relationship 

with total Mg uptake was not statistically significant (r = 0.3244, p = 0.3036). This finding indicates that the decrease in Mg 

concentration was not accompanied by a proportional reduction in total Mg uptake. Increased biomass may have diluted the 

Mg concentration without reducing total Mg accumulation to the same extent. The effects of Mg imbalance on plant growth 

and the uptake of other cations may also vary with plant organ and developmental stage (Li et al., 2024). Therefore, the 

negative relationship between DM production and plant Mg concentration may reflect not only K–Mg antagonism but also 

possible biomass dilution and changes in Mg distribution within the plant. Calcium exhibited a different pattern from Mg. 

The positive relationship between DM production and total Ca uptake (r = 0.7843, p < 0.01) indicates that Ca uptake 

increased with plant growth. The absence of a significant relationship between plant K and Ca concentrations (r = −0.1264, 

p = 0.6954) does not support a clear antagonistic effect of K nutrition on plant Ca concentration in the calcareous soil. The 

high Ca supply of this soil may have partially buffered potential competition associated with K application. However, 

because this explanation is inferred from correlation analysis, it should not be interpreted as evidence of a direct causal 

relationship. 
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The correlation matrix generally showed that K availability in the calcareous soil was positively associated with plant K 

concentration, total K uptake, and biomass production. A negative K–Mg association was evident at the level of plant Mg 

concentration, whereas a direct relationship between exchangeable soil Mg and K uptake was not statistically supported. No 

comparable antagonistic pattern was observed for Ca nutrition. These results should nevertheless be interpreted cautiously 

because correlations do not demonstrate cause-and-effect relationships. Moreover, because total nutrient uptake was 

calculated from DM production and tissue nutrient concentration, some of the observed relationships may partly reflect their 

shared biomass component. 

 

Figure 3. Pearson correlation matrix among dry matter production and soil and plant K, Ca, and Mg parameters in calcareous 

soil 

CO NCLUSI O N  

This study demonstrated that K application significantly increased plant K concentration and total K uptake by wheat grown 

in both serpentine-derived and calcareous soils. Although K nutrition improved in both soils, plants grown in the calcareous 

soil generally exhibited higher K concentrations and uptake than those grown in the serpentine-derived soil. Plant Ca 

concentration was not significantly affected by K application. Similarly, K application had no significant main effect on total 

Ca uptake; however, the significant interaction between K application rate and soil type indicated that the Ca-uptake response 

varied between the two soils. In contrast, plant Mg concentration decreased with increasing K application rate, indicating 

that K fertilization altered cation accumulation in wheat tissues. 

Correlation analysis revealed soil-specific relationships among DM production and the soil and plant concentrations and 

total uptake of the examined cations. DM production was strongly and positively associated with total K uptake in both soils. 

Negative correlations between plant K and Mg concentrations were also observed in both soil types, whereas plant K was 

negatively correlated with plant Ca only in the serpentine-derived soil. These relationships suggest potential antagonistic 

interactions among the cations. However, they should not be interpreted as direct evidence of nutrient deficiency or cause-

and-effect relationships. 

The different responses indicate that the effects of K fertilization were influenced by the Ca-dominated environment of the 

calcareous soil and the Mg-rich environment of the serpentine-derived soil. Moreover, the positive plant response to K 

application, despite initial soil-test K concentrations exceeding published reference values, demonstrates that soil-test K 

alone may not fully predict plant K accumulation under different soil conditions. Therefore, soil K measurements should be 

interpreted together with plant tissue concentrations, total nutrient uptake, and soil-specific characteristics when developing 

K fertilization strategies for soils derived from different parent materials. 
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