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Abstract 

 Mineral element concentrations in plants and their relationships with botanical 

composition and soil characteristics were analyzed over two consecutive years in 

herbage samples from semiarid grassland systems (central-western Spain) affected by a 

topographic gradient. There were not significant differences in the mineral concentration 

of the plant community between sampling years suggesting that factors other than those 

related to interannual climatic variation are more important in determining the mineral 

concentration of plant community in semiarid grasslands. 

 A significant effect of slope position on aboveground biomass production, soil 

characteristics and plant tissue nutrient contents was found. As compared to the upper 

and middle zones, the lower zones of slope showed greater aboveground biomass 

production, a lower proportion of forbs, a higher proportion of grasses, higher 

concentrations of N, Ca, Mg and Na in botanical groups, and lower concentrations of P 

and K in botanical components. Stepwise multiple regression analysis showed that most 

of the variation in N, P, K, Ca, and Mg concentrations in the plant community along the 

slope can be explained by botanical composition and its specific mineral content. Several 

soil properties (organic matter, total N, total C, coarse sand) proved to be significantly 

correlated with the N, Ca, Mg, and Na concentrations of grasses, legumes and forbs, 

indicating an increase in plant tissue concentrations with increasing eutrophic status in 

soil from the upper to the lower zones of the slope. The P and K concentrations of 

legumes and forbs varied according to the phosphorus or potassium contents in soil, 

which decreased from the upper and middle to the lower zones. The results showed that 

the mineral concentrations of botanical components were dependent on soil 

characteristics in different ways. 

 

Keywords: aboveground biomass, macronutrients, Mediterranean ecosystems, slope, 

soil-plant relationships 

3 



Résumé 

 Les concentrations des nutriments dans la végétation et leurs rapports avec la 

composition botanique et les caractéristiques pédologiques ont été analysés pendant 

deux années consécutives dans les systèmes de pâturages semi-arides (centre-ouest 

de l´Espagne) affectés par un gradient topographique. Un effet significatif de la position 

dans le coteau a été observé sur la production de biomasse par-dessus de la surface, 

sur les caractéristiques du sol et sur les teneurs en nutriments dans les tissus végétaux. 

Par rapport aux zones supérieures et moyennes du gradient, les zones inférieures du 

coteau montrent une plus forte production de biomasse par-dessus de la surface, une 

plus faible proportion de forbes, une plus forte proportion de graminées, de plus fortes 

concentrations de N, Ca, Mg et Na dans les groupes botaniques et de plus faibles 

concentrations de P et K dans les composants botaniques. Une analyse step à step de 

régression multiple a démontré que la composition botanique et sa teneur spécifique en 

minéraux ont une plus forte influence sur les teneurs en N, P, K, Ca et Mg dans la 

communauté herbacée que les caractéristiques pédologiques. Tenant compte des 

composants botaniques dans la communauté, on a pu observer que plusieurs propriétés 

pédologiques (matière organique, nitrogène total, carbone total, sable grossier) étaient 

significativement corrélées avec les teneurs en N, Ca, Mg et Na des graminées, des 

légumineuses et des forbes, ce qui indique une augmentation des concentrations dans 

les tissus végétaux avec un croissant statut eutrophique dans le sol depuis les zones en 

amont aux zones en aval du coteau. Les teneurs en P et K des légumineuses et des 

forbes varient selon les niveaux de P ou de K dans le sol, lesquels diminuent depuis les 

parties en amont et intermédiaires jusqu´aux zones en aval. 
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INTRODUCTION 

 The structure and functioning of vegetation in grassland ecosystems is typically 

determined by the influence of climatic factors and disturbances such as fire and grazing 

by large herbivores (SALA et al., 1988; MILCHUNAS et al., 1989; PUERTO et al., 1990). 

At more reduced spatial scales, additional factors such as topographic relief and soil 

texture need to be considered. The interaction of large- and small-scale factors produces 

a complex pattern of vegetation varying in species composition (BARTHA et al., 1995) 

and aboveground biomass production (BRIGGS & KNAPP, 1995). 

 The landscape of semiarid grassland sites in central-western Spain is typically 

characterized by a undulating terrain responding to slope-bed systems (GOMEZ et al., 

1978). Their topographic position involves variations in water and nutrient availability, 

which define a gradient from the upper to the lower zones (DIAZ PINEDA, 1989). Such 

topographic variation may redistribute water in such a way that sites at the top will have 

some runoff but no flow from above, and lower positions of slope will receive more run-

on than runoff. Redistribution of soil particles by water erosion contributes to changes in 

organic matter and several soil characteristics along toposequences and generally 

increases downslope (HANNA et al., 1982; SCHIMEL et al., 1985; AGUILAR & HEIL 

1988; BURKE et al., 1995). Thus, soil moisture and soil nutrient status as determined by 

topographic gradients affect species composition (GIBSON & HULBERT, 1987; BARTHA 

et al., 1995; PATTEN & ELLIS, 1995) and aboveground biomass (KNAPP, 1985; 

MILCHUNAS et al., 1989; BRIGGS & KNAPP, 1995; PEREZ CORONA et al. 1995). 

 However, little is known about the plant community variations of mineral element 

contents in semiarid grassland systems in spite of its implication on nutrient cycling and 

its importance on the structure of plant community. The aim of this study was to evaluate 

the mineral concentration of the plant community and its botanical components in 

herbaceous vegetation from semiarid grasslands in relation to topographic position. The 

specific objectives were: 1) to evaluate over two consecutive years the effect of 

topographic position on aboveground biomass production and the mineral concentration 

of the herbage community and its botanical components, 2) to determine whether the 
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differences in tissue mineral concentrations among slope positions vary with botanical 

group, 3) to evaluate the relationships between the mineral contents of plant 

communities and soil characteristics. 

 

MATERIALS AND METHODS 

Study area 

 This study was conducted in the Dehesa area of Salamanca province, central-

western Spain. At the present, land is mainly used for extensive grazing with beef cattle. 

The substrate is siliceous, with large slaty or granitic areas. Soils are distric cambisols on 

granite or slate (GARCIA, 1987). The Dehesa area occurs on gently undulating hills and 

features low density Quercux ilex subsp. rotundifolia, with wide-open spaces occupied by 

grassland. Botanical composition of the grassland is characterized by the presence of 

grasses legumes and forbs. The dominant plant species are listed in table I. The area is 

defined by landscape and functional units (slopes) which are characterized by gradients 

of water and nutrients from the upper to the lower zones (GOMEZ et al., 1978). The 

climate can be characterized as thermo-Mediterranean with a relatively pronounced 

continental trend (cold winter, and dry and warm summer). Seasonal variations in 

precipitation and mean temperature during the study period are shown in table II. 

 

Sampling and chemical methods 

 Four slopes at different sites located on similar substrate were chosen in the 

Dehesa area. On each slope, three topographic positions were differentiated: upper, 

middle and lower. Altitude differences between extreme positions in slope ranged 

between 20-25 m. On each zone, plots of 24 m² were protected from grazing by a 1 m 

high fence in March 1989. Plant material was collected at the end of May, corresponding 

to the period of peak biomass production (PEREZ CORONA, et al. 1991), in 1989 and 

1990. At the end of the summer of 1989, all vegetation inside the enclosures was cut at 

ground level in order to simulate plant consumption by grazing herbivores outside the 

enclosure. Sampling was made randomly inside the enclosure by cutting the herbaceous 
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vegetation in four units (0.5m  0.5m) at 2 cm above ground level. Each sample 

(including live and dead parts) was separated into grasses, legumes and forbs (table I). 

Samples were dried at 70 ºC in a forced air oven for 48 hours and weighed after which 

they were ground in a Retsch mill to a sieve size of 0.5 mm. The proportion of each 

botanical group in the total biomass was calculated.   

 Plant mineral contents were determined by ashing plant tissue in a muffle furnace 

(DUQUE MACIAS, 1970). Phosphorus (P) concentrations were then measured 

colorimetrically as molybdovanadate-phosphoric acid and potassium (K), calcium (Ca), 

magnesium (Mg), and sodium (Na) were determined by atomic absorption 

spectrophotometry. Nitrogen (N) concentrations were determined separately by Kjeldahl 

digestion. 

 Soil samples were collected with steel cylinders measuring 8  20 cm at each 

site. Samples were air dried and sieved to remove coarse fragments (particles > 2 mm 

diameter), after which pH, organic matter (OM), total nitrogen, total carbon, available 

phosphorus, exchangeable potassium and calcium, coarse (CS) and fine (FS) sand 

fractions, silt and clay were analyzed. Soil pH was measured with a pH-meter in soil 

saturated with water. Organic carbon concentrations were determined by the Walkley-

Black procedure (NELSON & SOMMERS, 1982) and converted to organic matter 

concentrations by multiplying by the conventional factor of 1.72. Total nitrogen was 

measured using the Kjeldahl procedure. Available phosphorus was extracted with 0.03 

mol l-1 FNH4 plus 0.025 mol l-1 HCl and its concentration determined colorimetrically 

(OLSEN & SOMMERS, 1982). Exchangeable calcium and potassium were extracted 

with 1.0 mol l-1 ammonium acetate (pH=7) and their concentrations were determined by 

atomic absorption spectrophotometry. Particle size composition was determined using 

the pipette method. 
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Statistical analysis 

 The data were analyzed statistically using Statgraphics 5. A two-way ANOVA was 

performed with slope zones and sampling years as factors. Log-transformed data were 

used when needed to meet the assumptions of the analysis. Tukey´s multiple range test 

was used to determine significant differences among means. Relationships between 

variables were analyzed by correlation analysis. Analysis of interrelations among multiple 

variables was performed by stepwise multiple regression. 

 

RESULTS  

Aboveground biomass production 

 Two-way ANOVA (with slope zones and sampling years as factors) showed a 

significant effect of zones (P<0.01) and sampling years (P<0.01) on the biomass 

production of the community. The interaction between zones and years was also 

significant (P<0.05). In the upper, middle and lower zones, dry matter production was 

higher in 1990 than in 1989 (fig. 1). In both sampling years, dry matter production in the 

lower zone was greater (P<0.01) than in the middle and upper zones. Differences in 

biomass between the upper and middle zones were significant in 1990 (P<0.05, slope 

zone  sampling year interaction) but not in 1989. The difference in biomass production 

between sampling years, expressed as a percentage of the biomass production scored 

in 1990, was the same in communities from the upper, middle, and lower zones. 

 There was a significant effect of sampling year (P<0.01) on the biomass 

production of the three botanical groups. Grasses, legumes and forbs showed 

significantly higher (P<0.01) biomass productions in 1990 than in 1989 (fig. 2). Slope 

position had a significant effect on the biomass production of grasses (P<0.01) and forbs 

(P<0.05) but not on that of legumes. Grasses showed a higher dry matter production in 

the lower zone than in the middle and upper zones (fig. 2). The middle zone had the 

highest (P<0.05) dry matter production by forbs, followed by the upper and then the 
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lower zones. Legumes produced much less biomass than grasses and forbs in all three 

zones of slope. 

 

Mineral concentrations in plant tissues 

Community comparisons 

 There were no significant differences between sampling years as regards N, Ca, 

Mg and Na concentrations in the plant community. Phosphorus concentrations were 

higher (P<0.01) in 1989 than in 1990; potassium concentrations were higher (P<0.05) in 

1990 than in 1989. 

 Mineral element concentrations responded differently to the effect of topographic 

position (fig. 3). Thus, N and Na concentrations were significantly higher (P<0.01) in the 

lower zone than in the middle and upper zones. Phosphorus and K concentrations were 

higher (P<0.05) in the middle than in the lower zones. Calcium concentrations were 

higher (P<0.01) in the middle than in the upper and lower zones. The highest Mg 

concentration (P<0.05) was recorded in the community from the lower zones of the 

slope. 

 

Comparisons between botanical components 

 There was a significant effect of slope position (P<0.05) on the mineral 

concentrations of botanical components (grasses, legumes and forbs) but the effect of 

sampling year was not significant. The N, K, Ca, Mg and Na concentrations of grasses 

increased significantly (P<0.05) from the upper to the lower zone of the slope (fig. 4) and 

the differences in P concentrations among zones were not significant. For legumes, N, 

Ca, Mg, and Na concentrations increased (P<0.05) from the upper and middle zones to 

the lower one; however, P and K concentrations followed the opposite trend, with higher 

(P<0.05) concentrations on the upper and middle sites. Mineral element concentrations 

of forbs responded differently to the effect of the topographic position (fig. 4); the middle 

zone had higher (P<0.05) P and K concentrations than the upper and lower zones. The 

differences in N concentration of forbs between slope positions were not significant. 
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Sodium concentrations increased significantly (P<0.01) from the upper to the lower 

zones. 

 

Soil characteristics 

 Significant differences were observed in soil characteristics along the topographic 

gradient (table III). There was a significant (P<0.05) increase in organic matter, total 

carbon, total nitrogen, exchangeable calcium, and clay downslope from the upper to 

lower zones. Exchangeable potassium and coarse sand, with the opposite trend, 

decreased downslope. Available phosphorus was significantly (P<0.05) higher in the 

middle than in the upper and lower zones.  

 

Relationships between plant mineral concentrations and soil characteristics and 

botanical composition 

 Correlation analysis did not disclose any significant correlation coefficients 

between Mg concentration in the plant community and soil characteristics (table IV). 

Potassium and Ca were significantly (P<0.05) correlated with only two and one soil 

variables, respectively. These results show that most of the variation in K, Ca and Mg 

concentrations in the plant community along the topographic gradient cannot be 

explained in terms of gross chemical differences among the soils involved. The 

significant correlation coefficients (P<0.05; table IV) between the soil variables and N, P 

and Na concentrations in plant tissues indicated that N and Na concentrations in the 

plant community increased from the upper to the lower zones with increasing organic 

matter, total nitrogen, and clay in soil (soil variables that increased progressively along 

the topographic gradient) and with decreasing coarse sand. Phosphorus concentrations 

in the plant community decreased from the upper and middle to the lower zones, with 

increasing organic matter, total nitrogen, and clay in soil and with decreasing available 

phosphorus and coarse sand. 

 The influence of botanical composition on plant mineral concentrations along the 

topographic gradient was evaluated by correlation analysis (table V). The results pointed 
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to a decrease in K and Ca concentrations in the plant community with increasing 

proportions of grasses and decreasing proportions of forbs. Nitrogen and Na 

concentrations followed the opposite pattern, being positively correlated with grasses 

and negatively with forb proportions. Phosphorus and Mg concentrations were not 

significantly correlated with any botanical group proportions.  

 In order to assess the relative strength of factors governing mineral 

concentrations in the plant community soil characteristics were combined with the 

proportions of botanical groups in the total biomass and mineral concentration of each 

botanical group using stepwise multiple regression techniques. The results of this 

analysis (table VI) showed that most of the variations in P, K, Ca and Mg concentrations 

in the plant community along the slope could be explained by the botanical composition 

and by the mineral concentrations of the botanical groups. For N and Na concentrations, 

40% and 88% of the variance, respectively, were accounted for by soil variables in the 

model.   

 In the light of the results obtained, the dependence of soil variables on the 

mineral composition of each botanical component (grasses, legumes and forbs) was 

analyzed using stepwise multiple regression (table VII). This analysis showed that OM or 

total nitrogen in soil explained part of the variation in N, Mg and Na concentrations of 

grasses while the granulometric fractions accounted for part of the variation in the grass 

K concentrations. The multiple regression correlation coefficients between mineral 

concentration and soil variables analysis were stronger in legumes. Organic matter, C or 

N in soil explained part of the variation in the N, Ca, Mg, and Na concentrations of 

legumes. Phosphorus and K concentrations in legumes were significantly correlated with 

P and K in soil. The granulometric fractions explained part of the variation in P, Ca, Mg, 

and Na concentrations of forbs. 

 

DISCUSSION 

 The total aboveground biomass production is significantly influenced by the 

topographic position. The downslope increase in biomass production (from upper to 
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lower zones) is consistent with the findings of other researchers (MILCHUNAS et al., 

1989; SCHIMEL et al., 1991; BRIGGS & KNAPP, 1995; PEREZ CORONA et al., 1995) 

and reflects increases in nutrient availability and, possibly, soil water (HARNER & 

HARPER, 1973; SCHIMEL et al., 1985). The gradient of the nutrient status and the 

texture of the soil along topographic slope positions is consistent with the results 

reported by several other investigators (SCHIMEL et al., 1985; AGUILAR & HEIL, 1988; 

BURKE et al., 1995) and may be a consequence of soil particle redistribution due to 

water erosion along the slope positions. 

 More aboveground biomass was produced in 1990 than in 1989, probably 

because of the higher annual precipitation and the effect of a higher autumn precipitation 

(ESPIGARES & PECO, 1995). The interannual differences in biomass production had 

the same intensity in all three slope positions. BRIGGS & KNAPP (1995) have suggested 

that interannual variability, due to differences in precipitation, in aboveground biomass 

from a tall grass prairie would be greater on uplands than on lowlands since upland sites 

are more limited by water than lowlands; however their results did not reveal any 

differences. By contrast, PUERTO et al., (1985) showed that the interannual variability in 

the aboveground biomass production of semiarid grassland ecosystems is higher on 

lowlands than on uplands. 

 On considering the proportion of botanical groups in the total biomass, the 

proportion of grasses was negatively correlated with forb proportions (r=-0.96, P<0.0001) 

suggesting that when water stress and, possibly, nutrient availability reduce grass 

proportions, forb proportions may respond positively to the reduction in competition 

(BRIGGS & KNAPP, 1995).  

 We observed that the interannual differences in the mineral concentration of the 

herbage were generally not significant, even when there were strong differences in 

biomass production. These results suggest that factors other than those related to 

interannual climatic variation (precipitation and temperature) are more important in 

determining the mineral concentration of plant community in semiarid grasslands. Our 

results show that the mineral concentration in plant tissues varies between slope 
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positions affected by different factors related to the topographic gradient. Underlying soil 

properties can contribute to establishing differences in plant mineral composition (REID 

& HORVARTH, 1980; JONES & THOMAS, 1987) although only a small fraction of the 

possible combinations between nutrient concentrations in plant tissues and soil 

characteristics is significant (HARNER & HARPER, 1973; ABRAHAMSON & CASWELL, 

1982; SINGH & MISHRA, 1987; McNAUGHTON, 1988; JUMBA, et al., 1995). The 

results from the multiple regression analysis showed that botanical composition and its 

specific mineral concentration explained most of the differences between slope positions 

in N, P, K, Ca and Mg concentrations in the plant community. Botanical composition 

explains these differences since botanical groups have different nutrient contents with 

higher mineral concentration in legumes and forbs than in grasses (fig. 4) (FLEMING, 

1973; REID & HORVARTH, 1980; VAZQUEZ DE ALDANA et al., 1993) and the 

abundance of botanical groups vary along the slope (fig. 2). These results agree with 

those of HARNER & HARPER (1973), who found that the mineral concentrations of plant 

tissue are more related to the dominance of forbs in relation to grasses than to the soil 

nutrient status. Regarding Na, the concentration of each botanical group in the lower 

zone is much higher than in the upper zone to such an extent that most of the 

differences in the Na concentration of the plant community between slope positions can 

be explained by soil characteristics (total N and clay).  

 Considering botanical components, according to the results of the multiple 

regression analysis, the differences in mineral concentrations among slope positions 

were partly related to differences in soil characteristics. It would appear that grasses and 

legumes are more dependent on soil nutrient status while forbs are more dependent on 

granulometric soil properties. Several soil properties (OM, total N, total C, coarse sand) 

correlated significantly with the N, Ca, Mg, and Na concentrations of grasses, legumes, 

and forbs, indicating an increase in plant tissue concentrations with increasing eutrophic 

status in the soil from the upper to the lower zones of the slope. Phosphorus and K 

concentrations in legumes and forbs varied according to P or K in soil, which decreased 

from the upper and middle to the lower zones. These results on botanical components 

13 



are consistent with the notion that plant species characteristic of nutrient-poor sites 

(upper zones) have lower nutrient concentrations than species from nutrient-rich sites 

(lower zones) (CHAPIN, 1980). In our study, not all mineral element concentrations of 

the botanical groups varied equally with topographic position. Within each mineral 

element, the variation in its concentration with slope position generally followed the same 

trend in all three botanical groups for all elements, except K. As regards botanical 

groups, the variation in mineral concentrations of each botanical group with slope 

position followed the same pattern in all mineral elements except P and K in legumes 

and forbs. It appears from Fig. 4 that the grasses and forbs may be nitrogen limited, 

whereas the P and K levels of the legumes are low in relation to the nitrogen levels, in 

particular for the lower slope position. This difference in the type of nutrient limitation 

among botanical groups and slope position may strongly influence the structure of the 

plant community. The results of BOWMAN (1994) also pointed to differences between 

communities in the nutrient concentrations of growth forms; in two alpine tundra 

communities this author found that forbs and grasses had higher N concentrations in wet 

than in dry meadows and that forbs had higher P concentrations in dry than in wet 

meadows. Furthermore, he found that growth forms responded differently to nutrient 

fertilization within the communities. The diversity in element composition implies different 

patterns of nutrient uptake and allocation by the different botanical groups and slope 

zones and it suggest a difference in the type of nutrient limitation among botanical 

groups which needs further investigation.  

 

CONCLUSIONS 

 Our results suggest that the nutrient conditions and the texture of the soil is the 

underlying cause to the differing structure and mineral element concentration of the 

vegetation along the slope. At community level, it seems that plant tissue mineral 

concentrations are indirectly related to topographic position across the whole range of 

the botanical components in total biomass (which were clearly differentiated along the 

slope). The mineral concentrations of botanical components were dependent on soil 
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characteristics on different ways. These results are relevant for understanding the 

functioning of these semiarid grassland ecosystems since the patterns of variation in the 

mineral element concentrations of the different botanical groups along the slope will be 

reflected in the mineral input of litter and, further, in the structure of the community. 
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TABLE I .- Dominant plant species of the grassland at each slope topographic position. 
 
 
 
Slope position 

 
Botanical group 

 
Species 

 
Life form 
 

 
Upper 

 
Grasses 

 
Agrostis castellana Boiss et Reut. 
Dactylis glomerata L. 
Poa bulbosa L. 
Vulpia bromoides (L.) S.F. Gray 

 
Perennial 
Perennial 
Perennial 
Annual 

 Legumes Anthyllis lotoides L. 
Ornithopus compressus L. 
Trifolium arvense L. 
Trifolium striatum L. 

Annual 
Annual 
Annual 
Annual 

 Forbs Cerastium glomeratum Thuill. 
Plantago lanceolata L. 
Thapsia villosa L. 
Tuberaria guttata (L.) Fourr. 

Annual 
Perennial 
Perennial 
Annual 

 
Middle 

 
Grasses 

 
Agrostis castellana Boiss et Reut. 
Anthoxanthum aristatum Boiss. 
Dactylis glomerata L. 
Vulpia bromoides (L.) S.F. Gray 

 
Perennial 
Annual 
Perennial 
Annual 

 Legumes Trifolium hybridum L. 
Trifolium micranthum Viv. 
Trifolium striatum L. 

Perennial 
Annual 
Annual 

 Forbs Crepis capillaris (L.) Wallr. 
Plantago lanceolata L. 
Spergularia rubra (L.) J. et K. Presl 
Tuberaria guttata (L.) Fourr. 

Annual 
Perennial 
Annual 
Annual 

 
Lower 

 
Grasses 

 
Agrostis castellana Boiss et Reut. 
Cynodon dactylon (L.) Pers. 
Cynosurus cristatus L. 
Dactylis glomerata L. 
Festuca rubra L. 

 
Perennial 
Perennial 
Perennial 
Perennial 
Perennial 

 Legumes Lotus corniculatus L. 
Trifolium hybridum L. 
Trifolium striatum L. 

Perennial 
Perennial 
Annual 

 Forbs Filipendula vulgaris Moench 
Hypochaeris radicata L. 
Plantago lanceolata L. 

Perennial 
Perennial 
Perennial 
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TABLE II .- Seasonal precipitation and seasonal mean temperature during 1989 and 1990. 
 
 
 
 
Year 

 
1988 

 
1989 

    
1990 

  

 
Season 
 

 
autumn 

 
winter 

 
spring 

 
summer 

 
autumn 

 
winter 

 
spring 

 
summer 

 
P (mm) 

 
110.4 

 
57.3 

 
199.6 

 
25.2 

 
243.9 

 
113.6 

 
125.3 

 
48.6 

 
T (ºC)  

 
7.2 

 
5.0 

 
12.9 

 
19.9 

 
10.5 

 
6.4 

 
13.1 

 
21.2 
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TABLE III .- Soil characteristics on the upper, middle and lower zones of slopes. Values are 

means of sampling years (n=8). Values in the same row with different letters differ significantly at 

P<0.05. (OM = organic matter; C = total carbon; N = total nitrogen; Ca = exchangeable calcium; K 

= exchangeable potassium; P = available phosphorus; CS = coarse sand; FS = fine sand) 
 
 
 
Soil properties 

 
Upper 

 
Middle 

 
Lower 

 
pH 

 
5.30 a 

 

 
5.32 a 

 
5.30 a 

OM (%) 2.27 a 2.64 a 5.27 b 

C (%) 1.32 a 1.53 a 3.06 b 

N (%) 0.13 a 0.16 a 0.27 b 

Ca (mg/100g) 134 a 132 a 189 b 

K (mg/100g) 22.7 a 15.6 ab 8.5 b 

P (mg/100g) 0.87 a 1.42 b 0.83 a 

CS (%) 37.6 a 35.7 a 16.0 b 

FS (%) 20.2 a 24.5 a 22.0 a 

Silt (%) 22.8 a 21.6 a 34.4 a 

Clay (%) 15.6 a 12.2 a 21.4 b 
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TABLE IV .- Correlation coefficients (N=24) between soil properties and mineral concentrations in 

the plant community. Significance level: * P<0.05; **P<0.01; *** P<0.001. Soil parameter variable 

symbols as in table II. 
 
 
  

 
 

Plant mineral content 
 

Soil 
parameters 

 
N 
 

 
P 

 
K 

 
Ca 

 
Mg 
 

 
Na 

 
OM 
 

 
0.65*** 

 
-0.51** 

 
-0.39 

 
-0.25 

 
0.34 
 

 
0.82*** 

C 0.65*** -0.52** -0.39 -0.26 0.34 0.82*** 

N 0.55** -0.45* -0.39 -0.27 0.29 0.80*** 

K -0.31 0.35 0.36 -0.01 -0.15 -0.60** 

P -0.26 0.65*** 0.59** 0.52** -0.25 -0.43* 

Ca 0.38 -0.20 -0.13 -0.18 0.29 0.49* 

CS -0.55** 0.41* 0.41* 0.33 -0.04 -0.64*** 

FS -0.31 0.29 0.09 0.34 0.24 0.09 

Silt 0.41* -0.38 -0.39 -0.38 -0.20 0.40 

Clay 0.69*** -0.51** -0.26 -0.43* 0.34 0.54** 
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TABLE V .- Correlation coefficients (N=24) between mineral contents in the plant community and 

proportion of botanical components. Significance level: *P<0.05;  ** P<0.01; *** P<0.001. 
 
 
  

Plant mineral content 
  

Botanical 
components 

 
N 
 

 
P 

 
K 

 
Ca 

 
Mg 

 
Na 

 
Grasses (%) 

 
0.64*** 

 
-0.31 

 
-0.60** 

 
-0.64*** 

 
0.01 

 
0.51* 

Legumes (%) 0.02 0.25 0.23 0.41* -0.31 -0.12 

Forbs (%) -0.67*** 0.25 0.56** 0.55** 0.09 -0.50* 
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TABLE VI .- Stepwise multiple regression analysis of mineral element concentrations of the plant 

community (as dependent variables) on soil characteristics, the proportion of botanical components 

and the mineral element concentration of botanical components. 

(Csoil = total carbon in soil; Nsoil = total nitrogen in soil; Clay = clay fraction in soil; For = forb 

proportion in total biomass; Gra = grass proportion in total biomass; Leg = legume proportion in total 

biomass. Mineral element concentration: Pfor = phosphorus concentration in forbs; Pgra = 

phosphorus concentration in grasses; Pleg = phosphorus concentration in legumes; idem for N, K, 

Ca, Mg, Na respectively). 

 
  
 
Dependent 
variables 

 
Indepedent variables in the model (P<0.05) 
 

 
R2 

 
SE 

 
N 
 

 
1.2 + 0.67 Ngra +1.45 Csoil + 0.12 Leg + 0.03 For 
 

 
0.93 

 
0.76 

P 1.6 + 0.44 Pfor + 0.50 Pleg  0.83 0.29 

K 0.34 + 0.09 For + 0.61 Kgra + 0.26 Kfor 
 

0.84 1.17 

Ca          3.8 - 0.05 Gra + 0.05 Leg + 0.16 Caleg + 0.34 Cafor 0.73 1.12 

Mg 0.46 + 0.28 Mgfor + 0.74 Mggra 0.90 0.12 

Na -1.24 + 0.89 Nagra + 7.26 Nsoil +  0.03 Clay 0.94 0.18 
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TABLE VII .- Stepwise multiple regression between mineral concentration in the botanical 

components (as dependent variable) and soil characteristics.  

(CS = coarse sand; FS = fine sand; OM = organic matter; Csoil, Nsoil, Casoil, Ksoil, Psoil = 

nutrient contents in soil). 
 
 
 
Dependent 
variable 

 
Indepedent variables in the model (P<0.05) 

 
R2 

 
SE 

 
Grasses 
 

  

N 6.9 + 0.36 Clay + 13.2 Nsoil 0.50 2.85 

P 1.1 + 0.66 Psoil 0.47 0.28 

K 8.9 + 0.17 Clay - 0.08 CS 0.40 2.67 

Mg 0.44 + 0.15 OM 0.57 0.20 

Na -0.18 + 0.16 OM 0.51 0.24 

 
Legumes 
 

  

N 18.4 + 2.16 OM 0.66 2.60 

P 1.8 + 0.03 Ksoil + 0.37 Psoil - 0.04 Clay 0.67 0.31 

K 4.8 + 0.24 Ksoil + 3.04 Psoil 0.77 1.56 

Ca 6.5 + 1.8 OM 0.88 1.05 

Mg 0.76 + 0.55 Csoil 0.52 0.48 

Na 0.69 + 40.4 Nsoil 0.70 1.9 

 
Forbs 
 

  

N 17.9 + 25.6 Nsoil - 0.03 Casoil - 0.06 CS 0.49 2.23 

P 2.6 + 0.44 Psoil - 0.06 Clay 0.70 0.30 

K 9.5 + 0.05 Ksoil + 3.49 Psoil 0.31 2.44 

Ca 9.9 + 0.13 FS - 0.10 CS  0.37 2.10 

Mg -0.90 + 0.10 FS + 0.10 Clay 0.39 0.63 

Na 1.19 + 28 Nsoil - 0.11 CS 0.70 2.17 
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FIG. 1 .- Total aboveground biomass production (g/m2 dry weight) in the upper, middle 

and lower zones, in 1989 and 1990. Bars are means  standard error (n=4). 
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FIG. 2 .- Aboveground biomass production (g/m2 dry weight) of grasses, legumes and 

forbs, in the upper (U), middle (M) and lower (L) zones, in 1989 and 1990. Bars are 

means  standard error (n=4). 
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FIG. 3 .- Mineral element concentrations (g Kg-1 dry weight) of the plant community, in 

the upper, middle, and lower zones. Bars are means of both sampling years  standard 

error (n=8). Different letters indicate statistical difference at P<0.05 (a posteriori tested 

after analysis of variance). 
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FIG. 4 .- Mineral element concentrations (g Kg-1 dry weight) of grasses, legumes and 

forbs, in the upper (    ), middle (     ), and lower(      ) zones. Bars are means of both 

sampling years  standard error (n=8). Different letters within each botanical component 

indicate statistical difference at P<0.05 (a posteriori tested after analysis of variance). 
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