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plots were randomly selected to collect leaf samples 
from Euryops floribundus, along with soil samples 
taken from the topsoil layer. We found evidence that 
landscape topography, nutrient availability and asso-
ciated chemistry of the soil influences leaf nutrient 
concentrations of the encroaching Euryops floribun-
dus. Specifically, leaf phosphorus concentration in 
the downslope position was 33% higher compared 
to upslope position in Manzimdaka, and correlated 
to effective cation exchange capacity, exchangeable 
acidity and acid saturation of the soil. Leaf potassium 
concentration increased by 22% in downslope posi-
tions compared to upslope positions in Tsengiwe. A 
similar trend of leaf potassium content was observed 
in Manzimdaka, although a significant increase of 
20% occurred between downslope compared to mid-
slope positions. We also observed a 37% and 28% 
increase in leaf zinc concentration in downslope 
positions compared to upslope positions in Tsengiwe 
and Manzimdaka, respectively. Furthermore, leaf 
manganese was 63% lower in downslope positions 
compared to upslope positions in Upper Mnxe. This 
study provides valuable insights into the impact of 
landscape topography on the nutrient concentration 
of encroaching shrub species in mountainous grass-
lands. The examination of leaf nutrient traits along 
a topographic gradient will lead to improved under-
standing of plant strategies at local scales and give 
much needed insights into the ecological mecha-
nisms that influence the dominance and persistence 

Abstract  The encroachment of shrub species into 
mountainous grasslands threatens global biodiversity 
and ecosystem stability. Shrub encroachment is influ-
enced not only by the environmental characteristics of 
the region, but also by specific traits of the encroach-
ing shrub species, such as leaf nutrient concentration. 
However, the topography-driven changes in the leaf 
nutrient concentration of encroaching shrub species 
in mountainous grasslands remain largely unexplored. 
Here we examined how landscape topography and 
selected soil edaphic properties influence the leaf 
nutrient composition of the encroaching shrub Eury-
ops floribundus N.E. Br in three mountainous grass-
land sites in eastern South Africa. Each landscape site 
was surveyed and demarcated into three topographic 
positions: downslope, midslope, and upslope. In 
each topographic position per site, six 10 m x 10 m 
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of Euryops floribundus monoculture stands in moun-
tainous grasslands.

Keywords  Landscape topography · Leaf nutrients · 
Shrub species · Shrub encroachment · Mountainous 
grasslands · Soil nutrients · Euryops floribundus N.E. 
Br

Introduction

Globally, shrub encroachment poses a serious threat 
to biodiversity and ecosystem stability of moun-
tainous grasslands (Naito and Cairns 2011; Gartzia 
et al. 2014; Archer et al. 2017; Lerotholi et al. 2024). 
Shrub encroachment is a phenomenon wherein 
woody species expand into grass dominated land-
scapes (Van Auken 2009). The expansion of shrubs 
is primarily driven by several complex factors, 
including changes in climatic conditions, fire fre-
quency, overgrazing by domestic livestock, and the 
rising levels of atmospheric carbon dioxide (Roques 
et al. 2001; Van Auken 2009; O’connor et al. 2014; 
Archer et al. 2017). However, landscape topography 
has also been identified as a significant factor influ-
encing shrub encroachment in mountainous grass-
lands (Gartzia et al. 2014; Bora et al. 2021; Mekon-
nen et al. 2021; Soubry et al. 2022; Gxasheka et al. 
2023). Landscape topography is a key factor affect-
ing soil water and nutrient availability in mountain-
ous ecosystems (Fu et  al. 2004; Moeslund et  al. 
2013; Liu et al. 2020). Specifically, landscape gradi-
ents influence water movement and erosion dynam-
ics, resulting in shallower upslope soils receiving 
and retaining less water and nutrients, while deeper 
downslope soils have the capacity to accumulate 
more water and nutrients (Lane et  al. 1998; Hook 
and Burke 2000; Wernerehl and Givnish 2015; Yuan 
et al. 2019; Liu et al. 2020). Altogether, these  land-
scape processes create heterogeneous soil conditions 
and variable soil nutrient availability that influence 
growth and patterns of encroaching shrub species.

Despite the significance of landscape topography 
on soil factors and the growth of encroaching shrub 
species, previous studies have mainly focused on 
examining the influence of topography on the struc-
tural characteristics of encroaching shrubs, includ-
ing height, canopy cover, and stem density (Sny-
man 2012; Pule et  al. 2018; Masibonge et  al. 2019; 

Dendoncker and Vincke 2020), but overlooking the 
influence of landscape topography on leaf nutri-
ent concentration, which is crucial for plant growth, 
competitive ability and nutrient cycling. Therefore, 
understanding how landscape attributes influence 
the leaf nutrient concentration of encroaching shrub 
species is essential for a comprehensive understand-
ing of the dynamics of shrub encroachment and the 
development of effective management practices in 
mountainous grasslands. Leaf nutrients in plants are 
generally essential for maintaining plant health, com-
petitiveness, thus enhancing ecosystem productivity, 
and facilitating nutrient cycling (Reich 2005; Ven-
terink and Güsewell 2010). Harper (1989) suggests 
that an increase in leaf nutrients serves as an adap-
tive feature employed by plants to thrive in various 
environments. For instance, increased leaf nutrient 
concentrations promote photosynthesis by providing 
essential elements required for chlorophyll produc-
tion and enzyme activity (Liu et al. 2010; Marschner 
2011; Swoczyna et al. 2022). Further, increased leaf 
nutrient concentration improves plant defense mech-
anisms, such as producing secondary metabolites, 
which enhance resistance against herbivores, pests, 
and pathogens (Herms and Mattson 1992; Cipollini 
et al. 2018).

Although leaf nutrient concentration is crucial for 
the growth and adaptability of woody plants, stud-
ies in mountainous regions have shown significant 
variations in leaf nutrient concentrations across dif-
ferent landscapes. Notably, Wu et al. (2007) observed 
higher concentration of nitrogen (N), phosphorus (P), 
and potassium (K) at lower (330 m to 400 m) eleva-
tions compared to higher (400 m to 480 m) eleva-
tions. Similarly, Drollinger et  al. (2017) reported an 
increase in nitrogen (N), magnesium (Mg), potassium 
(K), and phosphorus (P) concentrations at lower ele-
vations compared to higher elevations in Himalayas 
mountains, Nepal. In contrast, Köhler et  al. (2006) 
found nuanced patterns, with certain nutrients remain-
ing consistent while others decreased along an eleva-
tion gradient in Spain. Furthermore, In Asia, Du et al. 
(2017) reported a decline in nitrogen (N), sulphur (S), 
and potassium (K) concentrations at lower (546 m to 
856 m) elevations, coupled with an increase in car-
bon (C), calcium (Ca), sodium (Na), iron (Fe), man-
ganese (Mn), and copper (Cu) concentrations com-
pared to higher (1105 m to 1323 m) elevations. In 
addition, these authors found no significant influence 
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of elevation gradients on phosphorus (P), magnesium 
(Mg), aluminum (Al), or zinc (Zn) concentrations. 
Such inconsistent findings reported in these stud-
ies likely stem from the specific woody plant spe-
cies occurring in the different mountainous regions. 
In this context, Qin et al. (2022) suggested that indi-
vidual plant species may exhibit unique strategies that 
modify leaf concentration in response to local and 
environmental conditions, highlighting the necessity 
for further research into the species-specific responses 
of leaf nutrient concentration along varying landscape 
ecosystems.

Here, we investigate leaf nutrient patterns of an 
encroaching shrub (Euryops floribundus N.E. Br) 
across different topographic positions in three semi-
arid mountainous grassland landscape sites in eastern 
South Africa. Euryops floribundus is a rapidly grow-
ing, evergreen, multi-stemmed perennial shrub indig-
enous to the arid and semi-arid biomes of the Eastern 
Cape Province in South Africa. This shrub is expand-
ing extensively and encroaching into communal graz-
ing lands, forming large monoculture stands (Fig.1), 
yet it remains unpalatable to livestock such as goats, 
sheep, and cattle (Masibonge et  al. 2019; Ruwanza 
2022; Gxasheka and Dlamini 2024). Additionally, 
there is no documented information available on the 
leaf nutrient composition of Euryops floribundus, 
neither in general nor across different topographic 
gradients. Therefore, we seek to address the following 
research questions: (1) How do leaf nutrient concen-
trations of the shrub Euryops floribundus vary across 
different topographic positions in mountainous grass-
lands? (2) Which edaphic factors contribute to the 
leaf nutrient patterns observed in Euryops floribun-
dus across these landscape sites?

Material and Methods

Study area Description

We selected a study area within the communal grass-
lands in the vicinity of Cala, a town located within 
the Sakhisizwe Local Municipality in the East-
ern Cape province of South Africa (Gxasheka and 
Dlamini 2024). On average, the area receives an 
annual rainfall of 500 mm and temperatures rang-
ing from 22 °C in January to 12 °C in July (Table 1). 
The area has a semi-arid climate, with the majority 

of precipitation occurring during the summer season 
(November to March) and minimal rainfall during the 
winter season (June to August). The woody layer is 
dominated by Euryops floribundus while the grass 
layer is dominated by Aristida congesta, Elionurus 
muticus, Eragrostis chloromelas, Eragrostis plana 
Heteropogon contortus, Sporobolus africanus, and 
Themeda triandra (Table  1). Mudstones of the Kar-
roo supergroup dominates the geology of the study 
area along with shallow and stony soil. The research 
area is a communal grazing land with no fences or 
management practices, such as rotational grazing, or 
prescribed burning. Specific quantitative information 
regarding stocking rates in the study area is not avail-
able. This lack of planned management is common 
in many communal grazing lands throughout South 
Africa, where livestock numbers are rarely monitored 
and grazing pressure varies extensively (Palmer and 
Bennett 2013). Despite this, the estimated long-term 
grazing capacity by the Department of Agriculture 
for our study area is about 8 hectares (ha) per Large 
Stock Unit (LSU) (DAFF 2018). Over the last three 
decades, the study area has been continuously used 
as grazing land for a variety of livestock including 
cattle, sheep, and goats, with no limits or constraints 
imposed on land management (Gxasheka 2013).

Site Selection and Leaf and Soil Sample Collection

In this study, we used a comprehensive approach to 
choose communal grazing sites, including drives 
with local extension personnel and community lead-
ers, as well as extensive field observation to identify 
mountainous grazing lands encroached by Euryops 
floribundus. Based on our field surveys, we chose 
three grassland landscape sites by considering the 
proximity of nearby homesteads to the communal 
grazing areas, corresponding with our observations 
of the local distribution pattern of Euryops flori-
bundus during field surveys. In Table 1, the selected 
sites are listed as follows: Tsengiwe, located less 
than 100 m from homesteads; Upper Mnxe, situ-
ated at an intermediate distance of 200-800 m from 
homesteads; and Manzimdaka, positioned more than 
1600 m away from homesteads. Each landscape site 
was demarcated into three topographic positions, 
namely downslope, midslope, and upslope. At each 
topographic position, six plots (10 m x 10 m) were 
randomly established and spaced approximately 10 
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m apart. In each 100 m2 plot, we randomly selected 
seven mature and healthy Euryops floribundus indi-
viduals of approximately the same size (Wang et  al. 
2022). Subsequently, a uniform quantity of leaves of 
the shrub species was collected from the east, north, 

west, and south sides of the crowns (Zeng et  al. 
2021). Finally, leaves from seven shrubs within each 
plot were mixed and placed in a one brown paper bag 
to form a composite sample. In the laboratory, the 
collected leaf samples were dried in the oven at 75 °C 

Fig. 1   A general view of Euryops floribundus encroachment across different landscapes. B Monoculture stand and C leaves of 
mature Euryops floribundus 



69Relative role of topographic position and soil edaphic factors on leaf nutrient concentrations…

Vol.: (0123456789)

for 48 hours, followed by grinding into powder using 
a waring commercial laboratory blender. We also 
collected soil samples from the topsoil layer (0-10 
cm) at the four corners and middle part of the plot to 
form a composite soil sample representing each plot. 
Soil samples were placed in labelled plastic bags, 
sealed, and transported to the laboratory for further 
processing.

Leaf and Soil Sample Analysis

Leaf material samples were analyzed for Calcium 
(Ca), Phosphorus (P), Potassium (K), Magnesium 
(Mg), Manganese (Mn), Copper (Cu), and Zinc (Zn) 
at the Plant Laboratory of the Department of Agri-
culture in Western Cape, South Africa. The analysis 
was conducted following Method 6.1.1 of the Agri-
cultural Laboratory Association of Southern Africa 
(ALASA) (ALASA 1998). Before analyses of col-
lected samples in the laboratory, the soils were air-
dried and sieved through a 2-mm aperture metal 

sieve to eliminate visible plant residues. Soil pH was 
measured using a glass electrode in a 1:2.5 ratio solu-
tion in 1 M KCl suspension (Dlamini et  al. 2019). 
Exchangeable base cations, including Calcium (Ca) 
and Magnesium (Mg) were initially extracted using 1 
M KCl solution, whereas Phosphorus (P), Potassium 
(K), Zinc (Zn), Manganese (Mn) and Copper (Cu) 
were extracted using an Ambic 2 extractant contain-
ing 0.25 M NH4HCO3. The extracted cations were 
detected using inductively coupled plasma optical 
emission spectrometry (ICP-OES) with an Optima 
7300DV spectrometer (Perkin Elmer, Inc., 2 Shelton, 
CT). The effective cation exchange capacity (ECEC) 
was determined by summing the KCl-extractable 
calcium (Ca), magnesium (Mg), acidity, and extract-
able potassium (K). Percentage acid saturation of 
the ECEC was calculated as extractable acidity × 
100/(Ca + Mg + K + extractable acidity) (Dlamini 
et al. 2019). Soil organic carbon and clay content was 
estimated by the mid-infrared spectroscopy (MIRS) 
(Thomas et al. 2021; Ng et al. 2022).

Table 1   Geographical location of the three investigated sites in Eastern Cape Province, South Africa

Study site Tsengiwe Upper Mnxe Manzimdaka

Landscape attributes
GPS co-ordinates S 31°35 ’13.1" S 31°31’ 20.5" S 31°33’48.9"

E 27°38 ’07.5" E 27°35 ’00.1" E 27°42 ’45.8"
Altitude (m.a.s.l) 1294.06 ±7.62 1313.72±4.69 1320.56±15.47
MAP (mm) 500 500 500
MAT (ºC) 15.2 15.2 15.2
Distance from homestead (m) < 100 200-800 > 1600
Soil properties
Geology Mudstone of Karroo supergroup Mudstone of Karroo supergroup Mudstone of Karroo supergroup
Clay (%) 31.61±1.5 39.78±2.13 41.56±1.68
Organic carbon (g/kg) 18.5±1.27 26.28± 1.14 26.39± 1.47
pH (KCl) 5.24±0.04 5.14±0.05 5.13±0.04
ECEC (cmol/L) 17.24±1.16 18.06±0.96 18.03±1.26
Exchangeable acidity(cmol/L) 0.1±0.01 0.06±0.01 1.76±1.15
Acid saturation (%) 0.5±0.12 0.06±0.06 6.06±3.69
Vegetation
Vegetation type Tsomo grassland Tsomo grassland Tsomo grassland
Shrub species Euryops floribundus Euryops floribundus Euryops floribundus
Grass species Aristida congesta, Elionurus 

muticus
Aristida congesta, Elionurus 

muticus
Aristida congesta, Elionurus 

muticus
Eragrostis chloromelas, Era-

grostis plana
Eragrostis chloromelas, Era-

grostis plana
Eragrostis chloromelas, Era-

grostis plana
Sporobolus africanus, Themeda 

triandra
Sporobolus africanus, Themeda 

triandra
Sporobolus africanus, Themeda 

triandra
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Statistical Analysis

All data analysis and graphics were conducted using R 
version 4.4.1 (R Core Team 2024). Before any analy-
sis, the data were tested for normal distribution using 
the Shapiro-Wilk test and variance homogeneity using 
Levene’s test. If non-normality was detected, the data 
were transformed accordingly to meet the assumptions 
of normality and equal variances. The data was then 
back-transformed for graphical presentation (Salekin 
et al. 2023). A one-way analysis of variance (ANOVA) 
was conducted to investigate the influence of landscape 
topography on the concentration of nutrients in the 
leaves (P, K, Ca, Mg, Mn, Cu, and Zn) of the encroach-
ing shrub species on each landscape site. Results were 
deemed significant at p ≤ 0.05. A post-hoc analysis was 
then performed using the Tukey test. To investigate fac-
tors influencing nutrient content in the leaves of Eury-
ops floribundus, we conducted a principal component 
analysis (PCA) to examine the relationships between 
soil properties and leaf nutrients. This PCA analysis 
was carried out using the “FactoMineR” and “facto-
extra” packages (Kassambara and Mundt 2017). A 
permutational multivariate analysis of variance (PER-
MANOVA; Anderson 2001) was performed to evaluate 
if there were significant differences regarding leaf nutri-
ents and soil chemistry along the landscape topographic 
positions (downslope, midslope, and upslope) using the 
vegan package (Oksanen et  al. 2024). In addition, we 
used the R packages “ggplot2”, “dplyr”, and “ggpubr” 
to visualise and manipulate data (Wickham 2016; 
Wickham et al. 2023a; Wickham et al. 2023b).

Results

Distribution of Leaf Macronutrients Across 
Landscape Topography

The macronutrient content of Euryops floribundus 
leaves varied across the landscape gradient within 

three communal grazing sites (Fig.  2). Mean values 
are reported throughout the text, while both mean and 
median values are shown in the corresponding fig-
ures. Notably, leaf P content in the downslope posi-
tion (1.37 g/kg) was 40% and 33% higher compared 
to the midslope (0.98 g/kg) and upslope (1.03 g/kg) 
positions, respectively in Manzimdaka (p ≤ 0.05; 
Fig. 2 A). On the contrary, leaf P content did not dif-
fer significantly in the midslope and upslope topog-
raphy of the landscape. In Tsengiwe, we observed 
no significant difference in leaf P content among the 
downslope (1.29 g/kg), midslope (1.26 g/kg), and 
upslope (1.13 g/kg) positions (p > 0.05; Fig.  2 A). 
Similarly, leaf P content did not significantly differ 
between the downslope (1.37 g/kg), midslope (1.39 
g/kg), and upslope (1.28 g/kg) positions in Upper 
Mnxe (p > 0.05; Fig. 2 A). Leaf K content was sig-
nificantly higher on the downslope (28% and 22%) 
(22.01 g/kg) compared to the midslope positions 
(18.15 g/kg) and upslope positions (17.20 g/kg) in 
Tsengiwe (p < 0.05; Fig.  2 B). Conversely, leaf K 
content did not vary significantly between the mid-
slope and upslope positions. Leaf K content at Man-
zimdaka followed a similar pattern, with 20% greater 
in downslope position (25.17 g/kg) compared to 
midslope position (20.93 g/kg) (p < 0.05; Fig. 2 B). 
However, there was no significant difference in leaf 
K content between downslope and upslope (23.05 g/
kg) positions as well as in the midslope and upslope 
positions. In Upper Mnxe, leaf K content did not dif-
fer significantly across the downslope (21.80 g/kg), 
midslope (19.14 g/kg), and upslope (21.68 g/kg) posi-
tions (p > 0.05; Fig. 2 B). In Tsengiwe, leaf Mg con-
tent was significantly higher in the downslope of the 
landscape (19 %) (3.23 g/kg) than upslope (2.71 g/kg) 
(p < 0.05; Fig.  2 C). On the contrary, leaf Mg was 
significantly lower on downslope (15 %) (3.23 g/kg) 
compared to midslope (3.78 g/kg) position. Further-
more, leaf Mg declined significantly by 28% upslope 
compared to midslope positions. Leaf Mg was sig-
nificantly higher downslope (11%) (4.13 g/kg) com-
pared to upslope (3.71 g/kg) positions in Upper Mnxe 
(p < 0.05; Fig. 2 C). However, leaf Mg did not dif-
fer between the downslope (4.13 g/kg) and midslope 
(4.36 g/kg) as well as between midslope and upslope 
positions. In Manzimdaka, leaf Mg was significantly 
lower downslope (23% and 24%) (2.98 g/kg) com-
pared to midslope (3.93 g/kg) and upslope (3.86 g/
kg) positions (p < 0.05; Fig.  2 C). Conversely, leaf 

Fig. 2   Box plots showing the distribution of A Phosphorus, B 
Potassium and C Magnesium in Euryops floribundus leaves in 
Tsengiwe, Upper Mnxe and Manzimdaka. Box plot elements: 
box = values of 25th and 75th percentiles; horizontal line = 
median; symbol + = mean, whiskers = values of 5th and 95th 
percentiles. Black dots outside the whiskers represent the outli-
ers. Different letters denote significant differences at p ≤ 0.05 
across the topographic positions.

◂
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Mg did not differ significantly between midslope and 
upslope positions. In all landscape sites investigated, 
Ca concentration in leaves did not show significant 
differences across the landscape topography (p > 
0.05; Table S1).

Changes in Leaf Micronutrient Distribution Across 
Topographic Positions

Concentration of Mn in the leaves of the Euryops flo-
ribundus varied with landscape position across the 
sites. On average, leaf Mn concentration declined 
by 63% and 55% downslope (34.0 mg/kg) and mid-
slope (41.67 mg/kg) compared to the upslope posi-
tion (93.08 mg/kg) in Upper Mnxe (p < 0.05; Fig. 3 
A). However, leaf Mn content did not differ signifi-
cantly between the downslope and midslope posi-
tions. In Tsengiwe and Manzindaka, leaf Mn was not 
significant across the topographic positions (p > 0.05; 
Fig. 3 A). Leaf content of Zn was significantly higher 
(35% and 37%) on the downslope (26.98 mg/kg) than 
on the midslope (20.01 mg/kg) and upslope positions 
(19.67 g/kg) in Tsengiwe (p < 0.05; Fig. 3 B). Con-
versely, leaf Zn did not differ significantly between 
midslope and upslope positions. Leaf Zn content 
at Manzimdaka mirrored the trend observed at 
Tsengiwe, with a 28% increase in downslope (24.29 
mg/kg) compared to both midslope (19.03 mg/kg) 
and upslope (19.04 mg/kg) positions (p < 0.05; Fig. 3 
B). In contrast, there was no significant difference 
observed in leaf Zn content in midslope and upslope 
positions. In all three landscape sites, leaf Cu showed 
no significant variation across landscape topography 
(p > 0.05; Table S1).

Variation in Leaf Nutrient Distribution Across 
Landscape Topography

Landscape topography significantly influenced the 
macronutrients (P, K, and Mg) and the micronutri-
ent (Zn) in Euryops floribundus leaves. Notably, Leaf 
P content was significantly higher on the downslope 
(18%) (1.34 g/kg) compared to the upslope position 
(1.14 g/kg) (p < 0.05; Fig.  4 A). On the contrary, 
leaf P content did not vary significantly between the 
downslope and midslope (1.21 g/kg) positions as well 
as in the midslope and upslope positions. Leaf K con-
tent in the downslope position (23.01 g/kg) was 19% 
and 11% higher compared to the midslope (19.41 g/

kg) and upslope (20.64 g/kg) positions, (p ≤ 0.05; 
Fig. 4 B). However, leaf K content did not differ sig-
nificantly in the midslope and upslope topographic 
positions. Leaf Mg was significantly lower downslope 
(14% and 15%) (3.44 g/kg) and upslope (3.43 g/kg) 
compared to midslope (4.02 g/kg) position (p < 0.05; 
Fig. 4 C). Conversely, leaf Mg concentration did not 
differ significantly in the downslope and upslope 
topographic positions. Leaf content of Zn was sig-
nificantly higher (23% and 31%) on the downslope 
(26.0 mg/kg) than on the midslope (21.17 mg/kg) 
and upslope (19.78 g/kg) (p < 0.05; Fig. 4 D). Con-
versely, leaf Zn did not differ significantly between 
midslope and upslope topographic positions. Addi-
tionally, landscape topography did not significantly 
influence the concentrations of Ca, Mn and Cu in the 
leaves of Euryops floribundus (p > 0.05; Table S2).

Correlation Between Edaphic Soil Factors and Leaf 
Nutrients Variables of Euryops floribundus

The relationship between soil edaphic factors and leaf 
nutrients of the Euryops floribundus were visualized 
by PCA, with the first two axes explaining 46.7% of 
the variance in Tsengiwe (Fig. 5 A). There was a sig-
nificant differentiation between downslope, midslope, 
and upslope along the first principal component 
(PC1) (PERMANOVA, R2 = 0.5199, p = 0.001**). 
This axis accounted for 31.7% of the total variance 
and showed a positive relationship with soil manga-
nese, soil phosphorus, soil potassium, leaf potassium, 
and leaf zinc in downslope and midslope positions 
(Fig.  5 A and D). The second principal component 
(PC2), which accounted for 15 % of the total variation 
showed a significant separation among downslope, 
midslope, and upslope position (PERMANOVA, 
R2 = 0.2971, p = 0.005 **). This axis reflected a posi-
tive correlation between soil copper content, soil clay 
content, and leaf magnesium in the midslope and 
upslope topographic positions. In Upper Mnxe, the 
first and second axes of the PCA explained 30.7% 
and 15.8% of the total data variation (Fig. 5 B). The 
PC1 revealed a positive correlation with soil cop-
per, soil phosphorus, soil zinc and leaf potassium, 
while showing a negative correlation with soil cal-
cium, soil effective cation exchange capacity (ECEC), 
and leaf magnesium (Fig.  5 B and D). However, 
the PCA showed no significant separation between 
downslope, midslope and upslope positions along 
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Fig. 3   Box plots showing the distribution of A Manganese and B Zinc in Euryops floribundus leaves in Tsengiwe, Upper Mnxe and 
Manzimdaka. For content details, see Fig. 2.
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the PC1 (PERMANOVA, R2 = 0.1541, p = 0.067). 
The PC2 showed a significant separation between 
downslope, midslope and upslope positions (PER-
MANOVA, R2 = 0.1732, p = 0.047*). The parameters 
that were positively correlated with the second princi-
pal component were soil exchangeable acidity (EA), 
soil acid saturation (AS) and leaf manganese in the 
upslope position. In Manzimdaka, PC1 explained 28 
% of the data variation and presented positive cor-
relation loadings with soil EA, soil ECEC, soil AS, 
leaf phosphorus and leaf manganese (Fig.  5 C and 
D). Although, there was no significant separation 
between downslope, midslope and upslope positions 
along this axis (PERMANOVA, R2 = 0.1571, 0.1732, 
p = 0.053). The PCA revealed that the downslope 
separates from midslope and upslope mainly along 
PC2 (16.5 % of variance explained), which was posi-
tively correlated with soil copper and leaf zinc (PER-
MANOVA, R2 = 0.4506, 0.1732, p = 0.001 ***).

Discussion

Influence of landscape topography and soil chemistry 
on leaf macronutrients of Euryops floribundus

Woody species segregate along landscape gradients 
often defined by topography and soil edaphic char-
acteristics (Zuleta et al. 2020). Topography is a criti-
cal landform attribute that controls plant distribution 
and diversity patterns. Within landscape ecosystems, 
topographically driven hydrological variation is a 
key factor structuring the distribution of tree species 
(Zuleta et al. 2020). Soil properties mirror the effect 
of topography and define the patterns for woody plant 
growth and encroachment. As such, the proliferation 
of woody plant species in mountainous grasslands can 
be locally mediated by edaphic soil factors such as 
soil type (shallow vs. deep soils), chemical and physi-
cal soil properties (soil texture, cation availability) 
and soil depth (Dlamini et al. 2019; Gxasheka et al. 
2023). In mountainous regions, landscape topogra-
phy has been reported by some studies to influence 
soil nutrient availability (Rezaei and Gilkes 2005; 
Liu et al. 2020; Zhang et al. 2021). Work by Davies 

et  al. (2005) suggested that the variation in floristic 
composition is more strongly related to soil nutri-
ent availability, particularly P and Mg. The nutrients 
inherent in the soil in turn, influence the concentra-
tion of macronutrients (e.g. P, K, Ca and Mg) within 
the leaves of the woody plants found along varying 
topographic positions (Drollinger et  al. 2017; Wang 
et al. 2018; Liu et al. 2020).

In this study, we examined differences between leaf 
nutrient concentrations of Euryops floribundus shrub 
species located along different topographic positions 
and the inherent soil edaphic characteristics of moun-
tainous grasslands in eastern South Africa. In the 
mountainous grassland landscape sites investigated, 
we posit that variations in soil nutrients along the 
topographic positions constrain the distribution of the 
Euryops floribundus and may thereby contribute to 
the variations in the concentrations of the leaf nutri-
ents. We found that leaf P concentration was not sig-
nificantly different in Tsengiwe and Upper Mnxe, but 
there were significant differences in the concentration 
of leaf P across the topographic positions at Man-
zimdaka, which is characterized by a slightly higher 
elevation of 1320 meters above sea (Table 1). Specifi-
cally, the Euryops floribundus located in downslope 
areas in Manzimdaka had a significantly higher con-
centration of leaf P compared to those shrubs found 
in the midslope and upslope topographic positions. A 
similar trend was also evident when data was pooled 
from all three landscape sites (Fig. 4 A). As reported 
here and in other parts of the world, leaf nutrient P 
concentrations can increase, decline or even stay 
consistent, with increasing elevation (Vitousek et  al. 
1988). Qin et al. (2022) observed higher leaf P con-
centration at lower elevations compared to higher 
elevations in the northeastern region of the Qinghai-
Tibet Plateau, China. In the northeast part of Central 
Nepal, Drollinger et al. (2017) also observed a signifi-
cant decrease in leaf P concentrations with increasing 
elevation. The leaf P patterns reported across varying 
landscapes could be attributed to the fact that eleva-
tion alters ecosystem properties, and subsequently the 
processes that regulate plant nutrient supply associ-
ated with soil nutrient availability (Mayor et al. 2017). 
At the landscape scale, topography can determine P 
redistribution across different topographic positions. 
The low leaf P concentrations from upslope and mid-
slope positions at Manzimdaka could be linked to the 
lowest available P availability on the steepest slopes 

Fig. 4   Box plots showing the distribution of A Phosphorus, B 
Potassium, C Magnesium and D Zinc in Euryops floribundus 
leaves across three sites. For content details, see Fig. 2.

◂
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because of P removal by water flow and erosion 
(Dessalegn et al. 2014). In our study, soil chemistry, 
and in particular effective cation exchange capacity, 
exchangeable acidity and acid saturation of soil were 
the most important soil edaphic factors determining 

leaf P concentration in the downslope positions of 
the mountainous grasslands. Phosphorus is the least 
available and least mobile of the plant macronutri-
ents in most soils. That said, the positive relationship 
between the soil properties linked to the chemistry of 

Fig. 5   Principal component analysis (PCA) showing relation 
between leaf nutrients and soil edaphic factors in A Tsengiwe, 
B Upper Mnxe and C Manzimdaka mountainous grassland 
positioned with regard to the first two components axes. Ellip-
ses represent similarity at 95% confidence intervals for the 
three landscape topographical positions. Parameter abbrevia-
tions are as follows: L-P: phosphorus; L-K: potassium; L-Ca: 
leaf calcium; L-Mg: leaf magnesium; L-Cu: leaf copper; L-Zn: 
leaf zinc; L-Mn: leaf manganese; P: phosphorus; K: potas-
sium; Ca: calcium; Mg: magnesium; Cu: copper; Zn: zinc; 

Mn: manganese; EA: exchange acidity; ECEC: effective cation 
exchange capacity; AS: acid saturation; pH: pH; OC: organic 
carbon. Note: Loading values > 0.60 or < −0.60 are consid-
ered high correlations and are highlighted in bold. The colour 
gradient in Table D represents both the magnitude and the 
direction of the correlation coefficients among different vari-
ables in a PC component. A highly significant negative or posi-
tive correlation is represented by red and green colour gradi-
ents, and weak or near-zero correlations by a yellow gradient.
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the soil suggests that their increase in the grassland 
soils is likely to increase P availability and uptake 
by Euryops floribundus, especially in areas located 
in downslope positions. Such changes in the chemis-
try of the soil are most likely because an increase in 
the effective cation exchange capacity increases the 
availability and mobility of P in the soil (Jones and 
Jacobsen 2005), and this change may make P to be 
more accessible for uptake by the shrub species. The 
prevalent acidic soil pH conditions at the three sites; 
Tsengiwe (soil pH = 5.24), Upper Mnxe (5.14) and 
Manzimdaka (5.13) and the varied growth patterns of 
the Euryops floribundus under these soil conditions 
suggest distinct mechanisms for P cycling and uptake 
in the studied mountainous grasslands. Soil pH is 
considered to be the “master variable” in the soil due 
to its profound impact on a myriad of chemical reac-
tions that influence essential plant nutrients (Penn 
and Camberato 2019). Indeed, soil pH impacts sorp-
tion and desorption soil chemical processes that con-
trol P solubility. It appears that Euryops floribundus 
thrives under acidic soil conditions and its increased 
proliferation in low pH soils translates to greater P 
uptake even if P solubility is generally lower in acidic 
soils. This is because certain plant species develop 
the ability to adapt and survive in acidic soil condi-
tions (Penn and Camberato, 2019). It is plausible 
that roots of Euryops floribundus may be colonized 
by arbuscular mycorrhizal fungi, which extend exten-
sive mycelial networks into the soil. This symbiotic 
relationship is central to plant nutrient acquisition, as 
it increases the uptake of diffusion-limited nutrients 
such as P from the soil (Hacisalihoglu and Kochian 
2003; Frew et al. 2025), consequently increasing the 
competitive ability of the species and promoting its 
expansion across the studied grassland landscapes. 
Going forward, we need to explore this probable root-
mediated process to further elucidate the ecological 
interactions of Euryops floribundus in mountainous 
grassland landscapes.

In Tsengiwe and Manzimdaka, shrubs in 
downslope positions showed higher leaf K concen-
tration compared to midslope and upslope positions. 
Also, the combined data from all three sites showed 
a similar pattern (Fig.  4 B). The higher leaf K con-
centrations in shrubs at the downslope positions was 
likely enhanced by soil nutrient availability, particu-
larly of soil K. This inference is supported by the 
positive correlation between leaf K concentration and 

soil macronutrients nutrients (K, P) as well as micro-
nutrients (Cu and Mn). In line with our results, Wang 
et  al. (2018) observed an increase in leaf K content 
at lower elevations in Southwestern, China. Similarly, 
Wu et  al. (2007) documented higher leaf K concen-
trations on downslope positions compared to other 
slope positions in the southernmost region of Taiwan. 
Furthermore, Drollinger et al. (2017) reported higher 
leaf K concentrations at lower elevation sites com-
pared to higher elevation sites in the northeast part of 
Central Nepal.

Although this study was not explicitly designed 
to evaluate the effects of grazing on shrub nutri-
ents, the higher leaf macronutrient concentrations in 
downslope areas are likely associated with livestock 
grazing, particularly manuring associated with urine 
and dung deposition in overgrazed areas. In semi-arid 
mountainous landscapes, livestock predominantly 
prefer to graze in downslope areas than other land-
scape positions. For example, Raynor et  al. (2021) 
found that downslope areas were grazed 120% more 
than upland areas by cattle. Similarly, Sigua et  al. 
(2011) reported that cattle spent 40-50% of their 
grazing time in downslope areas. This spatial graz-
ing pattern is linked to gentler topography and the 
availability of palatable forage compared to upland 
areas and the proximity to resources like homesteads 
and water access points (Gartzia et al. 2016; Hoogen-
doorn et al. 2016; Masibonge et al. 2019; Yongdong 
et  al. 2024). Consequently, this grazing preference 
leads to localised deposition of dung and urine which 
contribute to the enrichment of the soil nutrient pool 
(Haynes and Williams 1993; Schnyder et  al. 2010; 
Sigua et al. 2011; Li et al. 2021), potentially increas-
ing leaf nutrient content of downslope populations of 
Euryops floribundus. To support this perspective, a 
study conducted in China by Li et  al. (2021) found 
that a mixture of dung and urine increased P con-
tent in plants compared to the control. Furthermore, 
this livestock preference for grazing downslope areas 
leads to overgrazing of palatable grasses and sub-
sequent reductions to root biomass, photosynthetic 
capacity and weakens the ability to compete for soil 
nutrients (Briske and Richards 1994;  García-Pausas 
et al. 2017; Getabalew and Alemneh 2019; Umuhoza 
et al. 2021; Yongdong et al. 2024). In this study, the 
unpalatable Euryops floribundus species may have 
the advantage to uptake more nutrients as the desir-
able grasses decline, increasing leaf nutrient content 
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which may promote growth and dominance. These 
findings suggest that downslope areas would benefit 
from specific management practices such as seasonal 
rest to encourage recovery of palatable grass species 
as well as controlling livestock grazing to redistribute 
nutrient-rich manure across the landscape.

In contrast to other macronutrients (P and K), 
leaf Mg concentration of the shrubs showed an 
unclear pattern, both at the site level and in the 
pooled data from the three investigated landscape 
sites. This unclear trend suggests that the underlying 
edaphic factors that drive leaf Mg concentration in 
Euryops floribundus differ depending on the land-
scape topography at the investigated sites. Notably, 
we observed higher leaf Mg concentration in the 
shrubs situated at the downslope position compared 
to those at the upslope position, but it was lower 
than that of the shrubs at the midslope position in 
Tsengiwe. This indicates a gradient of increasing 
Mg uptake from upslope to downslope position, 
with midslope position showing the highest concen-
tration of leaf Mg. This observed concentration of 
leaf Mg can be explained by the positive correlation 
established between leaf Mg and soil micronutrients 
(Mg and Cu) as well as soil clay content in the mid-
slope position (Fig.  5 A and D). Both topography 
and soil texture interactively affect water conditions 
and nutrients (Itoh et al. 2003). As reported by Hirai 
et  al. (1997), soil fertility generally increases with 
increasing clay content, and as such the positive 
correlation of these soil edaphic factors suggests 
that clayey soils are mostly found in the midslope 
and downslope positions at Tsengiwe where they 
retain soil Mg and Cu, and this probably enhances 
the concentration of the leaf Mg taken up by the 
Euryops floribundus. In line with our findings of 
higher leaf Mg concentrations in lower topographic 
positions, Macek et  al. (2012) found that leaf Mg 
concentrations were higher at lower elevations than 
at higher elevations in the northwest Himalayas of 
India. In the northeastern United States, Friedland 
et al. (1988) also observed that leaf Mg concentra-
tions were higher at lower elevations as opposed to 
higher elevations. Furthermore, Müller et al. (2016) 
reported that leaf Mg concentrations were higher 
in lower elevations than higher elevations in Rol-
waling Himal, Nepal. Contrary to Tsengiwe, leaf 
Mg content at downslope position was not signifi-
cantly different compared to midslope and upslope 

positions, although midslope was greater than 
upslope in Upper Mnxe. The higher leaf Mg con-
tent aligns with the expected trend of favourable 
soil conditions from upslope to midslope positions 
(Alonso-Amelot 2008; Guzman et al. 2019). In sup-
port of this view, we revealed a positive correlation 
between leaf Mg content and soil Cu and clay con-
tent (Fig. 5 B and D) suggesting that an increase in 
these soil properties increases the concentration of 
Mg in the leaves of the Euryops floribundus located 
on the midslope position. In addition, the absence 
of significant differences of leaf Mg content at 
downslope and midslope positions suggests relative 
uniformity in the uptake of Mg by shrub species as 
they encroach the different topographic positions. 
In Manzimdaka, leaf Mg concentration was lower 
downslope compared to midslope and upslope posi-
tions. This pattern can be attributed to the strong 
negative correlation between leaf Mg content and 
soil Ca downslope (Fig.  5 C and D). The negative 
relationship suggests that as Ca content increases in 
the soil, the uptake of Mg by the Euryops floribun-
dus decreases. This observation was also observed 
in other studies elsewhere (Metson 1974; Gransee 
and Führs 2013; Sun et  al. 2013) which reported 
that an increase of exchangeable Ca in the soil 
may hinder the uptake of Mg by plants, thus poten-
tially explaining the lower leaf Mg concentration. 
To accurately capture the soil edaphic factors, a 
detailed soil survey accompanied by intensive soil 
classification in the mountainous grassland sites 
is needed to fully understand the mechanisms by 
which they operate and their effects on the woody 
plant structure of Euryops floribundus. For exam-
ple, a detailed survey of soils by Hirai et al. (1997) 
in Serawak, Malaysia revealed that soils located at 
the base of mature Dryobalanops lanceolata trees 
had higher amounts of exchangeable Ca, Mg and K 
and available P than soils under Dryobalanops aro-
matica trees.

Leaf Micronutrients of Euryops floribundus 
Across Different Landscape Topography

Leaf micronutrients are required in small quantities, 
and they play a pivotal role in facilitating optimal 
metabolic processes during plant growth (Hagen-
Thorn and Stjernquist 2005; Marschner 2011; Gupta 
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et al. 2016; Pandey 2018). In this study, we observed 
a consistent pattern of increasing leaf Zn content from 
upslope to downslope positions across the three stud-
ied landscape sites. Notably, these observed patterns 
were significantly pronounced at Tsengiwe and Man-
zimdaka sites. This same trend was also noticeable in 
the combined data from all three sites (Fig. 4 D). The 
explanation for these leaf nutrient patterns is linked to 
our finding that leaf Zn concentrations are influenced 
by different soil properties in the downslope positions 
of these sites (Fig. 5). Specially, leaf Zn content was 
positively correlated with soil nutrients (P, K, Mn) 
in Tsengiwe site (Fig. 5 A and D). This positive cor-
relation suggests that an increase in P, K, and Mn in 
the soil influences the uptake and accumulation of 
Zn content in shrubby leaves of Euryops floribun-
dus. Surprisingly, leaf Zn content was not explained 
by any of the measured soil properties including Zn 
concentration in the soil at Manzimdaka site. Other 
studies (Russell and Van Moort 1981; Wu et al. 2007) 
have also noted that leaf Zn content were not corre-
lated with soil properties, including soil Zn content 
in Australia and Taiwan. In our study, the higher 
leaf Zn levels are attributed to the presence of deep, 
coarse-textured soils occurring in downslope posi-
tions, which facilitate the penetration of shrub roots 
for Zn absorption. The main taproot and many thin-
ner roots of Euryops floribundus observed in the 
field probably increases the root surface area, facili-
tating extensive exploration of the soil, thus increas-
ing the availability of Zn (Hacisalihoglu and Kochian 
2003). Additionally, this process may be enhanced by 
proteins and amino acids in the root tissue that bind 
with Zn, increasing the storage of Zn and facilitat-
ing its absorption (Hamzah Saleem et  al. 2022). In 
this study, we also observed that landscape topog-
raphy did not significantly affect leaf Mn content in 
Tsengiwe and Manzimdaka, except at Upper Mnxe. 
Specifically, we found significantly lower leaf Mn 
content in the downslope position compared to the 
upslope position at the Upper Mnxe grassland site. 
This observed trend in leaf Mn content suggests that 
Euryops floribundus may adapt its nutrient uptake 
in response to certain landscape conditions. Sup-
porting this observation, Du et al. (2017) found that 
plants may dynamically and synergistically modify 
their nutrient concentration in response to environ-
mental changes. Similar findings regarding leaf Mn 
were also reported elsewhere by Martin et al. (2020), 

who observed an increase in leaf Mn along an eleva-
tional gradient. Additionally, Drollinger et al. (2017) 
reported a decrease of foliar N, Mg, K and P nutri-
ent concentrations with increasing elevation and an 
increase in folia Mn concentrations, which was linked 
to the strong accumulation of Mn in leaves caused by 
very high acidic soil conditions, that allow for solubi-
lization and availability of Mn for plant uptake.

Conclusion

In this study, we investigated how landscape topog-
raphy influences the leaf nutrient content of the 
encroaching shrub Euryops floribundus in mountain-
ous grassland sites. We observed significant varia-
tions in leaf macro- and micronutrient concentrations 
of Euryops floribundus across different topographic 
positions in the sites investigated. Specifically, the 
findings showed a consistent trend of decreasing leaf 
P concentration from upslope to downslope positions 
in Manzimdaka. Multivariate analysis revealed that 
soil properties such, effective cation exchange capac-
ity, soil exchange acidity, and soil acid saturation 
had a strong influence on the concentration of leaf P. 
Similarly, we found a decline in leaf K concentration 
from upslope to downslope positions in Tsengiwe and 
Manzimdaka, with multivariate analysis showing that 
the availability of soil K increases the leaf K content 
in Euryops floribundus shrubs found in downslope 
areas. Conversely, the pattern of leaf Mg concentra-
tion across landscape topography was unclear, sug-
gesting site-specific variations in the mechanisms 
by which Euryops floribundus absorbs Mg from the 
soil. Furthermore, we found contradictory trends in 
leaf micronutrient concentrations, with Zn concen-
tration declining from upslope to downslope posi-
tions in Upper Mnxe and Mn concentration decreas-
ing from downslope to upslope positions in Tsengiwe 
and Manzimdaka. Overall, the observed spatial vari-
ations in leaf nutrient concentrations in our study 
suggests a remarkable adaptability of Euryops flo-
ribundus to diverse landscape conditions, with a par-
ticularly pronounced accumulation of leaf nutrients 
evident in downslope areas of the studied mountain-
ous grasslands. Consequently, this adaptability is 
most likely contributing greatly to its proliferation 
as it encroaches the grasslands. While this study 
focused on the influence of landscape topography 
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on the leaf nutrient content of Euryops floribundus, 
future research should look into the coupled effect 
of soil microbial communities and soil properties on 
the leaf nutrient stoichiometry and structural traits of 
encroaching shrub species across elevational gradi-
ents. Understanding these interactions is crucial for 
gaining insight into the nutrient acquisition strategies 
employed by encroaching shrub species like Euryops 
floribundus in mountainous grasslands.
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