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ABSTRACT 

This study aimed to address which factors other than topography, contribute to the 

floristic variation of forested slopes. The natural forest studied is located in the Natural 

Park of Sudoeste Alentejano e Costa Vicentina (SW Portugal). We sampled 

topographic, edaphic, floristic and community structure variables along three bottom-

top hillside transects. Multivariate analyses on soil variables (by PCA), on woody 

species composition and floristic-environmental relationships (by CCA and pCCA) 

were performed. Environmental-floristic trends strongly associated with the elevation 

gradient were identified. At lower altitudes, the lowest species richness was found, soils 

had the highest fertility and the forest canopy was tallest and the most dense (less light 

availability). The spatial variation in woody species composition and abundance was 

closely associated with Zn availability in the soil and litter ground cover, but these 

varibles had significant spatial structure in the studied forest. The non-spatially 

structured species variance was better predicted by soil NO3
- and NH4

+. The spatial 

variation of species data not shared with environmental variables was also calculated. 

We suggest that the influence of topographic gradient on the variation of edaphic 

variables and on the distribution and abundance of woody species was mediated by 
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overstory tree composition. Locally dominant tree species, in particular Quercus 

faginea and Q. suber, may function as “ecosystem engineers” promoting environmental 

changes (i.e. Zn availability in soil, litter accumulation and light availability) that 

influence overall floristic variation. 

 

Key words: Fertility gradient; ecosystem engineer, Quercus faginea; Quercus suber; 

soil Zn. 

 

INTRODUCTION 

Spatial heterogeneuos distribution of forest species is produced by the interplay 

of the geophysical environment, physical processes, impact of disturbances and 

activities of organisms (Wiens 2000). It is well-known that floristic structure and 

composition are influenced by a combination of mechanisms, such as density-dependent 

regulation of populations, competitive exclusion, regeneration dynamics, fire and other 

disturbances, formation of canopy gaps, etc. (e.g. Honnay et al. 2001; Takahashi et al. 

2001). The interactions between the trees in a forest and their environment, are bi-

directional. On one hand, the spatial and temporal patterns of soil resources affect the 

local distribution and abundance of tree species, and the performance of individual 

organisms (from seedlings to adult trees). These effects have important consequences 

for both community structure and ecosystem-level processes (Tilman 1988; Schlesinger 

et al. 1990). On the other hand, forest dynamics may be the outcome of overstory-

understory interrelationships. The overstory trees modify the environment underneath 

and influence species composition and plant growth in the understory, while the 

differential success among plants and species in the understory, in turn, affect the future 

overstory composition (Foré et al. 1997). 
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On forested slopes, topography is a main ecological factor determining species 

spatial variability. Changes in the physical environment (from top to bottom of the 

slope) are associated with a complex environmental gradient, including changes in 

microclimate, water drainage and accumulation, and transport and accumulation of soil 

minerals. All these factors directly or indirectly affect the spatial patterns of plant 

species distribution and abundance (e.g. Hanba et al. 2000). Several studies have 

documented the topography-related variation in forest ecosystems. For example, 

Tokuchi et al. (1999) showed that in lower part of the slope N mineralization is 

facilitated, resulting in higher total available N for plants, while Clark et al. (1998) 

supported the strong relation between the non-random species distribution patterns and 

the edaphic patterns (see also Ojeda et al. 1996,  2000). Results from Enoki (2003) 

suggested the existence of habitat niche differentiation related to topography. However, 

according to a revised definition of niche concept (Chase & Leibold 2003), we must 

recognize both the species’ requirements and the species’ impacts on the environmental 

conditions. 

In the Mediterranean Basin, flatlands have been mostly deforested and 

transformed to croplands and grasslands. Most of the remnant natural forests are 

restricted to mountains and rough lands (Thirgood 1981). In the western part, at the 

south of Portugal, only small, rare and disperse patches of natural forests remain 

nowadays, and they persist only on steep slopes. It is of increasing importance to 

understand the functional structure of these forest fragments and to assure their long-

term persistence. In this paper, we study a natural mixed oak forest, which extends 

along a steep slope, focusing on its structural and floristic variation. 

Variation in species abundances and forest structure along topographic gradients 

are not uniform, because some sources of spatial heterogeneity are independent of 
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topography. Hirayama & Sakimoto (2003) suggested that different mechanisms may 

affect the vegetation differentiation along the topographic gradient. For example, single 

trees may take active part in the control and modulation of abiotic resources, leading to 

the creation of heterogeneous patches along the slope. In general, organisms like trees 

can be considered as “physical ecosystem engineers” because the mere presence of such 

physical structures, their continual growth and replacement, and their persistence over 

long periods of time, may lead to the modulation of resources and thus control systems 

change to that many other plant (and animal) species are dependent (Jones et al. 1997). 

The spatial distribution of tree canopies along the slope affects the light environment on 

the forest floor. In addition, the physical and chemical properties of the leaves 

determine the quality and quantity of organic debris and litter accumulation. This in turn 

affects the input of mineral nutrients into the forest floor (e.g. Ross et al. 1986; 

Figueroa-Rangel & Olvera-Vargas 2000; Gallardo 2003). Therefore, we hypothesize 

that, besides the direct influence of the topography over species composition and 

abundance, overstory species and community structure also influence environmental 

factors, and through them they may also play a role in determining floristic-

environmental variation. In particular, we investigated if the heterogeneous distribution 

of distinct dominant canopy species, e.g. Quercus faginea (a deciduous oak) vs. Q. 

suber (evergreen oak) contribute to the floristic-environmental variation along the slope. 

 

METHODS 

Study site 

The study site is at a north-faced 32º slope, dominated by a mixed oak (Quercus 

suber and Q. faginea) forest, located in the Natural Park of Sudoeste Alentejano e Costa 

Vicentina, SW Portugal (41º 68’ N, 5º 25’ E). The climate is of mediterranean-type, 
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with mild humid winters and warm dry summers. The main bedrock is greywacke, a 

metamorphic rock rich in quartz and feldspar. 

The studied forest is well preserved and no records of fire or logging are known 

for this forest, since at least 1956. Management is limited only to the periodic (at 

approximately 9 years interval) removal of the bark from the biggest cork oak (Q. 

suber) trees, for cork production. 

Field methods 

The studied forest site, which is one of the largest and best preserved natural 

fragments in the region, is located in a steep slope and is only 400 x 70 m large. We 

randomly placed three bottom-top transects, for setting sequencial 4x4m plots 

(Magurran 1988, CEMML 1999) spaced at uniform intervals (Figure 1). A total of 25 

plots were sampled for floristic, edaphic, topographic and community structure data 

collection. 

The floristic data included the number of individuals of each woody species 

(excluding lianas) per plot. For each individual more than 1.30 m tall, the height, trunk 

diameter (at breast height, dbh) and the number of trunks (in the case of plants 

branching from the base) were measured. The topographic data measured in each plot 

included the spatial data (X, Y and Z coordinates, by EDM - electronic distance 

measurer - Sokkia SET500) and slope (using a clinometer). As community structure 

variables we measured overstory canopy density (using a spherical densiometer 

positioned 1m above the ground), ground-cover percentage of perennial herbaceous 

plants and moss (by visual direct estimation at increments of 5%), and approximate 

maximum canopy height. 

Soil data included litter ground-cover percentage (measured by visual direct 

estimation) and chemical parameters of soil, measured after sampling superficial soil (0-
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10 cm depth) using a corer (2.54 cm diameter) in 6 random positions inside each plot, 

which were then mixed to have one soil sample per plot. Soil samples were dried, 

crushed and then passed through a 2 mm sieve. They were analysed for 19 chemical 

parameters: soil moisture (Hum, measured by gravimetric method), pH (in a 1:2.5 

suspension with KCl 1M), organic C (by elemental analysis), organic matter (calculated 

from organic C multiplied by 1.724), total N (by Kjeldhal method), C/N ratio, 

exchangeable Ca, Mg, K and Na (by extraction with ammonium-acetate 1M pH 7.0), 

exchangeable acidity (EA, extracted with KCl 1M), effective cationic exchange capacity 

(CECe, calculated as the sum of the exchangeable cations), available P (by Olsen 

method), available Zn, Cu, Mn and Fe (by Lakanen method), B (extraction with hot 

water), and mineral N content (NH4
+ and NO3

- extracted with KCl 1M 1:10). The 

methods prescribed in Sparks (1996) were followed for these analyses. 

Data analysis 

Soil chemical variables of the plots were analyzed by principal components 

analysis (PCA) on the correlation matrix. Since many of the measured variables were 

highly skewed, transformations were applied prior analysis (see Appendix I). The 

number of meaningful components was determined by the broken-stick method 

(Jackson 1993; King & Jackson 1999). In order to interpret PCA components, we used 

factor loadings exceeding 0.5, and the correlation between the extracted significant 

principal components and the topographic and community structure variables. 

The variations in the woody species composition and abundance, and their 

relationships with the edaphic, topographic and community structure variables, were 

examined through a sequence of several complementary analyses, as proposed by 

Borcard et al. (1992). (1) The stepwise canonical correspondence analysis (CCA, ter 

Braak 1986) was performed to identify the main floristic gradients, the edaphic factors 
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explaining those floristic trends and the statistical significance of those relationships. 

The stepwise option allowed the exclusion of highly redundant independent variables in 

the model, which could have caused model instability and/or over-estimation of the 

variance (Økland & Eilertsen 1994; Vandvik & Birks 2002). (2) The non-spatially 

structured floristic variance explained by soil variables was determined by partial CCA 

(pCCA; Økland & Eilertsen 1994), using the best spatial predictors as covariables. 

Those predictors were determined by another CCA of the species matrix constrained by 

the extended matrix of spatial data. (3) The spatial component of floristic variance not 

shared with edaphic variables was obtained after performing a partial CCA, with the 

spatial variables as predictors and the edaphic predictors (determined at steps 1 and 2) 

as covariables. The amount of variance explained in each step (i.e. the variance 

partitioning) was calculated as percentage of total floristic variance, given by the sum of 

all eigenvalues in the correspondence analysis (CA) of the species abundance matrix 

(Borcard et al. 1992). Table 3 summarizes which data was used in each step. 

Finally, we analysed the effect of the overstory on the environmental variables. 

Basal area, calculated from the stem density and dbh, was used as surrogate of the 

species overstory biomass. We defined as overstory or dominant species, five species 

which had the crown not always covered by other individuals and which contributed 

more than 5% (on average) each, and together represented near 97% of the total 

overstory basal area in the study site. We calculated the correlation of the basal area of 

the five dominant overstory woody species with: a) topographic variables, b) soil 

variables and c) community structure variables. 

Spearman rank-correlation coefficients were used throughout the study, to 

account for non-normality. Mean comparisons were performed by using the Student t-

test, after checking the data for normality (Shapiro-Wilks test) and homocedasticity 
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(Brown-Forsythe test), and applying transformations when necessary (see Appendix I). 

Since repeated tests were carried out, only contributions having p<0.01 were considered 

as significant (García 2004), while contributions having p<0.05 (but p≥0.01) were 

labeled as marginally significant (ms). All computations and graphical display were 

made using STATISTICA version 6 (StatSoft, Inc. 2001) and CANOCO for Windows 

version 4.02 (ter Braak & Smilauer 1998) softwares. Log transformation (Y’=log(Y+1)) 

and downweighting of rare species were applied to the species matrix. For CCA and 

partial CCA analysis, manual selection and Monte-Carlo permutation tests (with 9999 

unrestricted permutations) under reduced model were used, for selecting the most 

significant variables from the explanatory set and to evaluate the significance of the first 

ordination axis and of canonical axes together. 

 

RESULTS 

Appendix I shows the descriptive statistics of environmental (edaphic, 

topographic and community structure) variables measured in each plot. Mean values 

showed that the forest soil is acidic (mean pH of 5.0), with low fertility (specially in N 

and P), and has a remarkable spatial heterogeneity (see CV values in Appendix I). 

The main trend of variation in the soil chemical properties, as reflected by the 

PCA axis 1 (accounting for 31 % of variance), represented a soil fertility gradient 

(Table 1). The second trend of soil variation, as reflected by the PCA axis 2, can be 

interpreted as a combined gradient of acidity, micronutrient availability and organic 

matter decomposition degree. The third principal component was a combined gradient 

of nitrate and micronutrient (Zn and Mn) availability, and C/N increase. The fourth soil 

principal component represented a gradient of N and P oligotrophy, which (unlike the 

first component) was not paralleled by significant changes in pH or other macro and 
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micronutrients availability (except K). The soil water content variable was not 

significantly correlated with any of the extracted PCA axes (Table 1) and therefore was 

excluded from final analysis. 

The interpretation of some of the main trends in soil chemical properties was 

further improved by calculating their correlation with topographic and community 

structure variables (Table 1). The first PCA component can be interpreted as a fertility 

gradient negatively related with elevation, reaching the highest values in the lowest 

positions, where the tallest trees, the lowest species richness and the highest litter 

accumulation are found. The second chemical soil trend (acidity gradient) and the third 

(nitrate, Zn, C/N and Mn) were not significantly correlated with any measured 

topographic or community structure variable. The fourth soil chemical trend (N and P 

oligotrophy), also corresponded to an elevation-related gradient (positive correlation in 

this case), showing that at the highest positions on the slope, where the soil was poorest 

in ammonium and P (but richest in K), the forest was shorter, accumulated a lower 

amount of litter, the overstory canopy was more sparse and the ground-cover of 

herbaceous vegetation were denser. 

A total of 21 woody species were found in the studied forest. The most frequent 

species were: Arbutus unedo, Erica arborea, Quercus coccifera, Q. faginea, Q. suber, 

Rhamnus alaternus, Ruscus aculeatus and Viburnum tinus (Appendix II). 

The main trend of floristic-environmental variation, defined by CCA axis 1, was 

associated with a combined gradient of increasing soil nutrients but decreasing light 

availability (higher canopy cover), and closely related with decreasing elevation (Table 

2). At the lowest slope positions, the semideciduous oak Q. faginea dominated the 

overstory, while the shrub understory was sparse and less diverse; only shade tolerant 

species, such as Ruscus aculeatus were found there. At the opposite, in the uphill 
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positions (higher elevation), there were isolated trees of Q. suber, but vegetation was 

dominated by arborescent shrubs like Pistacia lentiscus and Phillyrea angustifolia low-

stature woody species, such as Calluna vulgaris, Cistus populifolius and Lavandula 

luisieri (Fig. 2). These woody communities in the upper slope, had higher number of 

species and were correlated with lower litter ground-cover, soil NH4
+ and P, but higher 

Zn availability, more light and higher herbaceous ground-cover (Table 2 and Fig. 2). 

The second trend of floristic-environmental variation separated in the negative extreme 

Phillyrea angustifolia and Viburnum tinus, and at the opposite Bupleurum fruticosum 

and Phlomis purpurea (Fig. 2). This CCA axis 2 was correlated with the previously 

described third and fourth PCA axes of soil data (Table 2). 

Figure 2 shows that P, Zn and elevation have similar absolute scores for the first 

and second CCA axes. On one hand, this confirmed the previously identifyed strong 

relation between the elevation gradient and P availability in soil, as well as their relation 

to the bottom-top floristic gradient (first CCA axis). On the other hand, it corroborated 

that there was a floristic trend (second CCA axis) related to elevation but that was 

additionally correlated with third PCA axis, which was correlated to nitrate and Zn 

availability but not correlated with elevation (Table 1). 

Although Bupleurum fruticosum seemed to be an outlier, it occurred in more 

than 15% of sampled plots and its removal from the analysis showed that it was not 

responsible for driving the second CCA axis, i.e. its removal from the analysis only 

influenced the graphic appearance and not the overall species ordination or further 

results. Thus, we decided to keep that species in this community study to include its 

biological and ecological information. 

Table 3 summarizes the sequential analysis used to study the variation of species 

data, showing sets of variables used and results reached in each step. The stepwise CCA 
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regarding the floristic data constrained by soil data, showed that the highest significant 

model included only two non-redundant environmental variables - litter accumulation 

and soil Zn availability (Table 3, second row). To remove the spatial component from 

the model, i.e. to determine the non-spatially structured woody species variance, we 

started by determining the best spatial predictor set. From the pool including all the 

three-dimensional coordinates (X, Y, Z) and their quadratic and cubic terms and 

interactions, elevation (Z) and the product XY were retained (Table 3, third row). 

Afterwards, we used these spatial predictors as covariables, in a stepwise partial CCA 

analysis of the floristic data constrained by the soil data. A significant partial ordination 

model was obtained with NO3
- and NH4

+ availability in soil as the two best non-

redundant predictors (Table 3, fourth row). Therefore, the availability of Zn in soil was 

not confirmed as best non-redundant predictor for explaining floristic-environmental 

variation when all the spatial component was removed, i.e. Zn had a strong spatial 

structure. 

Results showed that the species variation explained by spatial data changed from 

25 to 14 percent when the effects of soil predictors (NO3
-, NH4

+, Zn and Litter) were 

statistically controlled (Table 3, fifth row). 

Although water availability is an important limiting factor in Mediterranean 

ecosystems (e.g. Freitas 1997, Peñuelas et al. 2001), in our study there were only trivial 

differences in the model reached, and the explained floristic variance was the same, 

when the soil moisture variable was used as covariable in the pCCA for species data 

constrained by soil data. 

Table 4 shows significant correlations between the basal area of each of the five 

dominant overstory species and elevation, soil variables/gradients and community 

structure variables. 
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In Table 5, we selected three plots where Q. suber had the most significant 

contribution (an average of over 30 % of the total basal area) to the overstory biomass 

while Q. faginea was absent, and compared them with three plots having the highest 

proportion (average of 60 % of the total basal area) of Q. faginea while Q. suber was 

absent. Additionally, we considered only those plots where the remaining oak species 

(Q. coccifera) contributed to the total basal area in a negligible proportion (0.5% on 

average), and assured that no significant differences existed between the relative 

contributions of the other main woody species (significance of t-tests were: p= 0.34 for 

A. unedo, and p= 0.90 for E. arborea). Although plots under those conditions could 

show some spatial dependence, we verified that they did not have any significant 

differences in average values of elevation or estimated total overstory biomass. 

Therefore the comparison of their mean values of other explanatory variables could 

reveal relationships between dominant oak species and edaphic variables, independently 

from the bottom-top gradient. Results showed that Q. suber plots had significantly more 

available Zn in the soil, and significantly less litter than the compared Q. faginea plots. 

A marginally significant (p<0.02) soil P enrichment in the Q. faginea plots was also 

observed (Table 5).  

 

DISCUSSION 

Many well-preserved forests in the Iberian Peninsula are covering steep slopes 

(not suited for cultivation). The complex environmental gradient associated with 

changes in elevation includes movement of water and nutrients in the soil, variations in 

microclimate, and transport of propagules of plants and animals. Change in these factors 

alter the composition and abundance of the forest species along slopes (Hanba et al. 

2000, Enoki 2003). Clark et al. (1998) clearly stated that plants respond to many 
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edaphic variables and that studies should focus on simultaneous measurement of those 

edaphic variables likely to influence plants. 

The forested slope studied, had low fertility and remarkable spatial 

heterogeneity of edaphic, topographic and community structure variables. Soil water 

content was expected to be related to topographic variables (elevation and slope) and to 

other soil chemical elements, however it was not significantly correlated with any of the 

extracted soil PCA axes and it was not a potential driver of the floristic-environmental 

variance identified. There were two methodological limitations to have in mind for 

interpreting these results: firstly we measured water content of the top soil (0-10 cm), 

which can be related to herbaceous species composition in the forest understorey (e.g. 

Marañón et al., unpublished) but not (significantly) related to woody species that 

explore deeper soils. Secondly, we had only one temporal measurement - in spring - and 

we can not discard if soil moisture measurements in other seasons (e.g. late summer) 

could be discriminant in the analysis. However, it was not an objective of this study to 

assess the complexity of the soil-plant water relations. 

The main trend of variation in the soil chemical properties represented a top-

bottom soil fertility gradient. In general, the higher soil nutrients content corresponded 

to the lowest positions, where the tallest trees (Q. faginea) and more dense canopies 

occurred, while the woody understory was more sparse and less diverse. A similar 

pattern of  increasing N availability down the slope, and forests having maximum height 

and above-ground biomass on the bottom valley, has been documented by Tateno and 

Takeda (2003), and was expected because elevation is one of the main factors 

determining the spatial variations in availability of soil nitrogen for plants (Garten et al. 

1994; Hirobe et al. 1998; Tokushi et al. 1999). 
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A remarkable number of woody species and a continuous floristic gradient was 

detected but we can distinguish (for simplicity) three main vegetation types. At the 

ridges, the vegetation was dominated by low-stature shrubs, such as Lavandula luisieri, 

Genista triacanthos, Cistus populifolius and Calluna vulgaris. Although there were 

trees, such as Q. suber and A. unedo, the overstory canopy was sparse (more light 

reaching the ground) and there was lower accumulation of litter, while the species 

richness of the shrub understory and the ground-cover of the herbaceous stratum were 

higher. At the middle part of the slope, with intermediate environmental conditions, 

some generalist, medium-stature woody species, such as Quercus coccifera, Erica 

arborea and Pistacia lentiscus co-dominated. At the bottom of the slope, a relatively tall 

and luxuriant forest dominated by Quercus faginea was found; the overstory tree 

canopy and litter accumulation were the highest and there were almost no shrub nor 

herbaceous layers in the understory. 

The species variation explained by soil data changed from 20 to 15 percent when 

the effects of spatial data were statistically controlled, and the best predictors set 

changed from soil Zn plus litter ground-cover, to soil NH4
+ plus NO3

-. This revealed 

that litter accumulation and soil extractable Zn predicted the spatially structured species 

variance, i.e. had significant spatial structure in the studied forest. This was expected for 

the litter variable because of the previously described floristic trends, with the 

marcescent species tree Q. faginea dominating only at the bottom-slope. Besides, this 

showed that soil nitrogen content played an important role in explaining the species 

variance independently from slope position. The results related to Zn are discussed 

afterwards. 

Metals (such as Zn) may originate from mineral weathering or from atmospheric 

deposition but soil organic matter has high potential for storing them (Schulin et al. 
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1995). Thus, the edaphic trend in which increase in soil Zn was associated with the 

increase in C/N and NO3
-, revealed the decomposition degree of soil organic matter. 

Besides, the overstory vegetation plays an important role in the spatial redistribution of 

metals at the forest soils, because trees function as nutrient pools and also as trace 

element pumps, by translocating them from deep soil to the leaves, and then to the 

forest floor where litter accumulates. Therefore, through biocycling Zn returns to the 

forest floor, helping to maintain labile pools in upper soil horizons (Johnson & Petras 

1998). In a mixed forest, this translocation process results in the creation of a mosaic of 

trace element contents that will, at least partially, reflect the mosaic of tree species. For 

example, Manna et al. (2002) found that Zn (and Cd) distribution was closely associated 

with the trees that were responsible for fresh litter deposition on the forest floor. In 

another study, Nowack et al. (2001) suggested that recycling plant uptake and litter 

deposition was a dominant process in the long-term retention of this metal in soil. This 

can explain the identified Zn spatially structured trend, because the estimated biomass 

of evergreen cork oak (Q. suber) significantly correlated with soil Zn. There are ample 

evidences about the role of Zn as micronutrient and symptoms associated to Zn 

deficiency, such as stunted growth and chlorosis of youngest leaves (see review by 

Römheld & Marschner 1991). The heterogeneity of soil Zn, associated to overstory 

spatial distribution, could differentially affect seedlings growth and influence 

composition of the understory, but this process needs to be experimentally investigated. 

The spatial variation of species data not shared with environmental variables 

(14% of the total species variance) must be ecologically interpreted and further 

investigation is needed to assess if other environmental factors could explain the 

identified spatial variation. As Borcard et al. (1992) emphasized, “the spatial structure 
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of ecological data may act as a synthetic variable for the underlying processes that have 

generated it”. 

We suggest that elevation has an indirect influence on the floristic composition, 

by influencing both edaphic and community structure variables. For example, 

decreasing soil N availability upwards the slope may affect plant growth and forest 

structure, and thereby light penetration to the forest floor. As each plant species has 

specific competitive abilities for soil N and light, and because they distribute and 

regenerate according to their competitive abilities and to the available resources (e.g. 

Tilman 1988; Finzi and Canham 2000), such an elevation-mediated resource (of soil N 

and light) gradient must determine, at least in part, the species distribution patterns and 

forest regeneration (Tateno and Takeda 2003). Moreover, there are some reinforcement 

and amplification effects of the elevation on the environmental factors. For example, the 

CV for the elevation values in the studied slopes was 14 %, while litter accumulation (a 

elevation-correlated variable) had CV of 60 %. 

Several recent studies have emphasized that adult trees can play a critical role in 

influencing soil properties and regulating the species composition (e.g., Finzi et al. 

1998; Finzi & Canham 2000; Bigelow & Canham 2002). In particular, vegetation has 

been demonstrated to be a main factor controlling N mineralization along topographic 

gradients (Knoepp & Swank 1998). The results of our observational study, suggest that 

some locally dominant tree species affect key environmental parameters (as soil 

chemical composition or light availability) and independently from elevation condition 

the floristic variation. Firstly, because the estimated biomass of the semideciduous oak 

(Q. faginea) positively correlated with higher litter accumulation, higher soil 

ammonium, B and P, and with denser canopy cover. The preferential distribution of this 

oak in the lower part of the slope, and its effects modifying the understory environment 
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– e.g. the accumulation of litter and the reduction of light - generates environmental 

variation beyond the simple elevation gradient, and therefore may promote the floristic 

variation. Secondly, because of the identifyed floristic trend that was related with the 

chemical soil trend (for nitrate and Zn availability) but was not correlated with 

elevation. 

We suggest that in the studied forest a few overstory tree species (mainly Q. 

faginea and Q. suber) influence environmental and community structure variables that 

closely relate with the resources availability, and therefore generate floristic variation 

(Foré et al. 1997). Those species might function as “physical ecosystem engineers”, 

defined as the organisms that directly or indirectly control the availability of resources 

to other organisms by causing physical state changes in biotic or abiotic materials 

(Jones et al. 1997). Hirayama & Sakimoto (2003) suggested that different mechanisms 

may affect the vegetation differentiation related to topography of the slope. For 

example, in the forest they studied (a cool-temperate conifer-hardwood forest), changes 

in the snow pressure gradient affected by slope topography and different snow pressure 

tolerance of the species, were responsible for the species distribution patterns along the 

slope. In our study, there were some evidences that dominant trees may act as a 

mechanism (mediated by competition for light and nutrients) for the non-random 

community structure and species composition along the slope. 

Althought the bioengineering module for species interactions has not yet been 

fully developed (Chase & Leibold 2003), we suggest that it might be an appropriate 

niche framework to predict the species variations along topographic gradients. 

Therefore, further experimental studies should focus on the hypothesis of engineering 

control of the floristic variation, and its relation to the well reported effect of  

topography and associated environmental gradient. 
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Table 1. Results of the PCA analysis of soil chemical variables measured in 25 forest 

plots of SW Portugal. Only factor loadings with values ≥0.5 are shown. The coefficients 

of Spearman rank-correlation between the extracted PCA (on soil variables), and 

topographic and community structure variables are shown; significance values are: * 

p<0.01; ms p<0.05; ns p≥0.05. 

 PCA1 PCA2 PCA3 PCA4

Eigenvalues 5.652 3.049 2.843 1.794
% Variance 31.4 16.9 15.8 10.0
pH_KCl 0.50 0.52 - -
OM 0.55 -0.55 - -
N 0.62 - - -
C/N - -0.63 0.58 -
K 0.50 - - 0.50
Ca 0.81 - - -
Mg 0.87 - - -
Na - -0.53 - -
EA - -0.62 - -
CEC 0.84 - - -
P 0.61 - - -0.61
Zn - - 0.60 -
Cu - 0.50 - -
Mn - -0.61 0.57 -
Fe 0.80 - - -
B 0.70 - - -
NH4

+ 0.75 - - -0.52
NO3

- - - 0.79 -

Elevation -0.51* ns ns 0.54*
Slope ns ns ns ns
Canopy cover ns ns -0.40ms -0.51*
Max. canopy height 0.50ms ns ns -0.47ms
Herbaceous cover ns ns ns 0.53*
Litter 0.41ms ns ns -0.61*
Species richness -0.54* ns ns ns

Spearman's correlations

Summary
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Table 2. Results of the stepwise CCA analysis of the woody species data constrained by 

all the edaphic variables. The weighted correlations of the two significant predictors 

obtained by stepwise selection are shown. The coefficients of Spearman rank-

correlation between the extracted CCA axes and elevation, other edaphic or community 

structure variables or scores for PCA (on soil parameters), are also shown. Significance 

values are: ** p<0.001; * p<0.01; ms p<0.05; ns p≥0.05.  

Summary CCA 1 CCA 2
Eigenvalues 0.108 0.058
Species-environment correlations 0.69 0.71
Explained variance of species data (%) 11.8 6.3

Predictors weighted correlations
Zn     -0.52 0.46
Litter 0.54 0.43

Spearmans' correlations
Elevation -0.65** -0.57*
B 0
Cu ns 0.48ms
Mg 0.43ms ns
P 0.59* 0.48ms
NH4

+ 0.56* ns
NO3

- ns 0.42ms
Soil-PCA1 0.49ms ns
Soil-PCA3 ns 0.40ms
Soil-PCA4 ns -0.66**
Herbaceous cover -0.80** ns
Max Canopy Height 0.56* ns
Canopy cover 0.51* ns
Species richness 0.40ms* ns

.49ms ns
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Table 3. Summary results of all different analyses carried out for variance partitioning: 

1) unconstrained (CA); 2) stepwise CCA selecting the best edaphic predictors; 3) 

stepwise CCA selecting the best spatial predictors; 4) stepwise partial CCA after 

adjusting by the best spatial set obtained at step 3; 5) stepwise partial CCA using only 

site coordinates as predictors and after adjusting by the edaphic predictors. For each 

analysis, the sum of all eigenvalues (trace), the percentage of the community variance 

explained and the model significance (by Monte Carlo test) are shown. 

 

 

 

 

 

 

 

Analysis Data matrix
Constrained 

by Covariables Predictors Trace
p 

(trace)

% of 
species 

variance
CA Woody species - - - 0.912 - 100

CCA Woody species Soil data - Zn, Litter 0.166 0.0002 20.1

CCA Woody species Spatial data - Z, XY 0.225 0.0001 24.7

pCCA Woody species Soil data Z, XY NH4
+, NO3

- 0.141 0.0002 15.5

pCCA Woody species Z, XY NH4
+, NO3

-, Zn, Litter Z, XY 0.127 0.0003 13.9
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Table 4. Spearman-rank correlations between the basal area of the dominant overstory 

woody species and: a) elevation, b) soil variables and gradients, and c) community 

structure variables. Correlations of those variables with elevation are also shown in the 

last column. Only significant values are shown, except for the non-significant 

correlation between elevation and Zn, included for comparison. Significance values are: 

**p<0.001; *p<0.01; ms p<0.05. 
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Table 5. Comparison between plots dominated by Q. faginea or by Q. suber. Only those 

variables that were significantly related to the main floristic gradients, as well as the 

total basal area, are shown. Significance values are: * p<0.01; ms p<0.05. 

Q. suber Q. faginea
Variable Units mean ± SD mean ± SD t p

Zn mg kg-1 171.7 ± 40.1 37.5 ± 10.9 -6.58 0.003*
Litter % 0.23 ± 0.12 0.78 ± 0.10 4.91 0.008*
P mg P kg-1 2.11 ± 0.45 4.71 ± 1.28 3.79 0.019ms
Elevation m 90.0 ± 6.3 70.4 ± 13.5 -2.27 0.085
Total basal area mm2 41020 ± 18155 48434 ± 23701 0.43 0.689

Significance 
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Fig. 1. Diagram ilustrating the study site, the three randomly positioned transects and 

the 25 plots sampled in the forested slope. From left to right, transects are 68m and 28m 

distance apart, respectively. Squares represent 4x4m plots, positioned along the 

transects at 4m intervals. 
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Fig. 2. Projection of scores of the studied woody species (in italic, see Appendix I for 

abbreviations) in the plane defined by the two first CCA axes. The environmental 

variables included in the explanatory model (LITTER and soil Zn) are projected. Other 

edaphic, topographic and community structure variables are also projected - soil P, 

ammonium (NH4) and nitrate (NO3), elevation, maximum canopy height (CANOPY 

HEIGHT), species richness (#Spp) and herbaceous ground-cover percentage (HERBS). 
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Appendix I. Descriptive statistics of 27 variables measured in a forest slope of SW 

Portugal. SD = standard deviation; CV = coefficient of variation. 

Units Transformation Mean Minimum Maximum SD CV (%)
Soil

Hum g kg-1 - 314.42 224.60 428.20 42.78 13.61
pH_KCl - - 5.01 4.44 6.00 0.34 6.86
OM g kg-1 log 121.01 84.13 152.40 17.28 14.28
N g kg-1 power (4) 3.75 2.33 4.29 0.41 11.01
C/N - log 19.00 13.78 31.00 3.95 20.77
Ca cmolc kg-1 log 8.79 3.84 22.80 4.47 50.90

Mg cmolc kg-1 log 2.83 1.87 4.00 0.59 21.01
K cmolc kg-1 log 0.77 0.44 1.35 0.20 26.25

Na cmolc kg-1 log 0.42 0.33 0.75 0.09 20.93

EA cmolc kg-1 log 0.29 0.15 0.69 0.12 41.35
CECe cmolc kg-1 log 13.10 7.32 28.53 5.02 38.32

P mg P kg-1 log 3.49 1.62 5.95 1.27 36.54
Zn mg kg-1 log 114.58 19.50 350.00 88.68 77.39
Cu mg kg-1 log 3.30 2.25 4.90 0.62 18.71
Mn mg kg-1 log 729.10 382.50 1412.70 232.53 31.89
Fe mg kg-1 log 183.80 96.90 341.70 71.60 38.96
B mg B kg-1 log 4.10 2.71 6.53 1.05 25.70
NH4+ mg N kg-1 log 4.42 1.62 11.05 2.50 56.57
NO3- mg N kg-1 log (x+0.1) 0.27 0.00 1.72 0.49 180.31
Litter ground-cover % - 0.47 0.05 0.90 0.28 60.34

Topography
Elevation m - 78.65 61.74 95.41 10.77 13.69
Slope degrees - 36.04 25.56 43.33 3.78 10.49

Community structure
Canopy cover % arcsin 0.85 0.62 0.95 0.10 11.46
Max. canopy height m - 5.00 3.00 7.00 1.41 28.28
Herbaceous cover % sqrt 0.39 0.05 0.85 0.27 69.20
Moss ground-cover % log 0.13 0.05 0.40 0.11 81.12
Species richness #spp/plot - 9.44 4.00 16.00 2.95 31.20
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Appendix II. Names and abbreviations used for the woody species recorded in a well-

preserved forest of SW Portugal. Some metrics and abundance parameters are shown to 

describe each species. Nsites = number of samples in which the species occur; Height = 

mean height (meters); Ntrunks =  mean number of trunks at the base; dbh = mean 

diameter at breast height (millimetres); >130cm = number of individuals more than 130 

cm height; <130cm = number of individuals less than 130 cm height; SD = standard 

deviation. 

Spp. Abbrev. Nsites Height ± SD Ntrunks ± SD dbh ± SD >130cm <130cm
Arbutus unedo  L. Aun 20 3.3 ± 1.3 1.4 ± 0.8 29.6 ± 27.2 46 89
Bupleurum fruticosum  L. Bfr 4 2.5 ± 0.9 1.7 ± 1.2 6.0 ± 3.6 3 9
Calluna vulgaris (L.) Hull Cvu 7 2.0 ± 0.9 1.7 ± 1.2 7.2 ± 2.9 3 30
Cistus populifolius  L. Cpo 4 2.3 ± 0.9 1.8 ± 1.0 7.0 ± 6.1 4 3
Daphne gnidium L. Dgn 5 - - - 0 9
Erica arborea L. Ear 25 2.9 ± 0.8 1.7 ± 1.3 24.4 ± 12.3 293 23
Genista triacanthos  Brot. Gtr 8 1.5 ± 0.0 1.0 ± 0.0 1.5 ± 0.7 2 12
Laurus nobilis L. Lno 2 - - - 0 3
Lavandula luisieri (Rozeira) 
Rivas-Martínez Llu 4 - - - 0 5

Myrtus communis  L. Mco 12 1.9 ± 0.8 1.3 ± 0.5 5.3 ± 4.7 4 37
Phlomis purpurea L. Ppu 14 1.5 ± 0.0 1.0 ± 0.0 3.5 ± 0.7 2 95
Phillyrea angustifolia  L. Pan 13 2.4 ± 0.8 2.0 ± 1.0 6.7 ± 4.5 7 28
Phillyrea latifolia L. Pla 4 2.3 ± 1.1 1.0 ± 0.0 16.0 ± 15.6 2 1
Pistacia lentiscus  L. Ple 7 2.1 ± 0.8 1.3 ± 0.5 13.9 ± 10.9 7 8
Quercus coccifera L. Qco 24 3.2 ± 1.2 3.2 ± 4.3 18.3 ± 13.4 25 185
Quercus faginea Lam. Qfa 17 4.2 ± 1.7 1.1 ± 0.4 55.4 ± 32.7 35 41
Quercus suber L. Qsu 14 3.6 ± 1.2 1.0 ± 0.0 53.2 ± 40.8 12 45
Rhamnus alaternus  L. Ral 21 2.2 ± 0.8 1.3 ± 0.6 7.4 ± 5.6 29 106
Rubus ulmifolius Schott Rul 3 - - - 0 3
Ruscus aculeatus  L. Rac 18 - - - 0 133
Viburnum tinus L. ssp. tinus Vti 20 1.9 ± 0.8 1.5 ± 1.0 6.0 ± 1.8 4 170

 


