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Abstract: The efficient conservation of vulnerable ecosystems in the face of global change requires a
complete understanding of how plant communities respond to various environmental factors. We
aim to demonstrate that a combined use of different approaches, traits, and indices representing
each of the taxonomic and functional characteristics of plant communities will give complementary
information on the factors driving vegetation assembly patterns. We analyzed variation across
an environmental gradient in taxonomic and functional composition, richness, and diversity of
the herb-layer of a temperate beech-oak forest that was located in northern Spain. We measured
species cover and four functional traits: leaf dry matter content (LDMC), specific leaf area (SLA),
leaf size, and plant height. We found that light is the most limiting resource influencing herb-layer
vegetation. Taxonomic changes in richness are followed by equivalent functional changes in the
diversity of leaf size but by opposite responses in the richness of SLA. Each functional index is related
to different environmental factors even within a single trait (particularly for LDMC and leaf size). To
conclude, each characteristic of a plant community is influenced by different and even contrasting
factors or processes. Combining different approaches, traits, and indices simultaneously will help us
understand how plant communities work.

Keywords: environmental gradient; functional traits; habitat filtering; herb-layer; limiting similarity;
mixed beech-oak forest; species richness

1. Introduction

Given the current threats that biodiversity is facing worldwide [1], and in order to
mitigate the impacts of climate change on plant communities [2], it is important to under-
stand how different biotic processes (i.e., plant–plant interactions) and habitat constraints
influence vegetation assembly patterns. This is particularly true in rear-edge environments
of south Europe due to their isolation and particular adaptations to drier conditions [3].
Mixed beech-oak forests have their southern distribution limit in the north of the Iberian
Peninsula where global change is modifying growing conditions and resource availabil-
ity [4], potentially affecting their structure and functioning [5] as well as threatening their
conservation [6]. In temperate forests, the understory hosts most of the vascular plant
diversity [7] and its herb-layer regulates many of the forest processes and functions, such as
tree regeneration and water and nutrient cycling [5,8,9]. However, despite its importance,
our ability to predict understory and, in particular, herb-layer community dynamics is still
very limited [10,11].

The study of functional traits is known to be an important complement of the taxo-
nomic approach when studying community assembly [12–14]. In this regard, recent studies
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have found that taxonomic and functional understory assembly patterns can show different
responses to similar environmental conditions (particularly for traits such as specific leaf
area; [15]). Classic theory poses two non-exclusive hypotheses about the main processes
underlying community assembly: habitat filtering and limiting similarity hypothesis. The
habitat filtering hypothesis [16] states that environmental constraints determine the species
that are able to survive or establish at a site, selecting individuals with similar functional
characteristics and thus producing convergence in functional traits [17]. The limiting
similarity hypothesis [18] argues that competitive interactions among the species of a
community filter the potential colonists of a site, favoring the coexistence of species with
different resource-use-related characteristics and thus promoting trait divergence [19,20].
Following these hypotheses, trait convergence would be associated with habitat filtering,
while trait divergence would indicate limiting similarity. However, it is increasingly ac-
knowledged that differentiating these two processes is not as simple, because in natural
communities both processes can affect community assembly simultaneously and also in
combination with other processes such as facilitation, dispersal limitation, or historical
contingencies [20,21]. In addition, both processes can also give rise to the opposite assembly
patterns depending on the nature of the trait that is being considered [22–24].

In this regard, it has been found that each functional trait could be influenced by
different environmental factors and processes [2,20,25,26]. For example, traits such as leaf
dry matter content (LDMC) and specific leaf area (SLA), despite being negatively corre-
lated [27] and both giving information on the resource foraging strategy of the plant [28],
can complement each other, as low LDMC is associated to soil fertility, while high SLA
is related to soil fertility but also to shade [29]. By contrast, leaf size and plant height are
positively related to competition for light [28,30].

Moreover, even within a single trait, the use of different functional indices can give dif-
ferent information on the factors and assembly processes that are acting on the community.
In particular, three different functional indices are often used to study plant communities:
functional composition, richness, and diversity. Functional composition is usually mea-
sured with the community weighted mean (CWM; [31]) and can be defined as the mean
of the trait values in a community. On the other hand, functional richness and diversity
measure trait range and dispersion, respectively [25,32]. Functional richness (FRic; [33])
is measured as the convex hull volume, the volume of functional space that is occupied
by species irrespective of abundance. Functional diversity can be calculated with the Rao
quadratic Index [34], which is the sum of pairwise functional distances between species
that are weighted by relative abundance and considers both the functional space that is
occupied and the similarity between the most abundant species [35]. Thus, changes in
environmental conditions could lead to changes in functional composition (e.g., if the
new conditions promote a new mean trait value) while maintaining functional diversity
(e.g., if the trait values of the new species that are selected within the community are
equally diverse as before; [36]). However, it is still not clear to what extent functional
composition and diversity are related [36]. In this regard, describing how taxonomic and
functional composition, richness, and diversity of different functional traits are influenced
by specific environmental factors and processes would shed light on the main drivers of
herb-layer community assembly and favor the application of correct management and
conservation actions.

In Europe, southern-limit temperate forests and their understory are of particular
interest for the study of community assembly [5]. These forests have different floristic
compositions and environmental constraints than their northern counterparts due to the
potential influence of xericity on herb-layer vegetation [37] which means that typical tem-
perate species coexist with more Mediterranean ones. In particular, our study was carried
out in Bertiz Natural Park, one of the best conserved temperate forests in northern Spain
and with a high ecological value [38], where the seldom seen confluence between beech
and oak trees can be found [39]. In southern-limit forests we can also expect greater differ-
ences between the north-facing and south-facing slopes that create stronger environmental
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gradients in terms of solar radiation and soil moisture [7,37]. Regarding radiation, it is
expected that the presence of a beech canopy that intercepts the 90% of the incident radia-
tion [40] would make light limiting and select for shade-tolerant species with high SLA [30],
while leading to divergence in other leaf traits to avoid light competition [25,28]. Yet, in
southern-slopes, the presence of a mixed beech-oak canopy would promote environmental
heterogeneity and increase trait divergence in the understory [25]. Regarding soil moisture,
it is expected that the southern distribution of these forests would make belowground re-
sources to become more limiting [37], especially in southern slopes, influencing mainly the
functional composition and diversity of traits that are related to drought-stress. In this sense,
limiting soil moisture might select for smaller leaf sizes [30] or promote leaf size divergence
to decrease belowground competition [18]. However, and although it is established that
environmental constraints determine understory species composition [41–43], the specific
effect of these intermingled environmental factors on the structure and functioning of
herb-layer communities among traits and indices is still unclear [37,44].

In our study, we assessed which specific factors drive the taxonomic and functional
composition, richness, and diversity of the herbaceous layer in a southern-limit temperate
forest. We hypothesize that (i) from a general perspective, the main limiting resources
driving herb-layer community assembly in this temperate forest will be light and water
availability. (ii) The relationship between the taxonomic and functional changes in the herb-
layer will vary depending on the particular functional trait that is being studied. (iii) Each
functional trait will be influenced by different environmental factors and processes. (iv) The
effect of each factor and process on the forest herb-layer will change depending on the
functional index that is used: composition, richness, or diversity; i.e., whether we look at
mean values or their variation.

2. Materials and Methods
2.1. Study Site

This study was conducted in Bertiz Natural Park, a Natura 2000 Special Area of
Conservation located in the western Pyrenees (WGS84: 43◦9′ N, 1◦37′ W, Navarra, Spain).
The climate is oceanic, which favors mild temperatures (mean annual temperature of
14 ◦C) and high levels of rainfall (mean annual rainfall of 1500 mm uniformly distributed
throughout the year; [45]). Our study area (in the Suspiro basin) covers 132 ha with steep
slopes mainly facing north or south, where elevation ranges from 200 to 600 m. The basin
is crossed by a large number of small headwater streams and soils are mostly formed over
silicic sandstones and conglomerates of the Bundsandstein-Triasic (see more details in [46]).
On average, soils have a pH of 5.0, a 3.8% of organic matter content, and 33.1% content of
clay [47]. The basin is covered by a non-managed acidophile and ombrophile forest that is
dominated by beech (Fagus sylvatica L.) with some dispersed oaks that became abundant in
south oriented slopes, especially Quercus robur L. [48].

2.2. Vegetation Sampling

The study site was divided into 102 cells with a grid of 120 m side length, and within
each cell, we randomly selected a sampling plot of 400 m2. The study focused on the forest
herb-layer, which is comprised of herbaceous vascular plants and shrubs that are equal
or smaller than 1m in height (following [8]). We excluded seedlings and saplings of taller
woody species because they do not pass their whole life cycle in the herbaceous layer. The
data were obtained from a species inventory that was carried out by the authors in June
and July 2016. All vascular plant species that were present in each plot were identified
and the percentage cover was estimated. In total, 52 species were sampled (Table S1 in
Supporting Information). Nomenclature follows [49].

2.3. Trait Measurement

For each species, four plant functional traits that were associated with plant ecological
strategies were studied (Table S1; see correlations in Table S2). Plant height was measured
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as the size from the ground level to the highest photosynthetically active tissue. Plant
height is mainly associated with competitive vigor, but also with whole plant fecundity
and plant tolerance or avoidance of environmental stress [27], regulating plant responses
to resource availability and disturbance [50]. Leaf size, the surface area of a whole leaf,
is negatively related to nutrient stress, drought stress, and high-radiation stress [27]. In
addition, it is associated with competition for light [28]. We also measured the specific leaf
area (SLA), the area of a fresh leaf divided by its oven-dry mass, and leaf dry matter content
(LDMC), which is the oven-dry mass of a leaf divided by its water-saturated fresh mass [30].
Lower values of SLA and higher values of LDMC are related to lower potential relative
growth rate or mass-based maximum photosynthetic rate and longer leaf lifespan [27].
These four traits were measured between April and June 2018, on leaves and individuals
fully developed, following the protocols provided by [30]. Plant height was measured in a
total of 25 individuals per species. For the other three traits, a total of 20 leaves per species
(two leaves in ten individuals) were collected, put in sealed plastic bags with moist paper
and stored in a fridge so that they remained water saturated until their processing. The leaf
area was measured by using a scanner accompanied by the image analysis software ImageJ
(v. 1.51; [51]). The leaves were also weighted before and after being dried at 80 ◦C for 48 h
to calculate SLA and LDMC.

2.4. Environmental Variables Measurement

We measured ten variables in each of the 102 sampling plots: altitude, slope, leaf litter
cover, radiation (mean and variation), moisture (mean and variation), DBH mean (average
diameter at breast height), basal area, and Quercus basal area (Table S3).

The altitude (in m a.s.l.) was obtained from a topographic map 1:5000 [52] using the
GPS coordinates of the permanent plots. The slope (sexagesimal degrees) was measured in
the field with a clinometer (Silva Clino Master, Silva Sweden). The topsoil moisture (% vol)
and its coefficient of variation (CV) were measured in July 2007 with two soil moisture
sensors SM200 (Delta-T device, Cambridge, UK) at a depth of 51 mm. To control within-plot
variability and obtain an averaged measure, 20 measurements were made in each plot. The
leaf litter cover on the ground (in percentage) was estimated visually in 2016. Radiation and
its CV were obtained in 2012 by using hemispheric photography. Photographs were taken
at 1 m height, in four points that were distributed regularly within each plot, and using
a digital camera (EOS 50D, Canon, Tokyo, Japan) that was equipped with a fisheye lens
(4.5 mm F2.8 EX DC, Sigma, Tokyo, Japan). As the photographs were taken on different
days, they were standardized and corrected by comparing data with a reference plot on
different days and by establishing threshold differences. The images were analyzed with
Hemiview software (v. 2.1 SR4; 2009 Delta-T Devices, Ltd., Cambridge, UK), obtaining
Indirect Solar Factor (ISF) values. The ISF is an estimation of the indirect radiation levels
that were measured at a site against those that were estimated at an equivalent open-air
site [40]. As the forest that was studied was a non-managed forest, we assumed that it
would be stable enough for us to be able to take environmental measurements in different
years without adding important noise to the analyses.

Data for the DBH mean (measured in cm), basal area (in m2 ha−1) and Quercus basal
area (in percentage), all related to canopy structure, were obtained between July 2016 and
February 2018. In each plot, we measured the DBH of the central tree and of the six closest
neighbors with a diameter that was greater than 5 cm, so that we measured the trees that
were present in more than 80% of the plot area. We calculated the mean DBH of the seven
trees that were measured in each plot. We also measured the distance from the central tree
to each of the six neighbors and we used the maximum distance that was measured to
calculate the total area in which the seven trees were distributed. Finally, we calculated
the plot basal area dividing the area of the seven trees that were measured by the area they
occupied, and we expressed it in m2 ha−1. The Quercus basal area is the percentage of basal
area corresponding to oaks (Quercus robur, Quercus petraea, and Quercus pyrenaica).
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2.5. Calculation of Functional Indices

There were two different data matrices that were created: the first matrix contained
the abundances of each species in each plot expressed in percentages, while the second
matrix contained the mean trait value across all the individuals that were measured for each
species. The trait values for leaf size and plant height were log-transformed in advance to
remove skewness. From these two matrices, community functional composition, richness
and diversity were calculated for each trait in each plot using the community weighted
mean (CWM; [31]), functional richness index (FRic; [33]), and Rao quadratic index [34,35],
respectively. The functional indices were calculated using the dbFD function of the “FD”
package [53,54] in R (v. 3.5.0; [55]). Both FRic and Rao indices may be affected by species
richness, which may lead to the appearance of significant relationships between variables
simply owing to random variation in species richness [50]. To distinguish random changes
from changes that were produced by real assembly processes, null models were created
by randomizing (with 999 permutations) species occurrences (for calculating null FRic)
and rearranging species abundances among all the species that were present in the species
pool of each plot (for calculating null Rao), but in such a way that each plot or community
maintained its original species richness and abundance. Randomizations were done with
the randomizeMatrix function in the “Picante” package [56]. For calculating null FRic,
we used presence/absence matrices. Then, differences between the observed index and
null index were calculated by using the standardized effect size or SES (i.e., observed–
expected/sd(expected); [57]), thus obtaining SESFRic and SESRao indices. Positive values
indicate, respectively, greater functional richness and diversity than expected, and negative
values indicate lower functional richness and diversity than expected by chance [20]. To
avoid bias in the calculation of functional indices [58], we removed plots with three or less
species, or, particularly for SESRao, plots without variation in species abundances; 86 plots
remained for CWM and SESFRic indices and 83 plots for SESRao.

2.6. Data Analysis

To visualize patterns in the herb-layer species composition of the 86 plots that were
studied, a non-metric multidimensional scaling (NMDS; [59]) with two dimensions was
carried out with the metaMDS function in the “vegan” package [60]. For this analysis, a
Bray–Curtis distance metric was calculated from the species per plot abundance matrix.
We analyzed the relationship between the NMDS plot scores in the first and second axes
and the environmental variables by using Pearson’s correlation coefficient.

To detect the type of filters or processes that were responsible for the functional compo-
sition, richness, and diversity patterns that were found, we tested for relationships between
CWM, SESFRic, and SESRao indices for each single trait and the ten environmental vari-
ables that were previously mentioned by fitting multiple linear regression models. In these
models, each functional index was used as a response variable and the ten environmen-
tal variables (altitude, slope, leaf litter cover, radiation and its CV, moisture and its CV,
DBH mean, basal area, and Quercus basal area) were used as explanatory or independent
variables. All of the explanatory variables were previously standardized to zero mean
and unit variance to obtain comparable regression coefficients. In order to avoid inflated
Type I error rate when testing for relationships between the CWM and environmental
variables [61], we performed a maximum (row and column-based) permutation test of
significance [62–64], using the test_cwm function of “weimea” package in R [65]. Then,
for all models (CWM, SESFRic, and SESRao), we carried out a backward model selection
process, for which we started with a model containing the ten explanatory variables that
were studied and then we removed the non-significant variables one by one. We selected
as final model the one which contained only significant variables. Once the models were
obtained, we tested for the spatial autocorrelation of the residuals (excepting the models
with CWM as response variable, which had undergone permutation and should not have
autocorrelation problems). We found that in most cases there was no significant spatial
autocorrelation (Figure S1).
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We also analyzed the correlation between the environmental variables that were
studied by using Pearson’s coefficient, which may help with model interpretation. Finally,
we analyzed the correlation between the taxonomic and functional composition, richness,
and diversity in order to see how taxonomic changes influenced community functioning.
Again, to avoid Type I error that was related to the CWM approach [61], we calculated
the correlation between taxonomic and functional composition using a column-based
permutation test (modified permutation test in [66]) with the test_cwm function of “weimea”
package in R [65]. For richness and diversity we used ordinary Pearson’s correlation.

3. Results
3.1. Patterns in Taxonomic Composition and Richness

The first axis of the NMDS that was carried out to visualize the patterns in the herb-
layer species composition differentiated communities from sites with higher values of Quer-
cus basal area and light availability (i.e., radiation) from communities of sites with higher
moisture and leaf litter cover (Figures 1 and 2; Table S4). According to the second axis, sites
with higher light availability and heterogeneity (i.e., higher CV for radiation) and higher
Quercus basal area accommodated communities with higher species richness than sites with
higher altitude, moisture, and leaf litter cover (Figures 1 and 2; Table S4). Light availability
was the variable that was most highly correlated with both axes (Figures 1 and 2; Table S4).
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Figure 1. NMDS diagram of the herb-layer species composition (stress = 0.2; iterations = 95) and
significant relationships between species composition and environmental variables such as altitude,
leaf litter cover, moisture, radiation and its coefficient of variation (CV), and Quercus basal area
(arrows). Other environmental variables were not significant. The length of each arrow indicates the
correlation value. Circles represent each of the 86 plots of the basin, with size being proportional to
the species richness.
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Figure 2. Relative influence of environmental factors (in columns) on different characteristics of the
herb-layer. Such characteristics are taxonomic (first and second ordination axes scores, herb-layer
species richness) and functional indices (CWM: functional composition; SESFRic: standardized
effect size of functional richness; SESRao: standardized effect size of functional diversity) for LDMC
(leaf dry matter content), SLA (specific leaf area), leaf size, and plant height. The environmental
factors are classified according to the main resource to which they are more related (soil moisture,
light, mixed factors, heterogeneity). The circle size is proportional to the values of correlation or
regression coefficients for each model, while color indicates the sign of the relationship (red: negative
relationship, green: positive relationship).

3.2. Patterns in Functional Composition, Richness, and Diversity

Regarding LDMC (Table 1; Figures 2 and S2a), the functional composition (CWM)
was lower at sites with higher altitude and higher soil moisture variability. By contrast,
the functional richness of LDMC was significantly higher at sites with lower radiation but
with higher Quercus basal area. The functional diversity of LDMC was not significantly
influenced by any environmental factor. In terms of SLA (Table 1; Figures 2 and S2b),
the CWM was higher at sites with higher basal area and high-diameter trees (i.e., DBH
mean). Similarly, the functional richness of SLA was higher at sites with lower radiation,
higher leaf litter cover, and high-diameter trees. The functional diversity was higher at
sites with higher leaf litter cover and lower Quercus basal area. In relation to leaf size
(Table 1; Figures 2 and S2c), higher CWM values of leaf size were found at sites with lower
radiation. By contrast, the functional richness was higher at sites with higher Quercus basal
area and with low-diameter trees, and the functional diversity was higher at drier sites.
Finally, regarding plant height (Table 1; Figures 2 and S2d), although the CWM was not
significantly related to any environmental factor, the functional richness was found to be
higher at sites with heterogeneous levels of radiation. Similarly, the functional diversity of
plant height was higher at sites with heterogeneous levels of radiation and lower altitude.
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Table 1. Results of the selected linear regression models testing for relationships between functional
composition (CWM), standardized effect size of functional richness (SESFRic), and diversity (SESRao)
of the four traits that were studied (leaf dry matter content, specific leaf area, leaf size, and plant
height), and environmental variables. The values that are presented in the table are the estimate
with the standard error, the F value, the p-value that is associated with the F-test and the degrees of
freedom of each model (df). Significant relationships (p < 0.05) are highlighted in bold. ‘.’ = p > 0.05;
‘*’ = 0.01< p < 0.05; ‘**’ = 0.001< p < 0.01; ‘***’ = p < 0.001.

Trait Index Predictor Estimate Standard Error F Value p-Value df

Leaf Dry Matter Content (LDMC)
CWM 83

altitude −10.781 2.556 17.786 0.012 *
CV moisture −6.029 2.736 4.856 0.018 *

SESFRic 83
radiation −0.281 0.104 4.041 0.048 *
Quercus basal area 0.224 0.104 4.618 0.035 *

SESRao 81
altitude −0.130 0.066 3.826 0.054.

Specific Leaf Area (SLA)
CWM 83

basal area 0.865 0.407 4.506 0.038 *
DBH mean 1.020 0.403 6.404 0.032 *

SESFRic 82
radiation −0.402 0.106 15.626 0.0002 ***
leaf litter 0.063 0.106 8.866 0.004 **
DBH mean 0.188 0.091 4.262 0.042 *

SESRao 80
leaf litter 0.080 0.062 5.549 0.021 *
Quercus basal area −0.201 0.062 10.385 0.002 **

Leaf size
CWM 84

radiation −0.355 0.064 31.234 0.006 **
SESFRic 83

Quercus basal area 0.306 0.123 6.180 0.015 *
DBH mean −0.417 0.123 13.518 0.0004 ***

SESRao 81
moisture −0.339 0.079 18.343 0.0001 ***

Plant height
CWM 84

slope 0.044 0.015 8.206 0.208
SESFRic 84

CV radiation 0.292 0.109 7.190 0.009 **
SESRao 80

altitude −0.313 0.099 8.297 0.005 **
CV radiation 0.281 0.099 7.987 0.006 **

3.3. Taxonomic vs. Functional Composition, Richness, and Diversity

We found significant relationships between the functional indices and herb-layer
species composition, while no significant relationships were found with species richness
(Table S5). The NMDS1 axis was significantly and positively correlated with the CWM
of leaf size, functional richness and diversity of SLA, and the functional diversity of
plant height (Figure 3a,c,d,f; Table S5). By contrast, it was negatively correlated with the
functional richness of leaf size and functional diversity of LDMC (Figure 3b,e; Table S5). The
NMDS2 axis was negatively correlated with the functional richness of SLA and positively
correlated to the functional diversity of leaf size (Figure 3g,h; Table S5).
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Figure 3. Scatter plot representing the significant relationships that were found between the functional
composition (CWM), standardized effect size of functional richness (SESFRic) and diversity (SESRao)
of the traits that were studied (LDMC: leaf dry matter content, SLA: specific leaf area, leaf size, and
plant height), and taxonomic composition (expressed as the first and second ordination axes scores
that were given by the NMDS) (a–h). The regression line and r (Pearson’s correlation coefficient), N
(number of plots), and p-values (statistical significance of the correlation) are shown. ‘.’ = p > 0.05;
‘*’ = 0.01< p < 0.05; ‘**’ = 0.001< p < 0.01; ‘***’ = p < 0.001.

4. Discussion

In line with our first hypothesis, the main limiting resources that were acting over the
forest herb-layer were light and soil moisture. In general, we found a stronger influence
of light rather than soil moisture on both the structure and functioning of the herb-layer
of this rear-edge temperate forest (Table 1; Figure 2), either because soil moisture is not
as limiting as light, or because the herb-layer vegetation that is present in these forests
tolerates certain levels of water scarcity [37]. In line with our second hypothesis, changes in
the herb-layer taxonomic composition and richness along an environmental gradient were
followed by equivalent functional changes in the case of functional diversity of leaf size,
but by opposite changes in the case of functional richness of SLA [15] (Figure 3). Regarding
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the third and fourth hypotheses, the relative importance of each factor and process that
was acting over the herb-layer was dependent on the specific trait that was studied [25] and
even on the index that was used within each trait [36], particularly in the case of LDMC
and leaf size (e.g., depending on the index that was used, leaf size can be related to light,
canopy variables, or soil moisture). In other words, most of the traits and indices that were
studied give non-repetitive, complementary information on the main factors influencing
herb-layer communities (Figure 2). This supports that in order to acquire a complete
understanding of herb-layer community assembly, various indices and traits should be
used. Moreover, by describing the specific environmental factors influencing the taxonomic
and functional composition, richness, and diversity of each trait, we have disentangled
that the maintenance of heterogeneous environments would be key for maintaining the
observed taxonomic and functional diversity levels in the herb-layer [43]. However, it
is also true that the environmental variables that were used in this study were collected
in different years, and year-to-year variation in environmental variables can affect the
ability to detect their effect on vegetation patterns. Although in our case we focus on the
general patterns and on the relative variation of these variables across space, which might
not be significantly influenced by year–year variation, we suggest that a more systematic
characterization of the environmental conditions in the study site may reinforce the results
that were found in this study.

4.1. Patterns in Taxonomic Composition and Richness

The relationship that was found between the first ordination axis, and radiation and
Quercus basal area is consistent with the well-known effect of light availability and canopy
composition on the herb-layer species composition of temperate forests [41,67–70]. The
dominance of an oak canopy or at least the presence of a mixed canopy tends to be related
to higher light availability in the herb-layer (Table S6), as oaks are more frequently found in
southern zones and its canopy intercepts less light than beech [37,48,71]. Thus, the left side
of the ordination shows an herb-layer species composition that is associated with higher
levels of light in the understory or aboveground resource availability. These conditions
favored the presence of species such as Agrostis capillaris, Avenella flexuosa, Calluna vulgaris,
Cytisus scoparius, Erica vagans, Festuca rubra, and Pteridium aquilinum (in line with [41]).
On the contrary, the right side of the ordination seems to be signalling an herb-layer
species composition that is characteristic of sites with higher soil or belowground resource
availability, such as higher soil moisture or higher leaf litter cover, with species such as
Athyrium filix-femina, Dryopteris affinis, Helleborus viridis subsp. occidentalis, Polystichum
setiferum, and Scilla lilio-hyacinthus. This is consistent with previous studies showing an
influence of soil moisture and leaf litter on species composition [72,73]. In this regard,
leaf litter cover is positively related to soil moisture [74] (Table S6) but also to nutrient
availability [74]. Thus, these results suggest that the taxonomic composition of the forest
herb-layer is influenced both by above and belowground resource availability, and in
opposite ways.

When focusing on the second ordination axis, we found almost similar patterns as for
the first axis. But in this case, the herb-layer communities that were located at sites with
higher light or aboveground resource availability and heterogeneity (i.e., positive values of
second ordination axis), tended also to have higher species richness than sites with higher
moisture or soil resource availability. The positive effect of light and of a mixed canopy on
herb-layer richness has also been reported by other authors [43,44]. The negative influence
of altitude on species richness might be related to the habitat filtering process that is caused
by different environmental stresses or by processes such as dispersal limitation [75,76]. Sites
with higher leaf litter cover and moisture tend to have lower herb-layer species richness, as
a thick leaf litter layer, despite increasing water availability (Table S6), can impede seed
germination through light interception [74,75]. Thus, at least from a taxonomic approach,
light availability seems to have a stronger influence over herb-layer composition than soil
resource availability.



Forests 2022, 13, 1434 11 of 17

4.2. Patterns in Functional Composition, Richness, and Diversity

According to the regression models, the functional composition (CWM) or mean
value of LDMC was higher at low altitude sites with homogeneous levels of soil moisture
(Table 1). Some of the species that were present at these sites were Blechnum spicant, Daphne
laureola, Hedera helix, and Ruscus aculeatus, which are species that are typical of shaded and
humid sites [37,49]. In addition, low altitude sites might also be related to lower levels of
disturbance (i.e., tree fall by wind; [37,41,77]). Thus, it seems consistent that lower sites
which are less exposed to wind and have enough water availability favor the presence of
species with long lifespan [78], which tend to have higher LDMC [30]. By contrast, the
functional richness and diversity of LDMC were not influenced by the same factors as
functional composition (in line with [36]). The functional richness of LDMC was lower
at sites with higher radiation and with a pure beech canopy. These conditions can be
found in large canopy gaps that were opened in north-facing slopes, where there is also
a pure beech canopy [75]. At these sites, gap formation might cause a huge increase in
productivity levels [79], which might lead to a process of competition for light (stronger
at sites with high resource availability; [5]), and end in the exclusion of less competitive
species [80], thus reducing the functional richness of LDMC [81]. Finally, the functional
diversity of LDMC tends to be higher at negative values of the first ordination axis, in
communities with species such as Agrostis capillaris, Calluna vulgaris, or Pteridium aquil-
inum, which might probably have diverse values of LDMC. However, the environmental
factors influencing LDMC diversity seem to be different from those that were studied and
influencing species composition.

In terms of SLA, we found higher mean values of SLA (i.e., species with large and thin
leaves) at denser forest stands with large-diameter trees. The higher SLA might be a result
of the higher productivity levels that were found at these sites, as previous studies have
related basal area and SLA with soil fertility [25,28,30]. However, SLA is a complex trait that
can also be influenced by shade [29]. This increase in the functional composition or mean
value of SLA is related to the functional richness of SLA, which was higher at shaded sites
with large-diameter trees and higher leaf litter cover, in line with results that were found in
previous studies [73]. Large-diameter trees and leaf litter are indicators of non-disturbed,
high-quality sites, with higher resource availability and productivity levels [28,74,82]. Thus,
this result is consistent with the divergence in leaf traits that has been reported at sites
with higher productivity levels but also with a resulting high competition for light [25].
A similar explanation can be given for the higher functional diversity of SLA that was
found at sites that were dominated by beech and with higher leaf litter cover. However, the
higher richness and diversity of SLA can also be explained by the microclimatic buffering
that is happening in dense and shaded sites of old-growth forests [83], in which less
competitive forest specialist species are favored [15,70,84]. These results are consistent
with the relationships that were found between the functional richness and diversity of
SLA and the two ordination axes, showing that the higher richness and diversity of SLA
appeared in communities that were located at shaded sites with higher leaf litter cover and
that host a low number of species such as Athyrium filix-femina, Helleborus viridis subsp.
occidentalis, and Scilla lilio-hyacinthus. Moreover, this suggests that the taxonomic richness
and functional richness of SLA might have opposite responses to similar environmental
factors. In this regard, previous studies have reported lower species richness but higher
functional diversity at sites with strong microclimatic buffering [15].

Regarding leaf size, the lower mean values of leaf size (i.e., smaller leaves) that were
found at sites with higher radiation is consistent with the generalized idea that small leaves
are an adaptation to high-radiation stress [30]. In this sense, some of the species that were
found in communities with higher radiation levels were Calluna vulgaris, Daboecia cantabrica,
and Erica vagans, which is consistent with previous studies finding Ericaceae at xeric sites [37].
These species that were found at sites with higher radiation tended to have lower values of
leaf size, as shown by the positive relationship between the functional composition or the
mean value of leaf size and the NMDS1 scores. By contrast, the functional richness of leaf
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size was not directly related to radiation, but to sites with oaks and small-diameter trees.
Oaks tend to grow in southern zones and canopy openings [85,86] and the presence of a
mixed canopy of beech and oak allows light in the herb-layer [48] (Table S6). Moreover,
small-diameter trees are related to higher light heterogeneity (Table S6). Thus, higher
light availability or heterogeneity might favor the coexistence of species with different
leaf sizes, increasing the functional richness [25]. Although these sites can have high light
availability, other type of resources, such as water, can be scarce. In this sense, small-
diameter trees are also related to drought [87] and thus, to a stronger competition for
water [73]. This detail might explain the results that were found for the functional diversity
of leaf size, which was higher at drier sites. Thus, the higher diversity that was found in
these sites could be a result of a limiting similarity process [18,19] to avoid competition for
water [85]. Regarding the relationship between the taxonomic and functional approach,
we found that the communities that were present at sites with a mixed canopy and low
soil moisture, and which tended to have higher species richness, also had higher richness
and diversity of leaf size (probably due to the presence of species with large differences
in leaf size such as Calluna vulgaris or Pteridium aquilinum). Thus, this might indicate that
taxonomic richness and functional diversity of leaf size show equivalent responses to
similar environmental factors.

The mean value for plant height was not influenced by any of the studied environ-
mental factors. By contrast, the functional richness of plant height was higher at sites
with higher light heterogeneity, which is consistent with previous studies suggesting en-
vironmental heterogeneity as a source of trait divergence [22,25], and with the known
relationship between plant height and light [28]. Similarly, the functional diversity of plant
height was higher at lower sites with heterogeneous levels of light. The reason for finding
higher plant height diversity at lower sites could be the lack of stress by wind or other
factors, which allows the presence of species with different heights [20,88]. This might
be consistent with the positive relationship that was found for plant height diversity and
communities consisting of species such as Helleborus viridis subsp. occidentalis, Polystichum
setiferum, and Scilla lilio-hyacinthus.

These results show how taxonomic composition and richness patterns are related
in different ways to each functional index. The taxonomic composition influenced the
diversity of LDMC and the mean value and richness of leaf size, on the one hand (with
heliophyte species having diverse values of LDMC, different values of leaf size, and low
leaf size mean values), and the diversity of SLA and plant height, on the other hand (with
shade-tolerant species having diverse values of SLA and plant height). In addition, the
second ordination axis that was more related to species richness, also seems to be related to
certain functional indices in opposite ways depending on the trait being studied (leaf size
or SLA), with communities with higher species richness having also higher diversity of
leaf size, and communities with lower species richness having higher richness of SLA. In
addition, each of the functional indices is related to different factors and processes acting
over the forest herb-layer, even within a single trait. This is particularly true in the case
of LDMC and leaf size, while for plant height and SLA there are more similarities in the
information that is given by functional richness and diversity indices. Thus, it is important
to use different indices and traits within the functional approach, and to combine it with the
taxonomic approach to obtain a clearer understanding of herb-layer community assembly.

5. Conclusions

Light availability rather than soil moisture is the most limiting resource influencing
the structure and functioning of herb-layer communities in this rear-edge temperate forest.
However, the relative importance of each environmental factor and assembly process over
the different dimensions of the herb-layer differs between approaches (taxonomic and
functional), traits (LDMC, SLA, leaf size, and plant height), and indices (composition, rich-
ness, and diversity). Thus, in order to obtain a broader insight of the factors and processes
driving plant community assembly, a combination of taxonomic and functional compo-
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sition, richness, and diversity indices should be used. In addition, as the environmental
variables that were used in this study were measured in different years and this can lead
to a potential bias in the relationships that were detected, a systematic characterization of
the environmental conditions should be conducted to reinforce the results that were found.
This way, we will be able to understand the specific environmental conditions influencing
the different taxonomic and functional characteristics of plant communities and, in the
face of global change, apply useful conservation measures which account for these various
dimensions of plant communities simultaneously.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13091434/s1, Table S1: List of the species that were studied,
with their abundance, life form, and mean value of the functional traits that were measured; Table S2:
Pearson’s correlation values between the functional traits that were studied; Table S3: List of the
environmental variables that were studied with their range, mean, and unit; Table S4: Pearson’s cor-
relation values between the environmental variables and the axes scores of the taxonomic ordination;
Table S5: Pearson’s correlation values between taxonomic and functional indices; Table S6: Pearson’s
correlation values between the environmental variables that were studied; Figure S1: Spatial auto-
correlation plots; Figure S2: Relationships between the functional indices and the most influential
environmental factors in each case.
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72. Dzwonko, Z.; Gawroński, S. Effect of litter removal on species richness and acidification of a mixed oak-pine woodland. Biol.
Conserv. 2002, 106, 389–398. [CrossRef]

73. North, M.; Oakley, B.; Fiegener, R.; Gray, A.; Barbour, M. Influence of light and soil moisture on Sierran mixed-conifer understory
communities. Plant Ecol. 2005, 177, 13–24. [CrossRef]

74. Facelli, J.M.; Picket, S.T.A. Plant litter: Its dynamics and effects on plant community structure. Bot. Rev. 1991, 57, 1–32. [CrossRef]
75. Gazol, A.; Ibáñez, R. Variation of plant diversity in a temperate unmanaged forest in northern Spain: Behind the environmental

and spatial explanation. Plant. Ecol. 2010, 207, 1–11. [CrossRef]
76. Kermavnar, J.; Marinšek, A.; Eler, K.; Kutnar, L. Evaluating short-term impacts of forest management and microsite conditions

on understory vegetation in temperate fir-beech forests: Floristic, ecological, and trait-based perspective. Forests 2019, 10, 909.
[CrossRef]

77. Worrall, J.J.; Lee, T.D.; Harrington, T.C. Forest dynamics and agents that initiate and expand canopy gaps in Picea-Abies forests of
Crawford Notch, New Hampshire, USA. J. Ecol. 2005, 93, 178–190. [CrossRef]

78. Westoby, M.; Falster, D.S.; Moles, A.T.; Vesk, P.A.; Wright, I.J. Plant ecological strategies: Some leading dimensions of variation
between species. Annu. Rev. Ecol. Syst. 2002, 33, 125–159. [CrossRef]

79. Kern, C.C.; Montgomery, R.A.; Reich, P.B.; Strong, T.F. Canopy gap size influences niche partitioning of the ground-layer plant
community in a northern temperate forest. J. Plant. Ecol. 2013, 6, 101–112. [CrossRef]

80. Valerio, M.; Ibáñez, R.; Gazol, A. The role of canopy cover dynamics over a decade of changes in the understory of an Atlantic
beech-oak forest. Forests 2021, 12, 938. [CrossRef]

81. Laanisto, L.; Urbas, P.; Pärtel, M. Why does the unimodal species richness-productivity relationship not apply to woody species:
A lack of clonality or a legacy of tropical evolutionary history? Glob. Ecol. Biogeogr. 2008, 17, 320–326. [CrossRef]

82. Peet, R.K.; Christensen, N.L.; Gilliam, F.S. Temporal patterns in Herbaceous layer communities of the North Carolina piedmont.
In The Herbaceous Layer in Forests of Eastern North America, 2nd ed.; Gilliam, F.S., Ed.; Oxford University Press: New York, NY,
USA, 2014; pp. 277–293. [CrossRef]

83. Frey, S.J.K.; Hadley, A.S.; Johnson, S.L.; Schulze, M.; Jones, J.A.; Betts, M.G. Spatial models reveal the microclimatic buffering
capacity of old-growth forests. Sci. Adv. 2016, 2, 1–9. [CrossRef] [PubMed]

84. Liu, T.; Lin, K.; Vadeboncoeur, M.A.; Chen, M.; Huang, M.; Lin, T. Understorey plant community and light availability in conifer
plantations and natural hardwood forests in Taiwan. Appl. Veg. Sci. 2015, 18, 591–602. [CrossRef]

85. Gazol, A.; Ibáñez, R. Scale-specific determinants of a mixed beech and oak seedling-sapling bank under different environmental
and biotic conditions. Plant Ecol. 2010, 211, 37–48. [CrossRef]

86. Rozas, V. Regeneration patterns, dendroecology, and forest-use history in an old-growth beech-oak lowland forest in Northern
Spain. For. Ecol. Manag. 2003, 182, 175–194. [CrossRef]

https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://doi.org/10.1111/jvs.12688
http://doi.org/10.3354/cr01007
http://doi.org/10.7717/peerj.2885
http://doi.org/10.1111/ecog.02302
http://doi.org/10.1111/j.1654-1103.2011.01366.x
http://doi.org/10.1016/j.actao.2010.09.009
http://doi.org/10.1007/s11258-005-2187-x
http://doi.org/10.1111/j.1365-2745.2011.01928.x
http://doi.org/10.1111/j.1654-109X.2012.01226.x
http://doi.org/10.1111/j.1654-1103.2004.tb02285.x
http://doi.org/10.1016/S0006-3207(01)00266-X
http://doi.org/10.1007/s11258-005-2270-3
http://doi.org/10.1007/BF02858763
http://doi.org/10.1007/s11258-009-9649-5
http://doi.org/10.3390/f10100909
http://doi.org/10.1111/j.1365-2745.2004.00937.x
http://doi.org/10.1146/annurev.ecolsys.33.010802.150452
http://doi.org/10.1093/jpe/rts016
http://doi.org/10.3390/f12070938
http://doi.org/10.1111/j.1466-8238.2007.00375.x
http://doi.org/10.1093/acprof
http://doi.org/10.1126/sciadv.1501392
http://www.ncbi.nlm.nih.gov/pubmed/27152339
http://doi.org/10.1111/avsc.12178
http://doi.org/10.1007/s11258-010-9770-5
http://doi.org/10.1016/S0378-1127(03)00070-7


Forests 2022, 13, 1434 17 of 17

87. Van Hees, A. Growth and morphology of pedunculate oak (Quercus robur L.) and beech (Fagus sylvatica L.) seedlings in relation to
shading and drought. Ann. Sci. For. 1997, 54, 9–18. [CrossRef]

88. Dwyer, J.M.; Laughlin, D.C. Selection on trait combinations along environmental gradients. J. Veg. Sci. 2017, 28, 672–673.
[CrossRef]

http://doi.org/10.1051/forest:19970102
http://doi.org/10.1111/jvs.12567

	Introduction 
	Materials and Methods 
	Study Site 
	Vegetation Sampling 
	Trait Measurement 
	Environmental Variables Measurement 
	Calculation of Functional Indices 
	Data Analysis 

	Results 
	Patterns in Taxonomic Composition and Richness 
	Patterns in Functional Composition, Richness, and Diversity 
	Taxonomic vs. Functional Composition, Richness, and Diversity 

	Discussion 
	Patterns in Taxonomic Composition and Richness 
	Patterns in Functional Composition, Richness, and Diversity 

	Conclusions 
	References

