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Simple Summary: Plant species of a regional flora have different ecological preferences, leading to
the presence of different assemblages along environmental gradients. Botanists elaborated score
systems to express species preferences for environmental factors, such as temperature, light, soil
moisture, etc. The most popular system is that of the ‘Ellenberg indicator values’ (EIVs). EIVs
have been largely applied to use plant species as indicators of environmental characteristics. In
this research, we adopted a different perspective, and used EIVs to study how species are filtered
by variations in ecological conditions along an elevational gradient. We used the flora of a small
mountain in Central Italy as our case study. We found that heat-loving species are progressively
replaced by cold-adapted ones at increasing elevations. Sunlight-adapted species prevail at low
and high elevations (where open habitats occur), whereas in the middle of the gradient (occupied
by the beech forest) shade-loving species predominate. Variation for moisture and soil nutrient
preferences followed a similar pattern since humus abundance makes forest soils moister and richer
in nutrients. Preferences for pH and continentality did not follow any clear pattern, since these factors
are subject to more local variations. These results highlight the possible use of EIVs to study how
plant communities respond to environmental gradients.

Abstract: Ellenberg indicator values (EIVs) express plant preferences for temperature, light, conti-
nentality, soil moisture, pH, and soil nutrients, and have been largely used to deduce environmental
characteristics from plant communities. However, EIVs might also be used to investigate the im-
portance of filtering mechanisms in shaping plant communities according to species ecological
preferences, a so far overlooked use of EIVs. In this paper, we investigated how community-weighted
means (CWM), calculated with EIVs, varied along an elevational gradient in a small mountain in
Central Italy. We also tested if species abundances varied according to their ecological preferences.
We found that the prevalence of thermophilous species declines with elevation, being progressively
replaced by cold-adapted species. Heliophilous species prevail at low and high elevations (charac-
terized by the presence of open habitats), whereas in the middle of the gradient (occupied by the
beech forest), sciophilous species predominate. Variations for moisture and soil nutrient preferences
followed a similar pattern, probably because of the high moisture and nutrient levels of forest soils
with a lot of humus. No distinct pattern was detected for EIVs for pH and continentality since
these factors are subject to more local variations. These results highlight the possible role of EIVs to
investigate how environmental gradients shape plant communities.

Keywords: Apennines; community ecology; community-weighted mean; CWM regression; fourth-
corner analysis; Italy; Mediterranean; mountains; multi-level modelling; niche
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1. Introduction

Plant species distribution and abundance are constrained by several abiotic factors,
mainly represented by climatic conditions (such as light, temperature, and precipitation)
and soil characteristics (such as nutrient contents, pH, and chemical composition) [1–3].
Species responses to these variables define their ecological tolerance (the range of conditions
in which the species can survive) and optimum (the value that is optimal for species’
existence, development, growth, and reproduction) [3–5].

While tolerances and optima define the fundamental niche of a species, the realized
niche includes the effects due to the presence of other organisms (such as competitors and
facilitators) [1,3,6–12]. Thus, the observed preferences shown by species in communities
cannot necessarily reflect their ideal optima but express their realized ecological optima.

To denote their ecological preferences, plant species can be associated with a particular
gradient of abiotic conditions and can receive a value indicating the position at which
each, on average, reaches a peak of abundance along this gradient [13], that is its realized
optimum [14,15]. Using this approach, Ellenberg [16–18] proposed a system of “indicator
values” for the Central European flora (updated by Ellenberg et al. [19–21]), in which
species preferences (realized optima) to edaphic and climatic parameters are evaluated
in comparison with other species using ordinal scales. Specifically, Ellenberg indicator
values (EIVs) consider species preferences for the following environmental parameters:
light availability, temperature, climatic continentality, soil moisture, reaction (soil or water
acidity/pH), nitrogen (in fact, soil fertility or productivity, and not mineral nitrogen),
and salinity. Since EIVs are based on field observations of species distributions, and
species behavior may differ even widely from one region to another, calibrations have been
introduced for different floras [22–33].

EIVs are the most commonly used score system to express plant ecological preferences
and are largely used for bioindication, that is, to drive conclusions about the environment
from the species composition of a given community (e.g., [34–39]). With this approach,
EIVs are used as surrogates for measured environmental variables [40–44]. By contrast,
EIVs have been relatively little used as aids to the interpretation of spatial and temporal
vegetation patterns [45–48].

Some research has been conducted on the relationships between EIVs and variations in
environmental parameters at the community level. For example, Schaffers and Sýkora [49]
correlated EIVs with field measurements, finding that the EIVs for moisture correlated
positively with the average lowest moisture contents in summer, annual average ground-
water level, and average spring level; EIVs for nitrogen were only weakly correlated with
nitrogen mineralization and available mineral nitrogen, but were strongly correlated with
biomass production; EIVs for pH were not correlated with soil pH, but showed a strong
correlation with the total amount of calcium. Wamelink et al. [50] found a positive rela-
tionship between EIVs for pH and soil pH, and a negative relationship between EIVs for
moisture and mean spring groundwater level; however, the regression parameters were
influenced by the type of vegetation. It has also been observed that the EIVs for pH may
be a good predictor of species richness for Central European vegetation, with the shape of
relationship being however positive, negative, unimodal, or even absent, according to the
vegetation type [51]. In a study conducted by Sørensen and Tybirk [52], the EIVs indicated
an increase in nitrogen availability and a decrease in acidity and light availability through
the secondary succession from a heath to an oak forest. Lososová et al. [53] investigated
how EIVs in arable lands responded to variations in elevation, growing season, and long-
term changes (from small fields to vast tracts of arable land with intensive management),
finding that the EIVs for light, temperature, continentality, pH, and nutrients decreased
with elevation, while the EIVs for moisture increased. By contrast, all these EIVs increased
with the season except for the EIVs for pH. Finally, all the EIVs increased with long-term
changes, except those for temperature and continentality. Fraaije et al. [54] found that
patterns in germination, seedling survival, and seedling growth along a riparian gradient
varied among plants with different EIVs for moisture. Marcenò and Guarino [48] found
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that in Mediterranean evergreen woods, precipitation positively correlated with the EIVs
for continentality (albeit poorly), moisture, and nitrogen, and negatively with the EIVs for
light and temperature; temperature was correlated negatively with the EIVs for continen-
tality (albeit poorly), moisture, and nitrogen, and positively with the EIVs for light and
temperature (correlations with EIVs for pH were non-significant). Chytrý et al. [33] found
that, in the Czech flora, the EIVs for light were negatively correlated with the percentage of
the tree layer cover, the EIVs for temperature were positively correlated with the mean July
temperatures, the EIVs for moisture were positively correlated with precipitation, the EIVs
for pH were positively correlated with pH, and the EIVs for nutrients were negatively cor-
related with the carbon: nitrogen ratio. Very recently, Kutbay and Surmen [55] investigated
how EIVs varied along a sea–inland gradient in coastal dune vegetation in the Central
Black Sea Region of Turkey, showing that the EIVs for salinity and pH decreased along
the gradient, while nutrient content EIVs increased. These studies indicate that the EIVs
at community level reflect environmental conditions that vary along gradients, and thus
that EIVs might be used to investigate how community structure is influenced by plant
responses to environmental gradients. Quite surprisingly, however, this approach has been
so far substantially unexplored.

In this paper, we investigated how plant communities vary along an elevational
gradient according to their ecological preferences defined by the EIVs. In mountain areas,
many environmental characteristics (from climate conditions to soil properties) show
large variations within a small geographical area, making elevational gradients ideal to
investigate hypotheses about the influence of environmental variables on biodiversity
patterns and ecological processes [56–61]. The patterns of plant community structure are
typically discussed via various filtering mechanisms, in which environmental conditions
sort the species that fulfill local niche requirements [6,62,63]. Assuming that communities
change with elevation as a result of the filtering effects of environmental factors on common
species pools, EIVs can therefore be profitably used to investigate how elevation filters
species according to their preferences for a variety of environmental gradients.

Using this approach, we tested the following hypotheses:

(1) The EIVs for temperature should decrease with increasing elevation, following the de-
crease of temperature with increasing elevation (for the temperate zone summer, there
is a drop of about 0.6 ◦C for every 100 m above sea level [56]). Thus, thermophilous
(warm-adapted) species (i.e., plants with high EIVs for temperature), which should
dominate low-elevation communities, are expected to be replaced by species with pro-
gressively lower EIVs (from mesophilous species, adapted to intermediate conditions,
to cryophilous species, i.e., cold-adapted species).

(2) The EIVs for light should increase with elevation, because light intensity (solar radi-
ation) tends to increase with elevation. Lower air density and particulate matter at
higher altitudes translate into greater solar radiation [56]. Additionally, with increas-
ing elevation, vegetation becomes sparse and reduced to few herbaceous species [59].
This means that the shadow provided by trees is progressively reduced and eventually
lacking. Therefore, sciophilous species (i.e., shade-loving plants) are expected to be
replaced by progressively more heliophilous species (i.e., species adapted to higher
levels of direct sunlight).

(3) The EIVs for moisture should increase with elevation, because, at least in the temperate
zone, precipitation tends to increase with elevation, which should translate into a
higher soil moisture [56].

(4) The EIVs for nutrients should decrease with elevation because soils become less fertile
at higher elevations. With an increasing elevation, soil decomposition becomes slower,
and since higher slopes tend to become progressively steeper, rain and melting snow
carry away more and more soil, making soil thinner and less fertile [56,59]. Thus,
species that need a high concentration of soil nutrients are expected to be progressively
replaced by those able to survive in soils with low levels of phosphorous, nitrogen,
and organic matter.
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(5) The EIVs for soil reaction (pH) should increase with elevation because of decreasing
values of soil pH. Soil pH tends to decrease with elevation due to the slow decomposi-
tion of organic matter (which releases acids) and higher precipitation, which increases
the leaching of basic cations [64–68].

(6) The EIVs for continentality are not expected to show any distinct variation with
elevation, since they tend to not exhibit recognizable patterns of spatial variation
and dependence on environmental variables [48,69–71]. The concept of continentality
integrates thermic and hygric gradients and may reflect geographical proximity to the
ocean, as well latitudinal and altitudinal gradients, since the ecological importance of
temperature increases toward higher latitudes and altitudes, while the importance of
humidity increases towards lower latitudes and altitudes [69]. However, the EIVs for
continentality rarely provide meaningful results and were used less frequently than
any other EIVs [69]. In particular, studies using the EIVs on a large scale typically did
not consider continentality, and its use in small-scale studies only provided barely
interpretable results [69–71]. Given the very small scale of our study, we do not expect
any meaningful variation of continentality values with elevation.

2. Materials and Methods
2.1. Study Area and Data Collection

We used data from 16 relevés (sites) taken from a phytosociological study [72] con-
ducted in a natural reserve (“Monte Genzana e Alto Gizio”, 3160 hectares) in Central Italy
(41◦56′53.37′′ N–13◦53′14.91′′ E). The reserve is located in the inner part of the Central
Apennines and has an elevational range spanning from 530 m to 2170 m. From a geological
point of view, the area is mainly occupied by dolomite and limestone [72,73]. In general,
soils present in the study area have a mollic epipedon, very low available water capacity,
medium texture (loam, sandy loam, or loamy sand soils), and very high organic matter
provided by forest vegetation (e.g., beech forest); however, well drained, rocky soils with
medium texture (from silt to sandy loam soils) are found on carbonate reliefs over 1600 m
elevation [73]. The area has a temperate-continental climate, with temperature declining
regularly with elevation by about 0.6 ◦C every 100 m (personal observations in autumn
2022). Because of the remarkable extent of its elevational range, the area encompasses forms
of vegetation from all vegetational belts that can be found on the Apennines: thermophilous
woods in the lowlands and hilly lands, dominated by downy oak (Quercus pubescens Willd.)
and European hop-hornbeam (Ostrya carpinifolia Scop.); beech (Fagus sylvatica L.) forests
(from 1000 to 1800 m); subalpine shrublands; and high-montane grasslands. A brief descrip-
tion of the plant community of each relevé used in this study is given in Table 1. Further
details on the vegetation of the study area can be found in Pirone [72] and Di Biase et al. [74].
Taxonomy follows Pignatti et al. [75].

Table 1. Description of the investigated communities. For each relevé, the vegetation type is
briefly indicated and its syntaxonomic classification at the level of alliance is given, as established
by Pirone [72], with nomenclature and higher classification updated according to Prodromo della
vegetazione d’Italia [76].

Relevé Elevation (m) Description Alliance Order/Suborder Class

1 620 Garrigue
Cytiso

spinescentis-Satureion
montanae

Cisto cretici-Ericetalia
manipuliflorae

Cisto cretici-Micromerietea
julianae

2 630 Garrigue
Cytiso

spinescentis-Satureion
montanae

Cisto cretici-Ericetalia
manipuliflorae

Cisto cretici-Micromerietea
julianae

3 700 Garrigue
Cytiso

spinescentis-Satureion
montanae

Cisto cretici-Ericetalia
manipuliflorae

Cisto cretici-Micromerietea
julianae

4 800 Xerophilous, steppic, and
secondary grassland

Phleo ambigui-Bromion
erecti

Phleo ambigui-Brometalia
erecti

Festuco valesiacae-Brometea
erecti
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Table 1. Cont.

Relevé Elevation (m) Description Alliance Order/Suborder Class

5 980 Hornbeam forest Carpinion orientalis Quercetalia
pubescenti-petraeae

Querco roboris-Fagetea
sylvaticae

6 1110 Mixed mesophilous forest Tilio platyphylli-Acerion
pseudoplatani Fagetalia sylvaticae Querco roboris-Fagetea

sylvaticae

7 1120 Beech forest Geranio versicoloris-Fagion
sylvaticae Fagetalia sylvaticae Querco roboris-Fagetea

sylvaticae

8 1630 Xerophilous, steppic, and
secondary grassland

Phleo ambigui-Bromion
erecti

Phleo ambigui-Brometalia
erecti

Festuco valesiacae-Brometea
erecti

9 1760 Meso-hygrophilous
grassland

Ranunculo
pollinensis-Nardion strictae Nardetalia strictae Nardetea strictae

10 1830
Mesophilous, acidophilous,

and secondary grassland
(pasture)

Ranunculo
pollinensis-Nardion strictae Nardetalia strictae Nardetea strictae

11 1840 Mesophilous and
sub-acidophilous grassland

Ranunculo
pollinensis-Nardion strictae Nardetalia strictae Nardetea strictae

12 1840
Mesophilous,

neutral-subacidophilous,
and pioneer grassland

Ranunculo
pollinensis-Nardion strictae Nardetalia strictae Nardetea strictae

13 1850
Mesophilous,

neutral-subacidophilous,
and pioneer grassland

Ranunculo
pollinensis-Nardion strictae Nardetalia strictae Nardetea strictae

14 1930 Scree Linario-Festucion
dimorphae Thlaspietalia stylosi Thlaspietea rotundifolii

15 2000
Xerophilous, basophilous,

pioneer, and enduring
grassland

Seslerion apenninae Seslerienalia apenninae Festuco-Seslerietea

16 2000 Mesophilous and
sub-acidophilous grassland

Ranunculo
pollinensis-Nardion strictae Nardetalia strictae Nardetea strictae

16 2000 Mesophilous and
sub-acidophilous grassland

Ranunculo
pollinensis-Nardion strictae Nardetalia strictae Nardetea strictae

To express species abundances, we converted original scores based on the seven-grade
Braun–Blanquet scale [77] to percentage cover as follows [78–80]: r = 1%, + = 2%, 1 = 3%,
2 = 13%, 3 = 38%, 4 = 63%, and 5 = 88% (however, no species was ranked as r in the original
phytosociological study). Because in the original phytosociological study cover data were
recorded separately for different strata, we constructed and analyzed two separate matrices:
one including only the shrubby-herbaceous stratum, as already conducted in a previous
paper, in which only presence/absences were used ([74], with corrections), and the other
also including the arboreal stratum. When a species was present in more than one stratum
with different values of cover, we considered the maximum value.

We assigned to each species the respective EIVs following Pignatti et al. [25] and
Guarino et al. [81]. We considered EIVs for the following preference gradients (extreme
values are reported as an indication of the ranges as defined for the Italian flora; the ranges
for the species considered in this study are given in parentheses):

L—light: 1 (species growing in sites with dense shade, up to 1% of external light; 30%
of external light can be recorded for short periods) to 12 (plant growing in full sun, in sites
with high irradiation, low haze climate, and presence of reflection effects) (2–11).

T—temperature: 1 (species associated with cold environments, only occurring at
high elevations or with Arctic–Alpine distribution) to 12 (South Mediterranean species
associated with warm places and subdesert environments) (2–9).

K—climatic continentality: 1 (oceanic species occurring as relict populations) to 9
(species mainly distributed in areas with continental climate, occurring in Italy with disjunct
populations) (3–9).

F—soil moisture: 1 (species that can live only in arid places and associated with dry
soils) to 12 (plants that live submerged, at least for long periods) (1–9).

R—reaction (soil or water acidity/pH): 1 (species associated with very acidic soils) to
9 (species associated with strongly alkaline substrates) (2–9).
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N—nutrients: 1 (species able to survive in oligotrophic conditions, associated with
soils with very low content of phosphorus, nitrates, and organic matter) to 9 (species
living in environments with excessive concentrations of phosphorus and nitrogen, such as
landfills) (1–9).

Salinity was excluded because it has no meaning outside coastal regions and preference
for salinity is unknown for almost all the species considered in this study. For each gradient,
we used the symbol X to indicate species for which the respective EIV was not available
because of their broad ecological preferences (uninformative species). DD (data deficient)
was used for species of unknown preference. Species cover (%), EIVs and elevation of
relevés are given in Tables S1–S5.

2.2. Data Analysis

We conducted separate analyses for the L, T, K, F, R, and N preference gradients.
Species categorized as X or DD for a certain preference gradient were excluded from the
respective analyses, thus the total number of species analyzed varied according to the
gradient considered.

For each preference gradient, we investigated how plant preferences at the community
level varied with elevation by using community-weighted mean (CWM) values [5,82–84].
Since values of species’ ecological preferences are weighted toward the dominant species
in the community, CWM values based on EIVs characterize the most important response of
a community to a given environmental variable.

For each preference gradient, CWM was computed as:

CWM = ∑S
i = 1 ti pi , (1)

where S is the number of species in the community, ti is the EIV of the ith species, and pi is
the relative cover of the ith species.

CWM values were then regressed on elevation to model how average plant species
preferences change along the elevational gradient. CWM regressions have been used widely
to assess which functional traits are most strongly explained by changes in environmental
variables along gradients (e.g., [85–90]), and they are applied here to investigate changes in
environmental preferences.

However, CWM regressions suffer from inflated type I error rates because of the lack
of independence of CWM values among samples that contain the same species [91,92].
To address this lack of independence of CWM traits (in our case, ecological preferences
expressed by EIVs; however, we used the word ‘trait’ for simplicity), the significance of
trait–environment relationships can be assessed by randomizing the location of species
abundances in the matrix [93]. This approach, known as fourth-corner analysis, reduces
type I error rates and increases statistical power [91,94]. Thus, we complemented the CWM
regressions with fourth-corner analyses for the evaluation of the significance of correlations.

Finally, we adopted a multi-level model approach [95,96] in which species’ ecological
preferences are used as predictors of species abundance. This approach does not aim
at testing whether variations of community-level trait averages (in our case, ecological
preferences expressed by EIVs) along a gradient result from an environmental filter, but tests
whether the relationship between species abundances and environmental characteristics
depends on the preferences of the species. With this approach, we tested whether a species
with a given preference for one of the ecological gradients considered by EIVs is more likely
to occur in one part of the elevational gradient over another. To remove the effect that trait
values are measured on species that occur in multiple sites (‘species effect’), multi-level
models use traits and environmental conditions as fixed effects and species as random
effects [97]. Following Laughlin et al. [96,98], we included a trait–environment interaction
as a fixed effect in the model to test whether the effect of elevation on the occurrence
of a species depends on its ecological preference, while allowing species abundances to
vary along the elevational gradient as a random slope to control for the ‘species effect’.
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This approach tests whether traits (in our case, ecological preferences expressed by EIVs)
affect species abundances in response to environmental conditions, while simultaneously
controlling variation in species distribution along the gradient. We applied the multi-level
modelling approach by fitting generalized linear mixed models (GLMMs) using a binomial
error structure and a log link function to model the presence and absence of species along
the elevational gradients. The so-called fixed effects included the interaction between EIVs
and elevation. Random effects included a random intercept for each site to account for
variation in occurrences across sites, random intercepts for each species, and random slopes
for elevation to account for variation in species occurrences along the gradient.

When non-linear patterns (either hump-shaped or U-shaped) were detected, we di-
vided the gradient into sections that could be adequately fitted by linear models. Specifically,
we subdivided the overall gradient into two subgradients: 600–1200 m and 900–2000 m,
because peaks for hump-shaped patterns or minimums for U-shaped patterns were at
around 1000 m. The two subgradients overlapped at elevations 900–1200 m. This choice is
justified by the following rationale. First, relevés at 900–1200 m consisted of three forest
sites that are representative of the forest vegetation that occurred around this elevation. In
the scatterplots, they clustered very closely and assigning some of them to one subgradient
and the remaining to the other would be arbitrary. Second, this choice relays on biological
grounds. The 900–1200 m range falls in the vegetation belt dominated by beech forests
in Central Italy [72]. These forests represent a hinge between the more thermophilous
vegetation of lower elevations and the open vegetation of higher elevations.

To summarize, we used: (1) CWM regressions to model variation in community EIVs
along gradients; (2) fourth-corner analyses to evaluate the significance of correlations; and
(3) multi-level modelling to determine which species preferences are selected along envi-
ronmental gradients. All calculations were performed in R [99], adapting the code prepared
by Daniel Laughlin for community trait analysis [100]. Specifically, we used the function
functcomp of the R package FD [101] to calculate CWM values. Community matrices were
previously standardized using the function decostand, with the method ‘total’ in the R
package vegan [102]; the function lm (of stats package, which is part of R) was used for
linear regression; the function fourthcorner of the R package ade4 [103] was used for the
fourth-corner analyses; and the functions glmer of the R package lme4 [104] and anova (of
stats package) were used for the multi-level analyses. Traits (i.e., EIVs) and elevation values
were scaled prior to fit GLMMs models. We first fitted a model without interaction and then
fitted a second model with interaction between EIVs and elevation. The allFit function of
the R package lme4 was used to investigate the best optimizer for each model. The function
anova was used to test if models with and without interaction were different (i.e., to see if
adding interaction significantly improved the model). The function r2 of the R package
performance [105] was used to compute conditional and marginal R2 values of mixed mod-
els. To fit the GLMM environment-only models, the following model was used: Binomial
Presence/Absence ~ Environment + (Environment|Species) + (1|Site), with the option
control = glmerControl (optimizer = “ . . . ”). To fit the GLMM trait × environment model,
the following model was used: Binomial Presence/Absence ~ Trait × Environment + (Envi-
ronment|Species) + (1|Site), with the option control = glmerControl (optimizer = “ . . . ”).
The optimizing function “bobyqa” was used as optimizer for most of the models, but for
some models we used the functions “Nelder_Mead”, “nloptwrap” or “nmkbw” to obtain
convergence. For further details, the reader can inspect the code of Daniel Laughlin [100].

3. Results

We obtained very similar results including or excluding the arboreal stratum. Thus, in
the following section we only report the results with trees. Results without trees are given
in Figures S1–S6. Full numerical details of the results obtained for both datasets are given
in Tables S6–S17.

As expected, CWM values of temperature preferences (Figure 1a) decreased distinctly
with elevation, and the fourth-corner analysis supported the statistical significance of
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this relationship. Results from the multi-level approach (Figure 1b) showed a strong
relationship between plant preferences for temperature and elevation: species that prefer
high temperatures occurred at lower elevations and species that prefer low temperatures
occurred at higher elevations. The ANOVA results indicate that the trait × environment
interaction significantly improves the model (p < 0.001), whereas the fixed effects only
explain 6% of the variation.
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Figure 1. Relationship between Ellenberg indicator values for temperature and elevation in plant com-
munities along an elevational gradient in Central Italy. The left panel (a) presents the CWM regression
model and statistical corrections based on the fourth-corner analysis. The right panel (b) presents the
results of the multi-level model (trait × environment interaction p < 0.001, marginal R2 = 0.06).

We detected a weakly positive (non-significant) correlation between the CWM values
for light preference and elevation (Figure 2a). In fact, plant preferences for light seem to have
a U-shaped pattern, because of the presence of very low values of CWMs at intermediate
elevations. This partially contrasts with our hypothesis of a positive correlation. Therefore,
we divided the overall gradient into two subgradients, and conducted separate analyses
for each of them. These analyses clearly indicated that the CWM values for light were
negatively correlated with elevation in the first subgradient (Figure 2b) and were positively
correlated with elevation in the second subgradient (Figure 2c).

The results from the multi-level approach (Figure 2d–f) showed a strong relationship
between plant preferences for light and elevation in both subgradients. In the first sub-
gradient (Figure 2e), species that prefer high levels of light occurred at lower elevations,
and species that prefer low levels of light occurred at middle elevations. The ANOVA
results indicated that the trait × environment interaction significantly improves the model
(p < 0.001), and the fixed effects explain about 30% of the variation. In the second sub-
gradient (Figure 2f), species that prefer low levels of light occurred at middle elevations,
and species that prefer high levels of light occurred at higher elevations. The ANOVA
results indicate that the trait × environment interaction significantly improves the model
(p < 0.001), and the fixed effects explain about 26% of the variation.
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Figure 2. Relationship between Ellenberg indicator values for light and elevation in plant communi-
ties along an elevational gradient in Central Italy. The upper panels (a–d) present CWM regression
models and their statistical corrections using fourth-corner analysis for the entire gradient (a), for the
lower subgradient (b), and for the upper subgradient (c). The lower panels (d–f) illustrate the results
of multi-level models for the entire gradient (d, trait × environment interaction p < 0.001, marginal
R2 = 0.03), for the lower subgradient (e, trait × environment interaction p < 0.001, marginal R2 = 0.26),
and for the upper subgradient (f, trait × environment interaction p < 0.001, marginal R2 = 0.32).

The correlation between the CWM values for soil moisture preferences and elevation
(Figure 3a), as well as that between the CWM values for nutrients and elevation (Figure 4a),
are extremely low. In fact, in both cases, the CWM values show unimodal patterns, because
of the preference of very high values of CWMs at intermediate elevations. These results
contrast with our expectations of a positive correlation between elevation and moisture
preference and a negative correlation between nutrients and elevation. Therefore, we
divided the overall gradients into two subgradients, and conducted separate analyses for
each of them for both moisture and nutrients.

For moisture, these analyses clearly indicated that the CWM values were positively
correlated with elevation in the first subgradient (Figure 3b) and were negatively correlated
with elevation in the second subgradient (Figure 3c). Results of the multi-level approach
(Figure 3d–f) showed a strong relationship between plant preferences for moisture and
elevation in both subgradients. In the first subgradient (Figure 3e), species that prefer
low levels of moisture occurred at lower elevations, and species that prefer high levels of
moisture occurred at middle elevations. The ANOVA results indicate that the trait × en-
vironment interaction significantly improves the model (p < 0.001), and the fixed effects
explain about 20% of the variation. In the second subgradient (Figure 3f), species that
prefer high levels of moisture occurred at middle elevations, and species that prefer low
levels of moisture occurred at higher elevations. The ANOVA results indicate that the
trait × environment interaction significantly improves the model (p < 0.001), and the fixed
effects explain only about 13% of the variation.
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Figure 3. Relationship between Ellenberg indicator values for moisture and elevation in plant commu-
nities along an elevational gradient in Central Italy. The upper panels (a–d) present CWM regression
models and their statistical corrections using fourth-corner analysis for the entire gradient (a), for the
lower subgradient (b), and for the upper subgradient (c). The lower panels (d–f) illustrate the results
of multi-level models for the entire gradient (d, trait × environment interaction p < 0.01, marginal
R2 = 0.02), for the lower subgradient (e, trait × environment interaction p < 0.001, marginal R2 = 0.21),
and for the upper subgradient (f, trait × environment interaction p < 0.001, marginal R2 = 0.13).
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Figure 4. Relationship between Ellenberg indicator values for nutrients and elevation in plant
communities along an elevational gradient in Central Italy. The upper panels (a–d) present CWM
regression models and their statistical corrections using fourth-corner analysis for the entire gradient
(a), for the lower subgradient (b), and for the upper subgradient (c). The lower panels (d–f) illustrate
the results of multi-level models for the entire gradient (d, trait × environment interaction p < 0.01,
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marginal R2 = 0.01), for the lower subgradient (e, trait × environment interaction p < 0.001, marginal
R2 = 0.13), and for the upper subgradient (f, trait× environment interaction p < 0.001, marginal R2 = 0.15).

For nutrients, the separately conducted analyses for the two subgradients clearly
indicated that CWM values were positively correlated with elevation in the first subgradi-
ent (Figure 4b) and were negatively correlated with elevation in the second subgradient
(Figure 4c). Results from the multi-level approach (Figure 4d–f) showed a strong relation-
ship between plant preferences for nutrients and elevation in both subgradients. In the
first subgradient (Figure 4e), species that prefer low levels of nutrients occurred at lower
elevations, and species that prefer high levels of nutrients occurred at middle elevations.
The ANOVA results indicate that the trait× environment interaction significantly improves
the model (p < 0.001), and the fixed effects explain about 23% of the variation. In the second
subgradient (Figure 4f), species that prefer high levels of nutrients occurred at middle
elevations, and species that prefer low levels of nutrients occurred at higher elevations. The
ANOVA results indicate that the trait × environment interaction significantly improves the
model (p < 0.001), and the fixed effects explain only about 15% of the variation.

Elevation did not influence the CWM values of continentality (Figure 5a) and reaction
(pH) (Figure 6a) in any obvious way. The results of the multi-level approach also show
no significant relationship between continentality and elevation (Figure 5b) and between
reaction (pH) and elevation (Figure 6b). The results for continentality conform to our
hypothesis of a lack of relation, while those for pH are in contrast with our expectation of a
positive correlation.
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4. Discussion

In accordance with our hypothesis, temperature preferences, expressed by the CWM
values, showed a distinctly inverse relationship with elevation, which can be explained
by the thermal gradient (temperature decreases with elevation). Thus, thermophilous
species (which dominate the vegetation at lower elevations) are progressively replaced
by cold-adapted species. This is clearly shown by the probability of species occurrence,
which shows two peaks: one at low elevation–high temperature (which is related to warm-
adapted species that dominate low elevation communities) and one at high elevation–low
temperature (which is related to the dominance of cold-adapted species in high elevation
communities). This pattern paralleled the biogeographical patterns observed by Di Biase
et al. [74], in which the proportion of species with Mediterranean distributions (which
are expected to be more thermophilous) declined along the elevational gradient, whereas
that of Euromontane and Mediterraneo-Montane species (which are expected to be more
cold-adapted) increased with elevation.

The EIVs for light were positively corelated with elevation, but this relationship was
weak and non-significant, which partially contrasts with our hypothesis of a positive
correlation. Elevation is a poor correlate of light preferences under the assumption of a
linear relationship because of the preponderance of sciophilous species at around 1000 m,
which generates a U-shaped pattern. This can be related to the concentration of forest
vegetation at intermediate elevations. As forests are shady places, it is not surprising that
plants of forest vegetation are sciophilous. By contrast, the prevalence of open environments
at the lower elevations (ca 600–700 m, where garigues of the Cytiso spinescentis-Satureion
montanae alliance occurs [72]) and at the higher elevations (ca 1600–2000 m, where dry
semi-natural mountain grasslands belonging to the Festuco valesiaceae-Brometea erecti class
and open high-mountain grasslands belonging to the Festuco-Seslerietea class prevail [72])
explains the preponderance of heliophilous species at the two extremes of the gradient.
When the overall gradient was divided into two subgradients, we found that the CWM
for light decreased with an increasing elevation in the first subgradient and increased
in the second one. This is reflected by the species distributions outlined by the multi-
level analyses, which showed that sciophilous species predominate at middle elevations,
being progressively replaced by heliophilous species at lower and higher elevations. It is
important to stress that the prevalence of certain grasses at high elevations might have been
emphasized by anthropogenic causes (in particular, the abandonment of pastoral activities),
with some dominant species, such as Brachypodium genuense (DC.) Roem. et Schult and



Biology 2023, 12, 161 13 of 18

Sesleria nitida Ten., influencing the community composition by the competitive exclusion of
subordinate species [106] beyond the filtering effects determined by variations in natural
environmental conditions.

Contrary to our expectations, preferences for both moisture and nutrients did not corre-
late linearly with elevation, showing unimodal patterns with a peak at around 1000 m. Veg-
etation recorded at this elevation is represented by beech forests, European hop-hornbeam
forests, and mesophilous mixed forests dominated by Italian maple (Acer opalum Mill.) [72].
Since litter layers, high porosities associated with soil fauna activities, root proliferation and
depth, and many macropores enhance infiltration and percolation rates in forest soils [107],
the presence of beech forests might facilitate species that prefer high moisture levels at this
elevation, an issue that deserves more investigation. When the overall gradient was divided
into two subgradients, we found that the CWM for moisture decreased with an increasing
elevation in the first subgradient and decreased in the second one. This is reflected by
species distributions outlined by the multi-level analyses, which showed that species associ-
ated with humid places predominate at middle elevations, being progressively replaced by
species adapted to drier conditions at lower and higher elevations.

The same patterns were observed for the EIVs for nutrients: the CWM for nutrients
decreased with an increasing elevation in the first subgradient and decreased in the second
one. Multi-level analyses showed how species associated with rich soils predominate
at middle elevations, being progressively replaced by species adapted to the scarcity of
nutrients at lower and higher elevations. Forest soils are generally characterized by deeply
rooted trees, well-developed ‘litter layers’ (O horizons), and the recycling of organic matter
and nutrients, including wood [107,108]. Thus, forest soils are rich in nutrients, and this
can explain the preponderance of species that prefer high concentrations of nutrients at
mid-elevations, which are occupied by forest vegetation.

CWM regressions, fourth-corner analyses, and multi-level analyses indicate that the
values of EIVs for continentality do not vary with elevation in any obvious way. This is
consistent with our hypothesis of a lack of relationship. We can expect that continentality
preferences may vary distinctly with latitude and longitude, as a function of distance from
the sea, more than with elevation, at least in short gradients. Thus, it is not surprising that
this aspect of ecological preferences is of scarce relevance for our elevational gradient, and
confirms that, in general, continentality values vary without meaningful patterns [69–71].

As regards the EIVs for reaction (soil pH), contrary to our expectation, we did not find
an increase of reaction values with elevation. This suggests that local conditions (namely
podzolization and humus forms) that do not vary systematically along the gradient are
possibly more important in determining soil pH than elevation [109,110]. In addition, the
Ellenberg values for reaction seem to not adequately reflect soil pH, especially for neutral
and alkaline soils [39,111–113], which may also explain the lack of relationships in multi-level
analyses. Interestingly, most of the communities investigated in this study have CWM reaction
values between 6 and 7.5, which indicates a prevalence of species associated with slightly
basic soils, which is consistent with the prevalence of limestone in the study area. However,
there are two sites in which the communities are dominated by species with preferences for
relatively acidic soils. These two sites show vegetation types that belong to a phytosociological
class (Nardetea strictae) typical of places with decalcified, deep, acidic soils [72,76].

Finally, we would stress that our CWM values for the EIVs at the highest elevation
were very close to those presented for some other Apennine sites above 2000 m [114], which
suggests that our patterns are of general value.

5. Conclusions

Our study is the first one to examine how EIVs at the community level vary along
an elevational gradient. Plant species do not respond directly to elevation, but rather
to changes in abiotic variables regulated by elevation. The use of EIVs allowed us to
depict how elevation filters plant species composition and abundance according to their
preferences for various abiotic factors. We found that, as expected, temperature preferences
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showed a distinctly inverse relationship with elevation because temperature decreases with
increasing elevation. In contrast to our expectation of a positive monotonic decrease of the
sciophilous species, we found that they predominate at middle elevations, because of the
presence of shady habitats provided by dense forest cover. Contrary to our expectations,
preferences for both soil moisture and nutrients did not correlate linearly with elevation, but
showed unimodal patterns, peaking in the middle of the gradient, probably because of the
favorable conditions provided by the beech forest soils. EIVs of continentality and reaction
(pH) do not vary with elevation in any clear way since these environmental characteristics
are probably highly variable locally, a result expected for continentality but not for pH, for
which we postulated a positive relationship. These findings indicate that elevation filters
plant species according to their environmental preferences in complex, non-obvious ways.
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www.mdpi.com/article/10.3390/biology12020161/s1, Figures S1–S6: relationship between Ellenberg
indicator values and elevation excluding trees; Table S1: species abundance (percent cover) with
trees; Table S2: EIVs with trees; Table S3: elevation of sites; Table S4: species abundance (percent
cover) without trees; Table S5: EIVs without trees; Table S6: results of CWM regression, fourth-
corner analysis, and multi-level analysis for temperature with trees; Table S7: results of CWM
regression, fourth-corner analysis, and multi-level analysis for light with trees; Table S8: results
of CWM regression, fourth-corner analysis, and multi-level analysis for continentality with trees;
Table S9: results of CWM regression, fourth-corner analysis, and multi-level analysis for moisture
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22. Zarzycki, K.; Trzcińska-Tacik, H.; Różański, W.; Szeląg, Z.; Wołek, J.; Korzeniak, U. Ecological Indicator Values of Vascular Plants
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