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Local, forest stand and landscape-scale correlates of plant communities in
isolated coastal forest reserves

Britta Uhl , Mirko W€olfling and Konrad Fiedler

Department of Botany & Biodiversity Research, University of Vienna, Vienna, Austria

ABSTRACT
In mixed oak stands situated within two isolated forest reserves in NE Italy, we investigated how plant
communities are modulated by local conditions, forest structure and landscape attributes. Species rich-
ness and functional dispersion increased towards canals, whereas soil salinity, canopy density or land-
scape heterogeneity were less relevant. Mean nutrient indicator values increased near canals and with
higher proportions of agriculture around. Functional dispersion decreased at wet, nutrient rich sites.
Also, the proportion of salt tolerant species increased towards canals, but was unrelated to measures
of soil salinity. At sites with more modified landscapes around, widely distributed species were more
prevalent, at cost of plants with restricted distributional ranges. Hence, biotic homogenization is fos-
tered inside the reserves through landscape modification in their surroundings. In contrast to species
richness, composition turned out to be markedly modulated by environmental variation, with local site
factors, forest stand structure and landscape attributes contributing to roughly the same extent.
Conservation practices should therefore not only focus on managing local conditions, but also take
landscape structure into account. For coastal forests, dry and open, nutrient poor sites are of special
conservation concern, which are believed to most closely resemble the original diverse vegetation of
these Mediterranean habitats.
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Introduction

The Mediterranean basin is one of the Earth’s biodiversity
hotspots and – as such – home of about 25,000 native plant
species (Myers et al. 2000; Cuttelod et al. 2009). Of these,
about 50% are endemic to the region (Cowling et al. 1996).
The evolution of today’s Mediterranean landscapes is
strongly linked to millennia of human land-use, which histor-
ically contributed to the diverse and heterogeneous habitats
(Blondel 2006). However, over the past decades accelerated
land-use change, either through abandonment or through
intensification, render Mediterranean habitats one of the glo-
bally most endangered areas facing biodiversity loss
(Lavergne et al. 2005) and landscape homogenization (Geri
et al. 2010). While inland, forest areas are increasing at the
cost of open landscapes, coastal transformation led to the
disappearance of most forest sites because of human popu-
lation growth and urbanization, mass tourism and agricul-
tural intensification (Falcucci et al. 2007). Remnant forest
patches are often small sized, fragmented habitats which are
highly isolated from another as they are surrounded by
anthropogenically modified land (Teixido et al. 2010). Setting
aside these areas from land-use as nature reserves forms an
important part of conservation strategies to mitigate bio-
diversity loss (Ara�ujo et al. 2007; Doxa et al. 2017). However,

there are still environmental variables influencing the plant
communities in isolated reserves. These factors can princi-
pally be distinguished into three groups:

� Primarily, natural variation in topography, local edaphic
and hydrological conditions determines which plants
from the regional species pool can populate an area,
thereby forming the “potential natural vegetation”
(Molina-Venegas et al. 2016).

� Second, factors associated with land-use history usually
have left their imprint, for example, with regard to tree
species composition, tree density and age structure of
stands in case of forested sites (Sabatini et al. 2014;
Burrascano et al. 2018).

� Finally, local ecological conditions may be altered by
pressures that arise from the landscape around the
reserve, for example, soil salinization (Mollema et al.
2013), spill-over of pollutants and fertilizers (Bussotti and
Gerosa 2002; van Dobben and de Vries 2017), or increas-
ing drought stress in the course of climate change (Liu
et al. 2018; Pe~nuelas et al. 2018; Tsiafouli et al. 2018).
Landscape-scale drivers of biota inside reserves also
include edge effects (Wuyts et al. 2013), reduced habitat
size or the extent of fragmentation and isolation of
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reserves (Rosati et al. 2010; Malavasi et al. 2016; Luzuriaga
et al. 2018).

So, human activities can alter plant communities through
past and present land-use intensity and management within
reserves as well as through landscape-scale effects acting
from the outside. As a consequence, functional homogeniza-
tion, declining species diversity or the invasion of alien spe-
cies can be observed in many conservation areas (Clavel
et al. 2011; Malavasi et al. 2016; Bazzichetto et al. 2018).

In this study, using two protected coastal forest remnants
in north-eastern Italy as an example, we address different
aspects of local, (land-use history driven) forest and land-
scape characteristics in relation to their vegetation. By doing
so, we aim to uncover the hierarchy of influences these fac-
tors have in shaping coastal forest plant communities.
Especially, we focus on subtle differences in plant diversity,
functional diversity and species composition within contigu-
ous forest stands of broadly similar type. Two suites of
anthropogenic factors are of special concern here. (1) The
entire region is subject to increase in soil salinization, as a
consequence of land subsidence (Mollema et al. 2013). (2)
Directly adjacent to the two reserves there are large areas
under intense agricultural use (Musolino et al. 2019) and
highly urbanized areas (Lucialli et al. 2007). It is therefore
likely that the surroundings of the two forest reserves have
substantial influence on the local vegetation inside. In par-
ticular, we address the following questions:

� Can attributes of the local plant communities such as spe-
cies richness, functional diversity or mean indicator values
be related to any of the observed factors?

� Are landscape factors (e.g. the extent of modified land
surrounding focal plots) driving plant communities from
typical Mediterranean composition towards dominance by
cosmopolitan species?

� Are local plant communities changing with the degree of
soil salinization or is there a more general shift to salt tol-
erant plants all over the reserve areas?

� How much variation in plant community composition can
be described at each of the three spatial scales (i.e. local,
forest stand and landscape level)?

Methods

Study area

The coastline around Ravenna, NE Italy, has developed over
centuries through sedimentation by the river Po and there-
fore is until today characterized by sandy soils and paleo-
dunes (Antonellini et al. 2008). Our study sites were located
inside two isolated relict forest reserves, Pineta san Vitale
(hereafter PsV) and Pineta di Classe (hereafter PdC). Both
reserves comprise an area of approximately 10 km2, with PsV
being elongated with 7� 1.5 km2 in shape and PdC having a
more compact shape of about 5� 2 km2. Both forests have a
long history of human land-use and management. Around
500 BC, when the first settlements of what today constitutes

the city of Ravenna were built, large areas of mixed oak for-
ests (mainly Quercus robur L. and Quercus pubescens WILLD.)
are believed to have covered the coastal areas (Andreatta
2010). About 400–500 AC historical notes for the first time
mention “pine woods” in the area, which are believed to
indicate the presence of Pinus sylvestris L. and Pinus nigra
J.F. ARNOLD.

The area where PsV and PdC today are located is believed
to have been developing in the tenth to fifteenth century
through sedimentation (Buscaroli et al. 2011). Only during
the tenth and eleventh century, when the forests were prop-
erty of different abbeys (on which the recent names “san
Vitale” and “Classe” are still based), stone pine trees (Pinus
pinea L.) were introduced to the region. Stone pines were
mainly planted on top of the paleodunes. In between, where
soil conditions did not match the needs of pine trees, other
forest types like mixed deciduous forest and riparian forest
remained (Andreatta 2010). From the twelfth century
onwards, Ravenna’s pine forests were used for pine nut har-
vest and wood production as well as for cattle grazing
(Andreatta 2010). Until the end of the eighteenth century,
these forests had reached their maximum expansion of
about 6000 ha (Malfitano 2002). From 1796 onwards, many
trees were cut down for ship building and for the sake of
urban development. The forest areas got increasingly frag-
mented until only about 2000 ha, split up between the two
areas PsV and PdC, were left (Malfitano 2002; Andreatta
2010). Pine nut production and other management practices
were finally abandoned in 1988, when the “Parco regionale
del Delta del Po” was established, protecting the two forests
from further degradation (Enrica Burioli, pers. communica-
tion, http://demetra.regione.emilia-romagna.it, Assemblea
legislativa della Regione Emilia-Romagna 1988).

Being a part of the Parco regionale del Delta del Po, listed
as UNESCO biosphere reserve (www.unesco.org, UNESCO
2015) and Natura 2000 sites and also partly flagged as
important bird area (Bird Life International 2019), Ravenna’s
coastal forests are today of high legal conservation status.
After their planting during the Middle Ages, the ancient
open pine woods developed due to natural succession and
are today dominated by a mix of oak and pine forest
(W€olfling et al. 2019), but also other vegetation types like
grassland on sandy soils, reed vegetation and riparian forest
sites can be found (Merloni and Piccoli 1999; Piccoli and
Merloni 1999).

As the entire Po plain is today one of the most important
areas for agricultural use in Italy (Musolino et al. 2019), con-
servation interests and intensive land-use often collide here.
Also around PsV and PdC, highly modified landscapes includ-
ing arable land, the industrial harbor of Ravenna and urban
areas are a source of pressures on the nature reserves that
are designated for conserving Mediterranean biodiversity.

Data collection

We partitioned each reserve into 30 grid cells (600� 600m2).
In each grid cell, one sampling location was chosen by con-
sidering three criteria (Figure 1). (1) All sites should be
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situated inside the same vegetation type, viz. a mixture of
oak and pine forest. This tree composition is closest to the
former natural vegetation of the paleodunes. (2) Other habi-
tat types like reed vegetation or open grassland should be at
least 100m away from the sampling location. (3) The sites
had to be accessible from one of the numerous small path-
ways through the forests.

Data collection took place from 2015 to 2017. Each year,
20 of the 60 locations were chosen randomly (10 in each
reserve) and then sampled once between April and
September. At each location soil samples, tree crown density
and all plant species forming the herb, shrub and tree layer
were analyzed.

The herb layer was sampled in April within five randomly
chosen 1� 1m2 plots per site. Each plot took approximately
0.5–1 h of time to register, resulting in about 2.5–5 h herb
layer sampling per location. If necessary, flowering character-
istics required for the identification of species were addition-
ally checked in June. For the shrub layer five 5� 5m2 plots
per location were analyzed in September. All plants were
identified to species level using different monographs
(Aichele et al. 1998; Bassi 2004, Senghas and Seybold 2003)
as well as the internet page www.actaplantarum.org (Acta
Plantarum 2007). For further analyses, only plant species inci-
dences per site were considered (Table S1).

For measurements of soil factors, 20 soil samples per loca-
tion (five samples each in April, June, August and
September) were taken. pH value and electric conductivity
(EC) were measured using a Multiparameter Meter HI 9813

(Hanna Instruments). Out of these 20 measurements, a mean
pH and a mean EC value (as proxy for soil salinity: Malicki
and Walczak 1999) were calculated for each site. Further abi-
otic characteristics like humidity, local temperature, soil
nutrients and light availability were inferred from Ellenberg’s
indicator values of all plant species observed per site.
Ellenberg indicator values have often proven as suitable
proxies for the microclimatic and edaphic conditions they
represent (Schaffers and S�ykora 2000). To this end, indicator
values for all recorded plant species were extracted from
Pignatti et al. (2005) and a non-weighted mean Ellenberg
indicator value was calculated.

Composition and structure of the tree layer were recorded
by doing 10 point-centered-quarter (PCQ) analyses per site in
August following Mitchell (2010). PCQ as a distance-based
method has some disadvantages compared to plot-based
methods, like a larger sampling bias leading to over- or
underestimations of the real community level forest density
(Bryant et al. 2005). But as forest understory vegetation –
especially shrub vegetation – in PsV and PdC is quite dense,
no plot-based analyses were physically feasible. For the PCQ
analyses, species identity and diameter at breast height (by
only taking into account stems with a circumference bigger
than 10 cm) of 40 trees (four trees per PCQ) were noted.
Furthermore, the height of these trees was estimated by tak-
ing pictures of the whole tree together with a 1m ruler as
scale. The trees on the pictures were then measured using
the program ImageJ 1.45s (Schneider et al. 2012). Out of
these records, mean basal area and its standard deviation (as

Figure 1. Schematic maps of the two study coastal pine forest reserves near Ravenna, NE Italy (left: PsV, right: PdC) and locations of the sampling sites (green
dots, V1–30 in PsV, C1–30 in PdC). Landscape indicated by colors: forest (dark green), open habitats (light green), arable land (yellow), buildings (red), reed (light
blue) and open water (dark blue). Modified using QGIS based on satellite images extracted from Google Maps.
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proxies for forest age and stand heterogeneity), mean tree
height, forest density (as number of stems/ha) and forest
cover (defined after Mitchell (2010) as stem density�mean
basal area, in m2/ha) of conifer and deciduous trees were cal-
culated. Tree crown density was measured at four random
points using a manual densiometer (Forest densiometers,
Robert E. Lemmon, Rapid City) four times each in April, June,
August, September, resulting in 16 crown density measure-
ments per location. Again, the mean value of these entered
into subsequent statistical analyses.

Landscape composition and structure were analyzed using
the software QGIS (QGIS Development Team 2018), based on
satellite images from 2017 provided in Google MapsTM. All cal-
culations were done for a 1000m buffer around each location,
as larger landscape scales are believed to be more important
for plant species composition than smaller ones (Amici et al.
2015). Specifically, from the satellite images the proportions
(area) of forest, open grassland, reed vegetation, open water
bodies, buildings, agricultural land and other structures (includ-
ing roads and gardens) were recorded. Subsequently, forest,
open grassland and reed vegetation were summarized as
“near-natural areas”. As a corollary, buildings, agricultural land
and other habitat structures were summarized as “modified
land”. Furthermore, edge density in the landscape (expressed
as length of all habitat edges per ha) and landscape diversity
(expressed as Shannon diversity of fractions of area of the
aforementioned elements, in its exponential version) were cal-
culated (Schindler et al. 2015; Cl�ement et al. 2017).

Finally, the nearest distance from each site to structural
components of the landscape such as water canals and for-
est edges was measured using QGIS. All measured local, for-
est stand and landscape factors are shown in Table 1.

Data analysis

For the calculation of distance based plant functional diver-
sity, a matrix consisting of 46 traits was compiled. This matrix
contained plant characteristics such as the life-form, presence
of spines, resin or latex secretion, maximum plant height,
root type, various flower and leaf attributes (like flowering
time, leaf structure, phyllotaxy, pubescence, pollination syn-
drome, seed dispersion type and leaf phenology) as well as
habitat and distribution characteristics (including Ellenberg
indicator values, distributional range or salt tolerance) (Table
S2). Information about plant traits was collated from mono-
graphs (Aichele et al. 1998; Senghas and Seybold 2003; Bassi
2004; Burnie 2007; Sch€onfelder and Sch€onfelder 2011) as
well as from the internet page www.actaplantarum.org (Acta
Plantarum 2007). Information about salt tolerance was gath-
ered from B€ohling (1995), Fl€uckiger (2007), Ellenberg and
Leuschner (2010) and the internet page https://www.info-
flora.ch (Infoflora 2004). For analysis, we scored all plant spe-
cies known to grow naturally on salt-influenced soils or to
tolerate salt under urban conditions as “salt-tolerant”. We fur-
ther scored plant species according to their natural distribu-
tions into Mediterranean and widely distributed species.
Functional diversity calculations were done in the R environ-
ment (Pinheiro et al. 2018) using the packages “vegan”

(Oksanen et al. 2018) and “FD” (Lalibert�e and Legendre 2010;
Lalibert�e et al. 2014). We used functional dispersion (FDis) as
suggested by Lalibert�e and Legendre (2010) as this func-
tional diversity index is not dependent on species richness
per se (like, e.g., functional richness) and can also deal with
incidence based species data, where it represents the
unweighted mean distance to the centroid (viz. the disper-
sion of species in trait space) (Lalibert�e and Legendre 2010).
For the hierarchical clustering tree of functional traits, the
“hclust” function based on Gower dissimilarity and the
Ward.D2 method was used. Functional dispersion analysis
was done with the “dbFD” function, using the trait matrix
and the incidence table of all observed vascular plants
(herbs, shrubs and trees together).

To compare plant gamma diversity between the two
study areas, total plant species richness for each reserve was
estimated by doing a sample based extrapolation after Chao
et al. (2016) using the program iNEXT. Indicator plant species
for each of the two reserves were extracted using the
“indval” function with the “labdsv” package (Roberts 2016).
Differences between local species richness and local FDis of
the PsV and PdC locations were tested using student’s t-test
with the basic “stats” package in R.

All environmental factors available for each site (Table 1)
were checked for normality and transformed if necessary.
Proportions were logit transformed (Warton and Hui 2011). To
assess how averaged local plant indicator values for humidity,
temperature, light and nutrients are related to local, forest
stand and landscape factors, linear mixed effects models were
constructed, using the package “nlme” (Pinheiro et al. 2018).
Reserve identity (PsV or PdC) was included as random factor.

Subsequently for further multivariate analysis, all environ-
mental factors were z-transformed to a mean of 0 and a
standard deviation of 1, to alleviate differences in their scal-
ing. In order to reduce the number of possible predictor vari-
ables to be included in regression models, and to alleviate
problems with multicollinearity of the various raw variables,
a PCA (with varimax rotation) was performed separately for
each group of variables (local, forest stand and landscape
level). PCAs were calculated by using the package “psych”
(Revelle 2017). From each PCA, the first three factors were
retained. PC-axes were interpreted and named by taking a
look at their factor loadings with regard to the raw variables.

These PCs then served as predictors in linear mixed
effects models. Local species richness (i.e. the number of
plant species sampled at each location) and local FDis were
used as response variables, respectively. Furthermore, logit
transformed proportions of Mediterranean and widely distrib-
uted species as well as logit transformed proportions of salt
tolerant species per location were used as response variables.
Reserve identity (PsV or PdC) was modeled as random factor
which also controls for possible spatial autocorrelation in the
data. For calculation and visualization of linear mixed effects
models, the packages “nlme” (Pinheiro et al. 2018) and
“ggplot2” (Wickham 2016) were used.

For analysis of plant species composition, we entered two
of the three PC-axes of each PCA (local, forest stand, and
landscape) as factors in a canonical analysis of principal
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coordinates (CAP) using the “capscale” function in the
“vegan” package (Oksanen et al. 2018). Here, reserve identity
was also included as a predictor. CAP was done based on a
Sørensen-distance matrix of plant species lists of all sites. For
significance testing, a permutation test with 1000 randomiza-
tions was applied.

Results

In total, we recorded 213 plant species, with 110 species shared
between both reserves, 52 species only found in PsV, and 51
species restricted to PdC. Observed as well as estimated
gamma diversity was almost identical between the two forests,
while mean observed plant species richness per site was signifi-
cantly higher in PsV than in PdC. FDis per site did not differ sig-
nificantly between the two reserves (Table 2). Typical indicator
species for PsV were, for example, Ranunculus bulbosus L.,
Prunus spinosa L. and Populus alba L., while in PdC species like
Aegonychon purpurocaeruleum (L.) HOLUB, Cotinus coggygria SCOP.
and Quercus ilex L. more commonly occurred. All recognized
indicator species are listed in Table 3.

We found strong positive relationships between mean
Ellenberg values of the vegetation with the proximity to
water canals (Table 4, Figure 2(A–B)). The average nutrient
indicator value increased with the proportion of agricultural
areas in the surroundings (Table 4, Figure 2(C)). Furthermore,
the indicator value for temperature decreased with the mean
basal area of trees (Table 4, Figure 2(D)).

The PCA of the six local factors resulted in three axes,
which collectively captured 78% of total variance. The
PCLoc1 axis can be interpreted as a gradient from dry and
nutrient poor locations with open canopy to shady, humid
and nutrient rich sites. The PCLoc2 axis mainly represents a
gradient in temperature, while the PCLoc3 reflects the gradi-
ent in soil pH and salinity.

Among the six descriptors of forest stand structure, the
three first PCs accounted for 79% of total variation. Here,

PCFor1 depicts the gradient from dense forest stands with
many small and young trees to more open and old grown for-
est locations with fewer, but taller stems. PCFor2 represents for-
est heterogeneity and PCFor3 represents tree crown density.

Finally, at the landscape level the first three PC axes sum-
marized 89% of variation. PCLand1 mirrors the gradient from
sites situated at the reserve edges (surrounded by high pro-
portions of agricultural land and high landscape diversity)
into the centers of the forest with high proportions of nat-
ural areas and lower habitat diversity around (because of the
lack of modified landscape elements). PCLand2 represents
landscape heterogeneity and diversity around the sites.
PCLand3 can be interpreted as distance to canals. The main
outcome of all three PCAs is summarized in Table 5.

GLMM results indicated that FDis decreased at more wet
and nutrient rich sites and with lower forest heterogeneity
(Table 4, Figure 3(A,B)). Furthermore, plant species richness
and plant FDis per site were significantly related to the dis-
tance of sites to the nearest canal (Table 4, Figure 3(C)). All
other tested site descriptors had no detectable influence on
vascular plant richness or FDis.

The proportion of salt tolerant species was not influenced
by local salinity values taken from own soil measurements,
but increased towards the canals (Figure 3(D), Table 4). The
proportion of Mediterranean plant species declined with
increasing landscape heterogeneity in the surroundings
(Figure 3(E), Table 4), while widely distributed species
increased (Figure 3(F), Table 4).

In contrast to the analyses of species richness or func-
tional dispersion, all tested PC axes were significantly related
to variation in local plant community composition. The pos-
ition of sites along the humidity and nutrient gradient
(p¼ .001) and its temperature conditions (p¼ .001)
accounted for 8% of the observed variation. Forest age and
density (p¼ .002) and crown density (p¼ .001) explained
another 7.7%, while landscape heterogeneity (p¼ .001) and
the distance to canals (p¼ .001) explained 7.8% of variation.

Table 1. List of all measured local, forest stand and landscape-level factors.

Local factors Forest stand factors Landscape factors

Soil pH Mean tree basal area (cm2) Distance to nearest forest edge (m)
Soil salinity (mg/l) Standard deviation of tree basal area (cm2) Distance to nearest canal (m)
Ellenberg indicator for light Mean tree height (m) Edge density (m/ha)
Ellenberg indicator for temperature Forest density (number of stems/ha) Landscape diversity (exponential Shannon)
Ellenberg indicator for humidity Proportion of deciduous tree biomass (¼deciduous

biomass/complete biomass)
Natural areas (proportion)

Ellenberg indicator for nutrients Crown density (proportion of visible sky) Agricultural land (proportion)

Table 2. General information on plant species richness, FDis and Mean Ellenberg indicator values in PsV and PdC.

PsV PdC t Value p Value

Recorded richness 162 161 – –
Estimated total plant richness 194.2 ± 15.6 194.5 ± 16.9 – –
Mean plant richness (per location) 36.6± 5.7 33.0± 5.3 2.57 .01�
Mean plant FDis (per location) 0.18 ± 0.01 0.18 ± 0.01 �1.04 .30
Mean indicator value: humidity 4.19 ± 0.1 4.09 ± 0.1 1.18 .25
Mean indicator value: temperature 6.48 ± 0.07 6.51 ± 0.07 �0.61 .54
Mean indicator value: nutrients 4.41 ± 0.2 4.22 ± 0.2 1.60 .11
Mean indicator value: light 6.66 ± 0.1 6.54 ± 0.1 1.74 .09

Significant differences between both reserves are marked in bold.
Significance levels <0.05 are indicated by an asterisk (�).
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Differences between the two reserves (p¼ .001) accounted
for a further 4.6% of variation. So, altogether 28.2% of vari-
ation in local vascular plant species composition could be
attributed to the seven factors chosen for matrix regression
analysis, with local, forest stand and landscape factors all
contributing in roughly equal manner (Figure 4). The CAP
ordination further revealed two clusters clearly separating
sites situated in PsV from those in PdC, what again under-
lines the difference in plant species composition between
the two reserves. PdC sites were more scattered than PsV
sites. Moreover, three PsV sites, viz. V1, V3 and V5, were
clearly distinct from all other study sites in reduced ordin-
ation space. In PdC four locations, C13, C16, C20 and C27,

clustered separately from the rest of all PdC sites (Figure 4).
All these sites were characterized through very dry and nutri-
ent poor conditions with low crown density.

Discussion

Even though our study sites were all located in stands of the
same forest type on paleodunes, dominated by oak trees, our
results showed substantial variation in the diversity and species
composition of plant communities. We observed significant dif-
ferences in mean plant species richness between PsV and PdC,
with sites in PsV on average having more species. In contrast,

Table 3. Plant species emerging as indicator species for PsV and PdC and their indicator values, as obtained from the “indval” function.

PsV indicator species Indicator value PdC indicator species Indicator value

Ranunculus bulbosus L. 0.52 Aegonychon purpurocaeruleum (L.) HOLUB 0.59
Populus alba L. 0.51 Phillyrea angustifolia L. 0.50
Luzula campestris (L.) DC. 0.50 Quercus ilex L. 0.45
Euonymus europaeus L. 0.49 Cotinus coggygria SCOP. 0.43
Anthoxanthum odoratum L. 0.47 Pyracantha coccinea M. ROEM. 0.39
Prunus spinosa L. 0.45 Brachypodium phoenicoides (L.) ROEM. & SCHULT. 0.38
Fraxinus ornus L. 0.39 Carex liparocarpos GAUDIN 0.37
Cerastium semidecandrum L. 0.35 Silene vulgaris (Moench) Garcke 0.28
Hypochaeris radicata L. 0.31 Cornus sanguinea L. 0.24
Potentilla reptans L. 0.29 Pinus sylvestris L. 0.20
Prunella vulgaris L. 0.29 – –
Pyrus communis L. 0.27 – –
Geranium robertianum L. 0.24 – –
Vincetoxicum hirundinaria MEDIK. 0.24 – –
Arum italicum MILL. 0.20 – –
Campanula rapunculus L. 0.20 – –
Galium mollugo L. 0.20 – –

Table 4. Results of linear mixed effects models.

Response variable
Predictors

(increasing values) t Value Standard error p Value Residual variation

Mean indicator value: humidity Distance to canals 23.21 0.07 .002 0.28
Mean indicator value: nutrients Distance to canals 25.19 0.1 <.001 0.39
Mean indicator value: nutrients Proportion of agricultural areas 3.38 0.07 <.001 0.42
Mean indicator value: temperature Mean basal area of trees 23.23 <0.001 .002 0.16
Plant species richness Wet, nutrient rich sites �0.62 0.72 .54 5.51

Cooler sites 0.88 0.75 .38 5.50
High pH and soil salinity �0.93 0.78 .36 5.50
Old, open forest 0.80 0.73 .43 5.50
Heterogeneous forest 0.86 0.72 .39 5.49
Crown density �0.24 0.72 .81 5.52
Forest center sites �0.76 0.72 .45 5.49
Landscape heterogeneity �0.20 0.76 .84 5.52
Distance to canals 23.60 0.69 <.001 5.16

Plant FDis Wet, nutrient rich sites 23.21 0.0008 .002 0.006
Cooler sites �0.92 0.0009 .36 0.007
High pH and soil salinity �1.87 0.0009 .07 0.007
Old, open forest �1.39 0.0009 .17 0.007
Heterogeneous forest 3.65 0.0008 <.001 0.006
Crown density �1.53 0.0009 .13 0.007
Forest center sites �0.18 0.0009 .86 0.007
Landscape heterogeneity �0.08 0.0009 .94 0.007
Distance to canals 22.24 0.0008 .003 0.006

Widely distributed species Landscape heterogeneity 2.3 0.04 .03 0.29
Forest center sites �0.73 0.04 .47 0.30
Distance to canals �0.45 0.04 .65 0.30

Mediterranean species Landscape heterogeneity 22.23 0.06 .03 0.40
Forest center sites 1.34 0.05 .19 0.42
Distance to canals 0.61 0.06 .54 0.42

Salt tolerant plants Soil pH and salinity �0.76 0.07 .45 0.50
Distance to canals 23.70 0.06 <.001 0.46

Random factor was always the reserve identity (PsV or PdC). Each row represents a separate statistical model. Plant species richness, plant FDdis, widely distrib-
uted species, Mediterranean species and salt tolerant species are only named once as response, but refer to all the predictors within the same box. Statistically
significant relationships are printed in bold face.
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estimated gamma diversity showed no such difference between
the two reserves. Alien invasive species seem to date not prob-
lematic in the two reserves, as only seven alien species (e.g.
Ailanthus altissima (MILL.) SWINGLE, Erigeron sumatrensis RETZ.,
Robinia pseudoacacia L.) were found sporadically and never
occurred in large numbers.

Species composition varied between PsV and PdC,
although there was a large basic species pool which both
reserves had in common. Overall, the species lists were
dominated by plants widespread in Mediterranean ecosys-
tems, but also a few internationally protected species (e.g.
the orchids Anacamptis pyramidalis (L.) RICH., Anacamptis cor-
iophora (L.) R.M.BATEMAN, PRIDGEON & M.W.CHASE, Anacamptis
morio (L.) R.M.BATEMAN, PRIDGEON & M.W.CHASE, Neotinea triden-
tata (SCOP.) R.M. BATEMAN, PRIDGEON & M.W. CHASE, Platanthera
chlorantha (CUSTER) RCHB. and Serapias vomeracea BRIQ.)
occurred in the reserves. Besides some xerophilous plant spe-
cies like Hypochaeris radicata L., many of the PsV indicator
species were hygrophilous like Populus alba L., Potentilla
reptans L. and Prunella vulgaris L., while PdC indicator species
often are bound to dry habitats like Phillyrea angustifolia L.,
Carex liparocarpos GAUDIN and Quercus ilex L. So, local condi-
tions in PsV may be characterized by higher humidity in
comparison to PdC. However, there was no general differ-
ence in mean Ellenberg humidity values between PsV and
PdC (Table 2).

Humidity and nutrient availability were significantly higher
in proximity to the canals what indicates that they may con-
tribute to eutrophication in these two Mediterranean coastal
forests. Local nutrient availability inside the reserves
increased with the proportion of agricultural areas around
the study sites. Agricultural areas are known as major source
of NOx pollution (Almaraz et al. 2018). The influence of fertil-
izers on plant communities has often been shown in agricul-
tural environments (Van den Berge et al. 2019) and
computer models (Kros et al. 2015). Moreover, atmospheric

nitrogen deposition can influence biodiversity and change
vegetation (Tilman and Isbell 2015; van Dobben and de Vries
2017). For our study region Lucialli et al. (2007) demon-
strated the contribution of the industrial harbor and its traffic
to air pollution, which might also influence the nearby forest
reserve PsV. So, besides aquatic nutrient transport through
the canals, airborne deposition of NOx from the harbor of
Ravenna must be taken into account. The observed increase
of nutrient indicating plants at sites with more agricultural
areas in their vicinity indicate a strong influence of intensive
land-use on protected areas, even with rather low propor-
tions of agricultural areas (which never exceeded 48% of
area in a 1000m buffer).

Higher forest age (inferred from larger mean basal area of
stems) was associated with lower temperature scores of the
vegetation. This highlights the potential of old-growth forests
to moderate microclimatic conditions and thereby even
counteract adverse effects of climate change (Frey et al.
2016). Older forest stands also had higher structural hetero-
geneity. The biggest and probably oldest trees in the study
area are stone pine trees (Pinus pinea L.), which build up an
upper canopy layer above the tree crowns of oaks (Quercus
sp. L.), ash trees (Fraxinus sp. L.) and poplars (mainly Populus
alba L.). Ehbrecht et al. (2019) found that structural hetero-
geneity buffers the diurnal temperature variation in central
European forests, and supposed that this effect might be
even more pronounced in regions with low summer precipi-
tation like the Mediterranean area. So, the observed lower
temperature scores as inferred from plant indicator values
might also be modulated by forest structural heterogeneity.

Plant species richness and FDis decreased with the dis-
tance of sites to canals. The canals as structural element
break up the forest structure, enabling plant species disper-
sal and establishment of more light-demanding species.
Furthermore, water is one of the limiting factors in dry
Mediterranean ecosystems. Aridity is known to decrease

Table 5. Factor loadings of the PC axes obtained from three separate PCAs for local, forest stand and landscape variables, respectively.

Local PCLoc1 ¼Wet, nutrient rich sites PCLoc2 ¼Cooler sites PCLoc3 ¼High pH and soil salinity

pH �0.06 �0.13 0.85
Salt 0.01 0.27 0.75
IV_Light 20.89 0.13 0.00
IV_Temp �0.09 20.87 �0.09
IV_Humidity 0.71 0.59 0.06
IV_Nutrients 0.82 0.40 �0.11

Forest PCFor1 ¼Old, open forest PCFor2
¼Heterogeneous forest

PCFor3 ¼High crown density

Tree height 0.85 �0.11 0.09
Standard deviation basal area 0.36 0.68 0.30
Crown density �0.04 �0.02 0.94
Mean basal area 0.81 0.48 0.14
Forest density 20.80 �0.13 0.34
Proportion of deciduous trees 0.08 20.83 0.20

Landscape PCLand1 ¼Site in center of forest PCLand2 ¼Landscape heterogeneity PCLand3 ¼Distance to canals

Distance to edges 0.89 �0.09 0.10
Distance to canals 0.12 �0.29 0.95
Edge density 0.04 0.90 �0.29
Landscape diversity 20.65 0.65 �0.26
Natural areas 0.87 �0.39 0.12
Agricultural land 20.81 �0.36 0.01

PC axes are named after the raw variables with the highest factor loadings and subsequent ecological interpretation. Factor loadings >0.6 are marked in bold.
Ellenberg indicator values are abbreviated with IV.
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plant richness and functional diversity at large scales and
along with different management intensity (Rota et al. 2017;
de la Riva et al. 2018). Close to the canals, constant water
supply is ensured even in hot summer months like July and
August. As a consequence, tree crown density increases as
well as plant richness and functional diversity.

Otherwise, high humidity and especially nutrient availabil-
ity can also decrease functional diversity and furthermore
lead to functional homogenization (Helsen et al. 2014;
Reinecke et al. 2014). Nitrogen deposition is a severe prob-
lem for terrestrial plant diversity, especially in the
Mediterranean region (Bobbink et al. 2010). In line with this,
also in our two forest reserves FDis decreased at humid and
nutrient rich sites.

Another factor influencing plant FDis was forest heterogen-
eity. The more heterogeneous the forest stands around the
location were, the more increased plant FDis. The “Forest heter-
ogeneity” PC-axis mainly was determined by the standard devi-
ation of stems and a decline in the proportion of deciduous
trees. Some locations were characterized by very dense young
tree stands with elms as dominating tree species. Here, forest
stands often were very monotonous and showed low variety in
available niches. In contrast, parts of the reserves where big
and old pine trees could be found were often very

heterogeneous in structure. Here, younger trees and bushes
grow in between and also forest clearings exist on which sandy
soils enable the establishment of diverse herbs. Therefore, struc-
tural heterogeneity seems to increase FDis, as with more struc-
tures more microhabitats are available.

Besides the positive aspects of water canals on plant rich-
ness and FDis, they also serve as source of soil salinity
(Antonellini et al. 2008). Salt water intrusion and subsequent
soil salinization is a severe environmental problem of the
whole coastal region of the Emilia-Romagna, caused by land
subsidence and ground water pumping which disturb the
coastal hydraulic gradients and increase the influx of sea-
water (Mollema et al. 2013). In line with this, we detected a
higher proportion of salt tolerant species near canals. In con-
trast, the PC-axis representing measured soil salinity did not
correlate with the proportion of salt tolerant plants. Reasons
for this might be the generally high soil salinity all over the
reserves, with values between 1 and 25 g/l (Antonellini et al.
2008), leading to an all-over occurrence of salt tolerant
plants inside the reserves. Indeed, we observed on average
9% salt tolerant species per location.

With regard to species distributional ranges, we found a
significant decrease of Mediterranean species with higher
landscape heterogeneity, whereas widely distributed species

Figure 2. Factors influencing mean Ellenberg indicator values for nutrient availability (A and C), humidity (B) and temperature (D) in 60 local species lists collated
in the two reserves PsV and PdC. Dark grey shaded areas mark the 95% confidence bands of the linear regression (black line).
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were concomitantly increasing. As landscape heterogeneity
and diversity in our study were not only driven by the struc-
ture and number of natural habitats, but also strongly by the
prevalence of modified landscape elements like buildings,
gardens, agricultural areas, streets and hedges, we conclude
that the disappearance of species with restricted distribu-
tional ranges is an effect of anthropogenic modification of
the landscape. Land-use change is known as a severe con-
straint on Mediterranean coastal regions and its plant

diversity and leads to the disappearance of coastal forests
(Falcucci et al. 2007;; Hevia et al. 2016). Additionally, urban
areas and other human modified landscapes are a source for
alien and cosmopolitan plant species (K€uhn et al. 2017). So,
the landscape scale effect on the prevalence of plants with
restricted Mediterranean ranges is in line with previous find-
ings and expectations.

Canonical analysis of principal coordinates confirmed the
differences in species composition between PsV and PdC. Old

Figure 3. Factors influencing (A–C) plant functional dispersion (FDis), (D) proportion of salt tolerant species, (E) proportion of Mediterranean species, (F) proportion
of widely distributed species in 60 local species lists collated in the two reserves PsV and PdC. Dark grey shaded areas mark the 95% confidence bands of the linear
regression (black line).
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grown, rather open forest sites with lower temperature scores
were more often found in PsV, while PdC locations were char-
acterized by lower heterogeneity of the surrounding landscape
and a larger distance to canals. So, water availability might be
reduced in PdC, what might explain some difference in species
composition, resulting in xerophilous plants contributing more
to indicator species in PdC. Nevertheless, wet and nutrient rich
sites, being similar in their species composition and indicating
a basic common species pool, were found in both reserves.
Species turnover was higher in PdC than in PsV resulting in a
more scattered cluster of sites in the ordination plot compared
to the more compact one of PsV. A slightly higher beta diver-
sity might compensate the lower mean species richness per
site in PdC, resulting in the equal total plant richness found in
both reserves. Some locations of PsV and PdC were clearly dis-
tant to the main cluster. In PsV, especially sites V1, V3 and V5
formed a separate group. These locations were all situated in
the north-west of PsV, where the forest is characterized by
very dry conditions. These sites were chosen at small forest
clearings due to limited accessibility, resulting in a relatively
low crown density. There, sandy underground and grass vege-
tation could be found. However, these aspects are not exclu-
sive for V1, V3 and V5, but also occurred at other study sites.
Within PdC, sites C13, C16, C20 and C27 showed – analogous
to the situation in PsV – some distance in plant species com-
position to the other PdC locations. Again, these sites were
mainly situated on dry and sandy habitats with low crown
density. But here the forest structure often was not as semi-
natural as at the aforementioned PsV sites. Rather, sites C13,

C16 and C20 were characterized by monotonous pine planta-
tions (mainly Pinus sylvestris L., Pinus nigra J.F. ARNOLD and Pinus
pinaster AIT., but not Pinus pinea L.) also resulting in another
classification of their main habitat structure at official vegeta-
tion maps (Piccoli and Merloni 1999). This area has been
planted only about 30years ago, without taking into account
conservation and biodiversity management practices (Enrica
Burioli, pers. communication). These plantations, however, are
today left unmanaged, resulting in a successive change in
vegetation structure, with young oak trees now growing in
between, such that forest structure approaches that of semi-
natural mixed forest sites. There are also no clearings, but
broad paths breaking up the monotonous plantation structure
and enabling light-demanding herb and shrub layer species to
grow. Another characteristic that all of these outlying sites
(whether in PsV or PdC) had in common, is a relatively low
nutrient availability, resulting in low mean nutrient-Ellenberg
indicator values. Under a conservation perspective, these sites
(V1, V3, V5, C13, C16, C20 and C27) are of high interest,
because here species of dry and open, nutrient poor habitats
(like Euphorbia cyparissias L., Helianthemum nummularium (L.)
MILL., Sanguisorba minor SCOP. and Teucrium chamaedrys L.) can
be found. Furthermore, at all of these sites, protected orchid
species can be found, underlining the importance of open for-
est structures.

Comparing the influence of local, forest stand and land-
scape scale attributes on plant community composition, each
spatial aspect seemed to play an equally important role. In
coastal dune habitats, Sperandii et al. (2019) detected local

Figure 4. Constrained ordination plot (canonical analysis of principal coordinates) of the plant community composition at 60 sites in the two pine forest reserves
PsV and PdC. Included environmental variables are six (two each from local, forest stand and landscape aspects) of the nine PC axes representing the factors listed
in Table 2. Locations in PsV colored in grey, locations in PdC in black.

10 B. UHL ET AL.



factors to be the most important drivers of species richness
and focal species cover, while human mediated disturbance
and landscape structure were less relevant. Here, the selective
conditions of dune ecosystems as clear examples of habitat fil-
tering favor the establishment of plant species especially
adapted to this environment. For coastal forest habitats, where
local conditions are not this extreme, there appears to be no
such weighting on one of the observed spatial aspects. Rather,
all spatial scales are important for determining local commu-
nity assembly. So, forest management and conservation practi-
ces alone cannot preserve plant communities without taking
landscape structure into account (Vellend et al. 2017). In return,
landscape structure is also not the dominant source of plant
community variation inside these two forest reserves.

Conclusion

Local, land-use history driven and landscape-scale effects
equally shape local plant composition in the two forest
reserves under study. Therefore, all spatial scales, as well as
land-use history should be taken into account for effective
conservation practices. Forest clearings and other open forest
structures were important habitats inside the coastal forest
reserves, which most likely comprised fractions of the ancient
plant communities. Such dry and open, sandy, nutrient poor
habitats might once have been found throughout the paleo-
dune habitats, but nowadays are endangered through nutrient
spill-over and natural succession. Nutrient import seems to
mainly occur through water canals and from the agricultural
landscape around the reserves. So, the landscape scale here
plays an important role in driving eutrophication of terrestrial
habitats, what finally leads to lower plant functional dispersion.
The proportion of modified areas also leads to the replace-
ment of genuinely Mediterranean species through more widely
distributed ones. Here, land-use and landscape scale character-
istics clearly seem to drive biotic homogenization also inside
protected, but isolated coastal forest reserves.
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