@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

Ground Layer Plant Species Turnover and Beta Diversity
in Southern-European Old-Growth Forests

CrossMark

click for updates

Francesco Maria Sabatini'*, Sabina Burrascano', Hanna Tuomisto?, Carlo Blasi'

1 Department of Environmental Biology, Sapienza, University of Rome, Rome, Italy, 2 Department of Biology, University of Turku, Turku, Finland

Abstract

Different assembly processes may simultaneously affect local-scale variation of species composition in temperate old-
growth forests. Ground layer species diversity reflects chance colonization and persistence of low-dispersal species, as well
as fine-scale environmental heterogeneity. The latter depends on both purely abiotic factors, such as soil properties and
topography, and factors primarily determined by overstorey structure, such as light availability. Understanding the degree
to which plant diversity in old-growth forests is associated with structural heterogeneity and/or to dispersal limitation will
help assessing the effectiveness of silvicultural practices that recreate old-growth patterns and structures for the
conservation or restoration of plant diversity. We used a nested sampling design to assess fine-scale species turnover, i.e.
the proportion of species composition that changes among sampling units, across 11 beech-dominated old-growth forests
in Southern Europe. For each stand, we also measured a wide range of environmental and structural variables that might
explain ground layer species turnover. Our aim was to quantify the relative importance of dispersal limitation in comparison
to that of stand structural heterogeneity while controlling for other sources of environmental heterogeneity. For this
purpose, we used multiple regression on distance matrices at the within-stand extent, and mixed effect models at the
extent of the whole dataset. Species turnover was best predicted by structural and environmental heterogeneity, especially
by differences in light availability and in topsoil nutrient concentration and texture. Spatial distances were significant only in
four out of eleven stands with a relatively low explanatory power. This suggests that structural heterogeneity is a more
important driver of local-scale ground layer species turnover than dispersal limitation in southern European old-growth
beech forests.
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standing debate on the degree to which community assembly is a
result of niche vs. neutral processes, which was revived after the
publication of Hubbell’s book on the neutral theory of biodiversity
[15]. Most studies addressing the issue since then have found both
neutral and mniche processes to operate simultaneously
[2,8,9,14,16].

In temperate forests, niche and neutral processes may concur-

Introduction

The composition of plant species assemblages varies in space
and time as a result of the complex interplay among several
structuring factors [1]. Spatial distribution of plant species depends
on different mechanisms related to their tolerances to environ-
mental factors, intra- and inter-specific interactions (e.g. dispersal,

competition, herbivory, pathogens) and random variation. Given
the theoretical and practical relevance of understanding these
drivers, they have received much attention in recent years [2-7].

The relative importance of the mechanisms that generate
floristic turnover can differ widely among systems as a conse-
quence of habitat type, biogeographical context, plant life-history
traits and other local contingencies [5,8,9]. The spatial scale of the
study and the length of the relevant ecological gradients may also
have an effect. When the sampled ecological gradient is long, i.e.
when a wide range of environmental conditions are considered,
resource-driven processes are expected to have a stronger
influence on the community than when the gradient is truncated,
since focusing on small geographic extents and relatively
homogeneous habitats can lead to higher noise-to-signal ratios
[10-13]. At local scales, therefore, floristic patterns may be
expected to mostly reflect the effects of dispersal limitation and
random survival [7,14]. This complexity has fostered a long-
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rently control local-scale variation of ground layer species
composition, although their relative roles may vary with succes-
sional stage. As late-successional stands develop, structural
heterogeneity (vertical and horizontal) and the number and
variety of ecological niches (e.g. microhabitat) increase [17-19].
The persistence of relatively stable ecological conditions for a long
time (ecological continuity), may allow for the emergence of
patterns due to the colonization and persistence of low-dispersal
species dependent on very old, undisturbed forests [20]. Both the
accumulation of microhabitats and the colonization of forest
mnterior species depend on time since last disturbance, although it
is not clear what their relative roles are in determining local-scale
variation of ground layer composition.

An integrated approach is necessary to assess the individual
contributions of structural heterogeneity and dispersal limitation to
explaining species turnover, because most ecologically relevant
variables are spatially autocorrelated [5,7]. Understorey plants can
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be affected by factors determined by overstorey structure, such as
light availability, but also by purely abiotic factors, such as soil
properties and topography. In principle, after accounting for all
sources of environmental heterogeneity, the residual correlation
between geographical distances and species turnover can be
considered a proxy of spatially autocorrelated biological processes
such as dispersal limitation or other biotic interactions [21].

The study of the mechanisms that cause biological diversity to
accumulate and be maintained in natural ecosystems at different
spatial scales and under different conditions is an essential
foundation of management and conservation strategies imple-
mented at the local, landscape and regional levels [3,22,23]. Old-
growth forests represent a reference point for evaluating human
impacts on other forest ecosystems and for improving current
sustainable forest management practices. These forests have
avoided severe disturbance for centuries, and species distribution
can therefore be expected to reflect environmental gradients and
demographic dynamics more clearly than in managed forests,
where anthropogenic contingencies (such as land-use history and
forest management) dominate [4,24-26]. Old-growth remnants,
thus represent an ideal situation for investigating the dynamics and
patterns of ground layer vegetation under natural conditions,
although their relative scarcity in several biogeographic regions is a
challenge for unravelling the drivers of community assembly. This
is particularly true for Europe, where forests have been impacted
by man for millennia and are likely to be, on average, more
managed than forests in most parts of the world [24].
Understanding the degree to which plant diversity in old-growth
forests 1s associated with structural heterogeneity and/or to
dispersal limitation will help assessing the effectiveness of
silvicultural practices that recreate old-growth patterns and
structures for the conservation or restoration of plant diversity.

Here, we used a nested sampling design to study beta diversity
and species turnover (i.e. the proportion of species composition
that changes among sampling units (sensu Tuomisto [36,37]) across
11 of the best preserved beech forest stands with old-growth
characteristics in Southern Europe. We primarily focused on
ground layer flora because it hosts the vast majority of forest
biodiversity [27], and plays an important role in the structure and
functioning of forest ecosystems due to its influence on nutrient
fluxes, tree regeneration, successional patterns and light regime
[28,29].

We hypothesized that after accounting for the intrinsic
heterogeneity due to abiotic factors, most of the variation in
ground layer species turnover is related to stand structural
heterogeneity. However, we also expected to observe a significant
effect of dispersal limitation [7,14,23]. Finally, we hypothesized
that the relative importance of different environmental and
structural variables would vary across the stands according to
their degree of fine-scale heterogeneity [10,11].

Materials and Methods
Study Sites

We selected 11 forests identified in the literature as being old-
growth or having old-growth characteristics. These stands
encompass four different countries in Southern Europe (Italy,
Spain, Bosnia-Herzegovina and Montenegro) and are dominated
by European beech (Fagus sylvatica); codominant species vary across
stands and encompass silver fir (4bies alba), Turkish oak (Quercus
cerris), or sessile oak (Quercus petraea). All study sites belong to the
temperate oceanic bioclimate [30]. Eight out of 11 stands grow on
sedimentary bedrock (limestone, marlstone, sandstone), two on
eruptive rock, and one on metamorphic rock (Table 1). All
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necessary permits were obtained for the described study, which
complied with all relevant regulations. Depending on the forest
stand, the permits were issued by the competent National Parks’
authorities, Italian State Forestry Corps, ARIF Puglia or by the
Consejeria de Agroganaderia y Recursos Autoctonos, Gobierno
del Principado de Asturias.

Sampling design

We used a nested sampling design. In each forest stand, we set a
network of 25 sampling quadrats regularly distributed in a 1-ha
square macroplot. Quadrats were 5 mx5 m and were located at
the centres of a regular grid consisting of 20 mx20 m cells. For
each quadrat we sampled vascular plant species composition,
forest structure (live and deadwood) and environmental variables
(topography, soil, light). The macroplots were positioned in the
field in the same locations where previous research projects had
investigated structural features of the stands [31,32].

The vegetation was divided into three layers: tree (height
>3 m), shrub (1.3< height =3 m) and ground layer (height
=1.3 m). We estimated plant cover using an ordinal cover class
scale with class limits 0.5%, 1%, 2%, 5%, 10%, 15%, 20%, and
thereafter every 10% up to 100% (each class includes its upper
limit). Each plant species was assigned a cover value in each layer
separately through visual estimation, and in addition we recorded
the total cover of the tree and shrub layer.

For all trees with dbh >2.5 cm situated inside the quadrats, we
recorded the species, diameter at breast height (dbh), and vitality
class (1 =vigorous; 2 =living with dead parts; 3 =standing dead;
4 =broken above 1.3 m). This information was used to calculate
total basal area of live trees within the quadrats. We also used a
wedge prism to estimate the basal area per hectare on the basis of
a variable radius plot centred on each quadrat. Hereafter, we will
refer to the former measure as ‘quadrat basal area’ and to the
latter as ‘prism basal area’. For each quadrat we also measured the
position, species and diameter of the four large live trees with
dbh>40 cm closest to the quadrat centre. These data were used to
calculate three indices of structural heterogeneity [33]. The first
describes spatial distribution of large live trees (Uniform Angle Index,
also known as Winkelmass Index), the second species clustering
(Species Mingling Index) and the third diameter heterogeneity
(Modified Dbh Dominance Index or DBHDM). The average of four
readings of a hemispherical densiometer taken in the four cardinal
directions was used to estimate the openness of the overstorey
canopy cover (‘canopy openness’ hereafter).

Diftuse light transmittance of photosynthetically active radiation
(umol/m?sec, hereafter ‘PAR’) at 1 m height was measured using
a Licor Line Quantum Sensor - Li-191 under uniform sky conditions at
three different times of day: morning (1011 am), noon (12.30—
1.30 pm) and afternoon (3—4 pm). In the stand Muniellos, all
measurements were taken an hour later. Two measurements were
taken within each quadrat, 1.5 m north and 1.5 m south of the
quadrat centre, and their average was used in the analyses. An
overall average of all six measurements per quadrat was also
calculated.

For every deadwood piece of at least 10 cm length and 5 cm
minimum diameter occurring in the quadrat, we measured the two
end-diameters and length, identified the species when possible and
assigned the piece to one of five decay classes [34]. Each quadrat
was characterised by the total number of such deadwood pieces,
their total volume (assuming a truncated cone shape for each
piece), the number of different decay classes present, and the most
advanced state of decay present.

The following micro-topographical variables were recorded for
cach quadrat: slope, aspect, topographical position (ridge top,
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upper slope, mid slope, lower slope, valley, flat area), and
percentage cover of outcropping rocks and stones. Data on slope
and aspect, together with stand latitude, were used to calculate
above-canopy potential annual direct incident solar radiation (M]/
cmeyr) [35].

A topsoil sample (a single core of the top 20 cm) was collected
for each quadrat, and analysed in the laboratory for granulometry
(Bouyoucos’s densimetric method), pH (in distilled water), carbon
concentration (Walkley and Black’s method) and total nitrogen
concentration (Kjeldahl’s method). In the field we estimated litter
depth and the percentage of ground covered by litter. We also
measured soil volumetric water content (VWC, the ratio of water
volume to soil volume) in each quadrat as the average of five
measurements done with a soil moisture meter Field Scout - TDR
100.

For each stand, we noted the occurrence of different kinds of
disturbance related to timber harvest (e.g. occurrence of man-
made tree stumps), wild boar rooting, trampling and surface water
soll erosion. For each kind of disturbance we subjectively assigned
an ordinal value ranging from 0-3 (0 =none, 1=Ilow, 2=mod-
erate, 3 =severe). A synthetic index of disturbance was then
calculated as the sum of the four individual indices.

Sampling was performed in late spring-early summer in years
2011-2012. Stands located at low altitude or with higher average
temperature were sampled earlier during the growing season in
order to sample all the stands in a comparable phenological stage.

Beta diversity

A wide range of different phenomena, including various kinds of
heterogeneity, differentiation and rate of change, with or without
reference to external explanatory factors are often referred to the
term beta diversity [36-38]. To avoid confusion, here we use the
term beta diversity only to refer to the effective number of
compositionally ~distinct sampling units (which in our case
corresponds to 5 m x5 m quadrats). This equals true beta diversity
as defined by Tuomisto [36-39] on the basis of the foundation laid
by Hill [40] and Jost [41,42]. When referring to the proportion of
species composition that changes among sampling units, we use
the term species turnover instead [37,38].

For each stand we calculated species diversity as follows [36,40]:

where p; is the proportional abundance of species 7, S is the total
number of species, and ¢ is the order of the diversity. We
calculated true diversity both with q=0 and with q=2. When
q=0, species abundances cancel out from the equation, so D
obtains the same numeric value as species richness. When gq>1,
abundant species are given more weight than implied by their
proportional abundances, and at q =2 the denominator of eq. (1)
equals the original Simpson diversity index [41,42].

Species diversity observed at a particular spatial extent (in our
case, within the 1-ha plot) can be thought to result from two
independent factors observable at a smaller spatial grain, namely
average species density within sampling units (the 5 mx5 m
quadrats) and compositional heterogeneity among the sampling
units. To quantify the relative roles of these, we followed Tuomisto
[37] to perform a multiplicative partitioning of the total observed
species diversity in each stand (gamma diversity): D, =D, x
Dg. We developed for this purpose an ad hoc R script that is
provided in Appendix S1.
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Multiple regression on dissimilarity matrices

There has been some controversy on whether beta diversity is
better modelled with the raw-data or the distance approach
[21,43], which partly stems from different definitions of beta
diversity. Tuomisto and Ruokolainen [21] argued that both
approaches can be justified in different situations, and that the
choice of the statistical method depends on the ecological question
of interest.

Here we were primarily interested in the relative contributions
of environmental differences and dispersal limitation in explaining
species turnover, which is a question spelled out in terms of
distances (a level-3 question according to Tuomisto and Ruoko-
lainen [21]). Therefore, we adopted a distance-based variation
partitioning approach, ie. we partitioned the variation of
dissimilarity matrices, that are based on species abundance data,
into fractions uniquely or jointly explained by a number of
explanatory dissimilarity matrices [2,44,45].

Species turnover was calculated for sampling unit pairs with a
dissimilarity measure that is a monotonic transformation of true
beta diversity and can be thought of as a generalization of the
Jaccard similarity index to abundance data [36,41]:

2
tID/}

1Cp= 1 )

The complement of this index is a dissimilarity measure linearly
related to proportional species turnover (sensu Tuomisto [37]). We
used this measure with q=2 to build a quadrat-to-quadrat
dissimilarity matrix for each stand separately, based on ground
layer species composition. Corresponding dissimilarity matrices
were built based on each structural and environmental variable
separately, using either the Euclidean distance (for quantitative
variables, after standardization) or Gower dissimilarity (for ordinal,
nominal and binary variables). Finally, we built a matrix of
geographical distances between the centre-points of the quadrats.

Explanatory variables were organized into three sets: 1) forest
structure, 2) abiotic environmental factors and 3) geographical
distances (Table 2). Mean values and standard deviation of the
original environmental variables in each stand are shown in table
S1. Forest floor PAR was included among the structural variables,
because it is mostly determined by canopy features. Set 3
contained a single distance matrix, that of linear spatial distances
among quadrats. To check if species turnover is related to
geographical distances in a non-linear manner, we ran the analyses
also with distance matrices that had been log-transformed or rank-
transformed, but the results were very similar and are not shown.

To quantify the variation explained by each set of explanatory
variables in each stand, we first performed a preliminary selection
of dissimilarity matrices that have a significant marginal effect on
ground layer species turnover through simple Mantel tests (9,999
permutations). We then performed a separate Multiple Regression
on Distance Matrices analysis (MRM [44,46]) for each of the three
sets of explanatory variables, starting with all the variables that
were individually significant and removing the non-significant
ones through backward elimination. All explanatory variables that
remained in any of the three models were then used to quantify the
total variation explained by a full MRM model. Finally, we
followed the standard decomposition techniques used in variation
partitioning to extract ‘unique’ and ‘shared’ fractions of variance
explained by the three sets of variables [2,45,47].

For each quantitative environmental and structural variable, we
finally tested whether the marginal effect of its dissimilarity matrix
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Table 2. Structural and environmental variables used to calculate explanatory dissimilarity matrices; sets and subsets in which the
variables were included; type of variable (nominal: N, ordinal: O, quantitative: Q); and unit of measurement (range for ordinal
variables).

Set Subset Variable used to calculate dissimilarity Variable type u.m.
1.Structure Ta.Composition Tree richness n species
1b. Live structure Tree cover %
Shrub cover %
Developmental phase 1-5
Basal Area (Prism) m?/ha
Stem density n/25 m?
Basal area (quadrat) m?/25 m?
Canopy openness %
Uniform Angle Index 0-1
Sp. Mingling Index 0-1
DBHDM Index 0-1
Distance closest large live tree M
1c. Deadwood Deadwood volume m3/25 m?
Deadwood density n/25 m?
Max decay class 0-5
Num. decay classes 0-5
1d. Ground layer transmitted Light Morning PAR umol/m?2sec
Noon PAR umol/mZsec

Afternoon PAR
Average PAR

umol/m?2sec

umol/m?2esec

O O O O OO PO DO Z O O LOb O DO O DLbLbDL DLObDL DL DL ZZDLO O DL OLOLDLOL OO DO ODLDODOL OO OO DO O DO O DL O DL

2. Abiotic Environment 2a. Topography Slope °
Folded aspect °
Pot. solar irradiation In(MJ/cm?eyr)
Topographic position
Slope position
Rock coverage %
Stone coverage %

2b. Soil Soil pH
Soil Organic Matter % (9/9)
Soil tot. N % (9/9)
C/N ratio %
Soil stone content 0-3
Coarse Sand % % (9/9)
Medium Sand % % (9/9)
Fine Sand % % (9/9)
Silt % % (9/9)
Clay % % (9/9)
Texture
Soil water content %
Litter cover %
Litter depth cm
2c. Disturbance Disturbance-Trampling 0-3

Disturbance-Rooting 0-3
Disturbance-Timber harvest 0-3
Disturbance-Water Erosion 0-3

3. Space 3a. Geographical location X and Y coordinates m

doi:10.1371/journal.pone.0095244.t002
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was correlated (Pearson’s p) with the standard deviation of that
variable in different stands.

Multivariate dispersion around group centroids

Compositional heterogeneity can be quantified with the average
dissimilarity of individual sampling units from their group centroid
in a multivariate species space. This is known as multivariate
dispersion [48]. When the same dissimilarity measure is used,
multivariate dispersion is monotonically related to the mean of
pairwise dissimilarities between sampling units [36]. We illustrated
the dispersion of quadrats around their stand centroids in the
space defined by the first two axes of a Principal Coordinates
Analysis (PCoA) based on the quantitative Jaccard dissimilarity
measure. Stand centroids were calculated as the median of the
quadrats in the PCoA-derived species space [48]. We also
passively projected stand-level environmental variables (Table 1)
on the graph.

We used a linear mixed effect model to incorporate the across-
stand variation into the estimation of the overall response of
multivariate dispersion to different explanatory variables. Com-
pared to MRM, this analysis uses random effects (i.e. stands) to
separate between the within-stand and among-stand effects of
variables. Pairwise dissimilarities cannot be used in a mixed effects
model since they are not independent of each other. Although the
distances to centroid are not completely independent either, non-
independence is not a serious problem with reasonable sample
sizes [48].

We included as fixed effects of the initial mixed effect model the
multivariate dispersions based on compound dissimilarity matrix
derived from eight subsets of explanatory variables, 1.e. overstorey
composition (subset la), live structure (1b), deadwood (lc), light
availability (1d), topography (2a), soil (2b), disturbance (2c) as well
as spatial distances (3, Table 2). Dissimilarities were mostly
calculated using Gower dissimilarity, but for subset 1a we used the
complement of the Jaccard index (presence-absence data) and for
subset 3a we used the Euclidean distance. We also included in the
fixed part of the initial full model the average stand altitude and
climatic variables (annual average precipitation and temperature)
to test whether these stand-level variables explained species
turnover.

Model selection was performed following a standard protocol
[49]. We started with a model containing all the explanatory
variables; we then chose an appropriate random part comparing
different models (e.g. random intercept or random intercept and
slope) using REML (Restricted Maximum Likelihood) estimation
and AICs. The fixed part of the model was selected through
backward elimination of non-significant variables through likeli-
hood ratio test and ML estimation. After model validation, two
quadrats were eliminated as outliers from the model; both of them
were characterized by extreme disturbance either due to wild
boars or water erosion along a steep slope.

All statistical computations were performed in R 3.0.0 [50].
Multivariate dispersion from group centroid were calculated using
‘vegan’ package (version 2.0-7). Mixed effect models were
computed in R using ‘nlme’ package (version 3.1-105).

Results

Ground layer diversity

A total of 238 species were found in the 11 stands (25 in the tree
layer, 21 in the shrub layer and 231 in the ground layer),
accounting for a total of 4,541 specieselayerequadrat observations.
The stands differed both in species richness and in the evenness of
the species abundances within them (Table 3). As a result, the
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Table 3. Decomposition of true gamma diversity (total
species diversity in a site) into true alpha diversity (mean
species density per quadrat) and true beta diversity (effective
number of compositionally distinct quadrats) in 11 old-
growth beech forest stands in southern Europe.

alpha beta gamma alpha beta gamma
Abeti Soprani 19.04 326 62 9.17 263 24.3
Biogradska Gora 1576 324 51 4.93 232 1143
Valle Cervara 11.24 409 46 4.68 197 923
Monte Cimino 13.08 298 39 441 2.88 12.68
Collemeluccio 1292 426 55 2.86 174 498
Fonte Novello 9.08 319 29 3.15 154 487
Gargano-Pavari 5.48 401 22 2.85 236 6.73
Monte di Mezzo 7.16 447 32 349 256 8.96
Muniellos 5.24 477 25 1.46 1.27 184
Perucica 15.96 232 37 345 1.24 4.28
Sassofratino 14.60 3.63 53 8.04 3.05 24.50

Diversities were quantified at q=0 (which gives more weight to rare species)
and q=2 (which gives more weight to abundant species).
doi:10.1371/journal.pone.0095244.t003

stands ranked differently in species diversity when species
abundances were weighted in different ways and all diversity
components were lower with q=2 (which gives more weight to
abundant species) than when q=0.

Beta diversity (QDB) was positively related both to alpha diversity
(Spearman’s p =0.67, p =0.023) and to gamma diversity (p = 0.80,
p =0.003). None of the diversity measures was related to the values
of the available stand-level descriptors (T'able 1) or the means of
most quadrat-level descriptors (Table 2). The exception was
average PAR, for which there was a negative relationship with
beta diversity (p=—0.82, p=0.002). In other words, sites with
more light were compositionally less heterogeneous. Furthermore,
heterogeneity in the structural and environmental variables (as
quantified with their standard deviations) were only related to the
diversity components in two cases. Alpha diversity was positively
related to heterogeneity in soil water content (p =0.62, p=0.043),
and beta diversity was positively correlated with heterogeneity in
soil CG/N ratio (p =0.80, p=0.003).

Dependence of pairwise species turnover on forest

structure, environmental variables and spatial distances

The results of multiple regression on dissimilarity matrices
differed greatly among stands both in terms of explanatory power
and in the explanatory variables retained in the final model (Fig. 1).
Variables directly or indirectly related to light availability (i.e. tree
layer cover, canopy openness and ground layer PAR at different
times of the day) were significant in seven of the 11 stands, and so
were variables related to site topography (e.g. potential solar
irradiation, topographic position, and rock coverage).

Other structural variables that significantly explained ground
layer species turnover were mostly related to basal area and stem
density (three stands) and to deadwood density and decay class
(four stands). Species turnover in the tree layer explained species
turnover in the ground layer only in the two stands with the
highest tree species richness. The most important soil variables
were related to texture, organic matter and total nitrogen
concentration. Disturbance was significant only in the stand
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Figure 1. Significant Explanatory Variables. Variables that yield distance matrices with a significant (p<<0.05) marginal effect (black quadrats) in
mantel test (9,999 permutations) when modeling the ground layer plant species turnover in 11 old-growth beech forest stands in southern Europe.

doi:10.1371/journal.pone.0095244.g001

‘Monte di Mezzo’. Finally, between-quadrats spatial distance was
significant in four stands.

The total variance in species turnover explained by the MRM
models ranged from less than 2.0% (in stand ‘Gargano-Pavari’) to
44.8% (in ‘Muniellos’) with a median of 24.4% (Fig.2). Species
turnover mainly responded to between-quadrats structural dissim-
ilarities, which contributed to between 2% (in ‘Gargano-Pavari’)
and 21.7% (in ‘Biogradska Gora’) of the explained variance, with a
median of 13.0% (sum of the unique and shared fractions
involving structural dissimilarities). The abiotic environmental
dissimilarities contributed to between 0% (in ‘Fonte Novello’ and
‘Gargano-Pavari’) and 36.7% (in ‘Muniellos’) of the explained
variance, with a median of 12.8% (Fig. 2). Between-quadrat spatial
distances were significant only in four of the eleven stands, and
contributed to between 0% and 8.1% (median =0%) of the
explained variance. The high total variance explained reported for
three stands (‘Muniellos’, ‘Biogradska Gora’ and ‘Abeti Soprani’)
was mostly related to their environmental heterogeneity (explain-
ing respectively 36.7%, 30% and 25.1% of species turnover
variation, Table 4), especially in soil and topographical features
(Table S1 and S2).

The breakdown of variance into fractions explained by the
different groups of variables are reported in Table 4 and Fig. 3.
Three stands (‘Monte di Mezzo’, ‘Perucica’ and ‘Sassofratino’)
returned negative shared fractions, which were very small except
in ‘Monte di Mezzo’, where their magnitude was comparable to
positive fractions.

Across the 11 stands, we found a significant correlation between
explanatory variables’ standard deviations (as an estimation of the
underlying ecological gradient length) and the amount of variation
explained by the corresponding dissimilarity matrices in MRM
models in six cases only. These variables were: overstorey richness,
canopy density, stone coverage, soil N content, soil silt fraction and
water content (Table S3).

Mixed effect models — Multivariate dispersion

In the PCoA scatterplot based on understorey composition
(Fig. 4) the first axis seems to be mainly related to altitude and time
since last disturbance, and the second axis to the occurrence of
conifers in the overstorey. Mean annual temperature and
precipitation were also related to the second PCoA axis. The
stands showing the largest dispersion of quadrats around the stand
centroid in the multivariate species space (i.e. the highest species
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Figure 2. Variation Explained across stands. Boxplot showing the
variability in how well ground layer species turnover was explained by
multiple regression on distance matrices models (MRMs) in 11 old-
growth beech stands in southern Europe. The first three boxplots
correspond to models where explanatory variables are based on forest
structural distances only, abiotic environmental distances only and
spatial distances only. The last boxplot reports on the total variation
explained (TVE) by the full models that include the explanatory
variables of all three categories.
doi:10.1371/journal.pone.0095244.g002

turnover between the quadrats and the stand centroid) were
‘Monte Cimino’, ‘Sasso Fratino’ and ‘Gargano Pavari’. Those
showing the smallest dispersion were ‘Muniellos’, ‘Fonte Novello’
and ‘Perucica’ (Table S2). With one exception, these were the
same sites that showed the highest and lowest beta diversity at
q=2, respectively. Indeed multivariate dispersion was highly
correlated with QDB (Pearson’s r = 0.94, p<<0.001).

Multivariate compositional distance between a quadrat and its
stand centroid was positively related to the corresponding
differences in stand structure and soil properties (Table 5). The
R? of the linear regression between the fitted and the observed
values (a rough estimate of the variation explained by the model)
was equal to 36.4%.
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Table 4. Results of multiple regression on distance matrices analyses (MRMs) run on ground layer species turnover in 11 old-

Percentage of variation explained due to ‘pure’ effects and shared fractions

Full model Forest structure Abiotic environment Spatial Str:Env| Spa Str:Spa| Env Env:Spa| Str Str:Env:Spa

Abeti Soprani 303 52 17.3 - 7.8 - - -
Biogradska Gora 37.0 7.0 153 - 14.7 - - -
Valle Cervara 15.6 5.9 7.8 - 2.0 - - -
Monte Cimino 19.3 7.0 44 1.0 54 0.6 0.6 0.2
Collemeluccio 244 11.6 9.7 - 3.1 - - -
Fonte Novello 7.3 73 - - - - - -
Gargano-Pavari 2.0 2.0 - - - - - -
Monte di Mezzo 289 10.0 20.7 10.1 =77 —84 —5.0 9.1
Muniellos 44.8 8.1 27.0 - 9.6 - - -
Perucica 285 9.2 8.8 35 24 1.8 33 -0.6
Sassofratino 21.0 7.9 14 1.0 74 -0.5 1.5 2.2

distance. Str:Env:Spa = Joint effect of all three types of dissimilarities.
doi:10.1371/journal.pone.0095244.t004

Discussion

Structural heterogeneity rather than dispersal limitation
is the main driver of floristic turnover

Our work provides insights into the mechanisms underlying
ground layer species assembly in beech dominated old-growth
forests. Environmental filtering, as determined by structural and
environmental differences, explained a larger proportion of the
variation in species turnover than dispersal limitation, as modelled
by spatial distances. Within the stands, species turnover was mostly
related to structural heterogeneity and, thereafter, to differences in
abiotic environmental variables. The fraction of variation
explained by spatial distances was on average very low, and not
even statistically significant in most of the stands. Similar results
were obtained when the 11 stands were analysed together using
mixed effect models. In this case, the only significant predictors of
species turnover were structural and soil heterogeneity. However,
a large part of the variation in species turnover remained
unexplained, which indicates that also other processes may be
important, such as neutral dynamics.

When environmental factors are spatially autocorrelated, it is
difficult to statistically separate the effects of dispersal limitation
and environmental or habitat filtering [5,21,43]. A study
performed in an old-growth temperate forest in Canada, which
avoided this problem by using a sampling design that minimised
the spatial autocorrelation of environmental variables, found
environmental factors to be more important than dispersal-related
mechanisms [6]. In our data, environmental and structural
dissimilarities were only weakly or not at all correlated with
spatial distances, and very little variance in species turnover was
hence jointly explained by geographical and environmental
distances (Table 4). The results of the mixed effect models further
support the conclusion that dispersal limitation had only a small
effect on ground layer species turnover in the southern European
temperate forests we studied at the targeted spatial scales. Similar
results have been found for tropical forests both at local and
regional scales [12,51,52].

The low amount of variation explained by the spatial fraction
may also be a spurious result due to the uneven number of

PLOS ONE | www.plosone.org

The full model includes all the explanatory variables that were retained after backward elimination in the models accounting for 1. forest structure, 2. abiotic
environmental factors and 3. spatial distances. Str:Env|Spa = Joint effect of structural and abiotic environmental differences after controlling for the effect of spatial

explanatory variables among sets. Peres-Neto et al. [53] demon-
strated for variation partitioning based on raw-data (e.g. RDA or
CCA) that the estimation of the variation explained by a set should
be corrected for the number of variables included in that set. Since
no correction has been developed yet for MRM, we mitigated the
effect of having uneven sets of explanatory variables by performing
a preliminary selection of significant and non-collinear variables to
be retained in each set.

In some stands, MRM returned negative values for the variation
shared among sets of variables. This is a well-known problem of all
variance partitioning techniques and has been attributed either to
suppressor variables (i.e., a regressor having close to zero
correlation with the response variable and a correlation with
another regressor, which in turn is correlated with the response
variables), or to two strongly correlated predictors with strong
effects on the dependent variables of opposite signs [53]. However,
since we performed both a preliminary and a backward selection
of significant variables to be included in the full MRM, and thus
minimized multicollinearity, we feel confident on the general
validity of our results.

According to the mixed-effect model, within-stand species
turnover was driven essentially by the heterogeneity in forest
structure and soil variables, with no contribution from other
variables such as deadwood, ground layer PAR, topography or
within-stand spatial distances. The random intercept model we
used supports the interpretation that the slope of the relationship
between species turnover and soil or structural dissimilarity
remains constant, but the amount of ‘residual’ species turnover
between two quadrats with equal structural and soil conditions
varies randomly across sites. This ‘residual’ species turnover is
likely to include both locally important sources of environmental
variability, not significant at the scale of the whole dataset, and
other factors related to life-history traits of those species composing
the ground layer assemblage. For instance, assemblages dominated
by species with limited dispersal capabilities may have different
‘residual’ species turnover than those dominated by wind-
dispersed species.
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Figure 3. Fractions of Variation explained per stand. Fractions of variance in ground layer species turnover explained by multiple regression
on distance matrices models (MRMs) in 11 old-growth beech forest stands. Bar charts report the relative explanatory power of forest structure, abiotic
environment and spatial distance. Each pie-chart is placed next to the triangle that indicates the geographical location of the corresponding site.

Negative shared fractions are not shown.
doi:10.1371/journal.pone.0095244.9003

Length of the ecological gradients and relative roles of
different environmental variables

The role of resource-driven niche processes and environmental
variation is expected to be more limited at local than at broad
spatial scales, because small areas usually harbour shorter
ecological gradients than large areas do [10,54]. On the other
hand, the effect of neutral processes, such as dispersal limitation,
should be more easily detectable at small than at large
geographical distances since it is related to the logarithm of
distance [15,23]. However, the results of our study did not support
the expectation that dispersal limitation dominates at local scales
[14,55]. In contrast, structural and environmental heterogeneity
always returned a higher amount of variation explained than
spatial distances.

When considering our results, one should always keep in mind
that the relative importance of different assembly processes
critically varies with the spatial scale [9,16,55]. In this study, we
only considered the within-stand component of ground layer
spatial variation (encompassing a distance range of 20-150 m).
The small extent (~1 ha) and grain (25 m?) of our study design
was aimed at matching the scale at which structural heterogeneity
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1s created and maintained by gap dynamics [56], which is the
dominant disturbance regime in southern European temperate
old-growth beech forests [57]. Such a spatial scale is too fine to
detect variations in the species pools due to biogeographical
patterns, but probably too coarse to detect understorey plant
autocorrelation occurring within typical neighbourhood sizes for
plant populations [6].

The amount of ecological variability sampled in our macro-
plots varied among stands, also in relation to their developmental
stage. Processes that produce horizontal spatial heterogeneity,
such as gap development, are active throughout stand develop-
ment. However, during the old-growth stage these processes
increasingly generate within-stand structural heterogeneity
[56,57]. Stands that developed into old-growth conditions a long
time ago, are likely to be spatially more heterogeneous than those
that only recently attained this condition, with repercussions on
other ecological factors such as transmitted light distribution.
Forest-floor light availability, as measured both directly (PAR)
and using an indirect approach (tree cover, canopy openness) had
a significant effect on ground layer species turnover except in four
stands: ‘Collemeluccio’, ‘Gargano-Pavari’, ‘Monte di Mezzo’ and
‘Perucica’. The first three of these stands were characterized by a
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doi:10.1371/journal.pone.0095244.9004

Table 5. Output of the Mixed Effect Model on the response
effect of within-stand structural and environmental
dissimilarity and spatial distance on ground layer species
turnover as modelled by the multivariate distance between
quadrats and their stand centroids.

Linear mixed-effects model fit by REML

Random effects: Formula: ~1 | stand
Plot

0.116

Residual

StdDev: 0.167

Fixed effects: Species Turnover ~ Live structure + Soil

Value Std.Error DF t-value p-value
(Intercept) 0.177 0.048 260 3.691 0.000
Live structure 0.772 0.197 260 3.919 0.000
Soil 0.690 0.216 260  3.199 0.002

A random intercept model with stand as the only random effect was selected as
the best-fitting parsimonious model.
doi:10.1371/journal.pone.0095244.t005

PLOS ONE | www.plosone.org

10

very continuous forest canopy with a scarce occurrence of canopy
gaps, and thus a very short forest floor light gradient. Although
these forests showed some old-growth features, they were
probably still in a developmental stage in which gap-phase
dynamics was only just starting, and high levels of horizontal
diversification had not yet accumulated. ‘Perucica’ on the other
hand, was a well preserved old-growth stand in which several
gaps broke the horizontal continuity of the forest canopy, thanks
to a relatively long period without human intervention. This was
the only stand where ground layer species turnover was
significantly related to basal area, probably in relation to its high
within-stand variability. The relationships between basal area and
ground layer species turnover are indirect, and are not limited to
competition for light, but also for above- and below-ground
growing space, given that basal area is a proxy for biomass. The
relevance of structural variables, such as basal area and
deadwood density, and the lack of a significant effect of light
for this stand, support the hypothesis that the asymmetric
competition exerted by the overstorey on ground layer flora is
not only related to the shading effect [4].

Tree-layer composition was a significant predictor of species
turnover only in two stands, both dominated by a mixture of
broadleaved trees and conifers. It seems likely that, in those stands
where the canopy composition was dominated by a single species
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(‘Fonte Novello’ and ‘Valle Cervara’), compositional variation
became uninformative. For the other stands, the compositional
gradient may still be too short to be relevant, suggesting that
overstorey species turnover may be more effective in predicting
ground-layer species turnover at broader spatial scales. Indeed,
when longer environmental gradients are considered, all compo-
nents of the vegetation are likely to react to the environmental
variation and hence become more strongly correlated [16,51,58].

The effect of top-soil heterogeneity on ground layer turnover
was related either to soil carbon and nitrogen concentration or to
soil texture. Soil C and N concentration were especially
important in mixed stands, likely in relation to patchy accumu-
lation of beech and fir litter, whose different nutrient contents and
decomposition rates probably create a fine scale mosaic of
heterogeneous topsoil parameters. Interestingly, in our study we
did not observe any significant effect of topsoil pH variability on
species turnover. In a study on the effect of fine-scale soil
variability on plant distribution in German beech forests, very
little variation was explained by pH alone, suggesting that the
effect of pH may not have a substantial effect on ground layer
species turnover at this scale [59].

Although we only recorded disturbance as ordinal indices,
difference in disturbance level was a significant explanatory
variable of species turnover in the stand ‘Monte di Mezzo’ which
is a 300 ha forest patch heavily affected by the foraging activity of
the wild boar. As in other natural reserves in central Italy, the
population of wild boar has exploded in the recent decades,
causing high pressure on ground-layer flora that accounts for most
of the wild boar diet. Rooting activity is thus locally an important
source of spatial variation in the ground-layer, both through direct
herbivory and through its effect on soil features.

Our results partly supported the hypothesis that the relative
importance of different environmental and structural variables
depends on their degree of fine-scale heterogeneity. Only six
variables showed a direct relationship between their standard
deviation (as a measure of gradient length) and the fraction of
variation explained by their dissimilarity matrices in MRM
models (Table S3). However, all of these represent ecological
factors generally thought to directly influence ground layer flora,
namely light availability (canopy openness), soil water availability
and nitrogen content, as well as competition by overstorey
species. This is in agreement with the notion that the power of a
statistical test to recognise an existing causal link between
dependent and explanatory variables depends on the degree of
heterogeneity in the explanatory variable. Although this result
lends support to the interpretation that the observed relationships
are indeed causal, our study was observational and not
manipulative and may thus be vulnerable to potential (unknown)
confounding factors.

Confounding factors may include unmeasured environmental
variables, as well as the choice of inappropriate response models.
These are usually identified as potential reasons accounting for the
amount of ‘unexplained variation’ when performing variation
partitioning [60]. In our study we tried to take into account as
many sources of environmental heterogeneity that potentially
affect ground-layer species turnover as possible. The stands in
which MRM returned the highest amount of ‘unexplained
variation’ were two monospecific beech stands (‘Fonte Novello’,
‘Gargano-Pavari’), with a relatively uniform forest structure
(continuous canopy cover with a low proportion of gaps) and
little topographical heterogeneity (Table S1 and S2). Given the
relatively homogeneous forest conditions, we expected these stands
to return a beta-diversity value lower than average, but this was
true only for ‘Fonte Novello’ (Table 3). In these stands some
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unmeasured abiotic factors, such as phosphorus or microelement
concentrations in the soil, or depth of the water table, might have
been particularly important. Unmeasured forms of natural
disturbance (e.g. browsing by ungulates) might also be locally
important in creating floristic patterns. We do not think, instead,
that the amount of unexplained variation was related to lack-of-fit
of the response model: given the local scale and the relatively short
length of most environmental gradients within our study sites, the
linear model underlying MRM appears justified (see also Figure
S1).

We conclude that ground-layer species turnover strongly
depends on niche-related processes, such as environmental
filtering, which depend primarily on forest structural and
environmental heterogeneity. Since old-growth forests represent
only a very small percentage of forests in southern Europe, the
need of developing and implementing silvicultural practices aimed
at restoring old-growth structural attributes in regrowth and
secondary forests is now widely recognized [25]. Based on the
significant effects of structural heterogeneity on species turnover
variation, our results suggest that silvicultural approaches that
mimic the amount and patterns of structural heterogeneity
observed in reference old-growth forests may have a positive
effect on the conservation and restoration of high levels of ground
layer species turnover in managed forests. However, conservation
needs to pay attention also to the identity (life-history traits,
conservation status) of the species to be conserved and not just aim
at maximizing local heterogeneity [71]. Only with a complemen-
tary approach that includes the preservation of strict forest
reserves, to ensure long-term ecological continuity of some
reference forest stands, on the one hand, and a close-to-nature
management of production forests on the other, we will be able to
match both conservation goals and other social and economic
needs.
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