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Abstract Contemporary landscape ecology contin-
ues to explore the causes and consequences of
landscape heterogeneity across a range of scales, and
demands for the scientific underpinnings of landscape
planning and management still remains high. The
spatial distribution of resources can be a key element
in determining habitat quality, and that in turn is
directly related to the level of heterogeneity in the
system. In this sense, forest habitat mosaics may be
more affected by lack of heterogeneity than by
structural fragmentation. Nonetheless, increasing spa-
tial heterogeneity at a given spatial scale can also
decrease habitat patch size, with potential negative
consequences for specialist species. Such dual effect
may lead to hump-backed shape relationships between
species diversity and heterogeneity, leading to three
related assumptions: (i) at low levels of heterogeneity,
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an increase in heterogeneity favours local and regional
species richness, (ii) there is an optimum heterogene-
ity level at which a maximum number of species is
reached, (iii) further increase in spatial heterogeneity
has a negative effect on local and regional species
richness, due to increasing adverse effects of habitat
fragmentation. In this study, we investigated the
existence of a hump-shaped relationship between
local plant species richness and increasing forest
landscape heterogeneity on a complex mosaic in the
French Alps. Forest landscape heterogeneity was
quantified with five independent criteria. We found
significant quadratic relationships between local forest
species richness and two heterogeneity criteria indi-
cators, showing a slight decrease of forest species
richness at very high heterogeneity levels. Species
richness—landscape heterogeneity relationships varied
according to the heterogeneity metrics involved and
the type of species richness considered. Our results
support the assumption that intermediate levels of
heterogeneity may support more species than very
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high levels of heterogeneity, although we were not
able to conclude for a systematic negative effect of
very high levels of heterogeneity on local plant species
richness.

Keywords Intermediate heterogeneity
hypothesis - Quadratic relationships - Understory
diversity - Mountain forests - Forest structural
heterogeneity - Landscape mosaics -
Heterogeneity indicators

Abbreviations

FSR Forest species richness

TSR Total species richness

SHFH Spatial heterogeneity of forest habitats
CCD  Canopy composition diversity

SHST Spatial heterogeneity of stand types

SCS Spatial complementarities of stand structures
ASSC  Average forest stand structural complexity

Introduction

Many ecological phenomena are sensitive to spatial
heterogeneity and fluxes within spatial mosaics.
Landscape ecology, which concerns with spatial
dynamics (including fluxes of organisms, materials,
and energy) and the ways in which fluxes are controlled
within heterogeneous mosaics, has provided new ways
to explore aspects of spatial heterogeneity and to
discover how spatial pattern wheels ecological pro-
cesses (Pickett and Cadenasso 1995). One of the basic
assumptions in ecology is that there are positive
relationships between landscape heterogeneity and
species richness at different spatial scales (Tews et al.
2004; Storch et al. 2007; Lundholm 2009). This
assumption is related to niche theory, which links the
fitness of individuals to their environment (Hutchinson
1957; Tamme et al. 2010). It states that each species is
adapted to a particular set of abiotic conditions and
biotic interactions, which determine the long-term
persistence of populations. Niche divergence between
species is one of the most important factors determin-
ing species coexistence in heterogeneous landscapes
(Lundholm 2009). For instance, two categories of
species might be distinguished according to their niche
width: generalist species, which can benefit from
different habitats in heterogeneous environments, and
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specialist species, which are dependent on a restricted
range of resources or habitats and are more frequent in
homogeneous environments (Clavel et al. 2010;
Devictor et al. 2010). Thus, in a given area, a diversity
of habitats favours the coexistence of specialist species
that are linked to each of these habitats and generalist
species that may use several habitats (Holt et al. 1999;
Fahrig et al. 2011). This statement has led to the
assumption that an area providing a wide amount and
variety of resources or habitats (high heterogeneity)
might support more species than a homogeneous area
(Rosenzweig 1995; Fraser 1998; Polechova and Storch
2008). In heterogeneous areas, species richness at a
local scale also appears to be directly affected by
surrounding landscape heterogeneity, as it can be
enriched by species or seed dispersal from neighbour-
ing habitats (Steiner and Kohler 2003; Kumar et al.
2006; Zeleny et al. 2010).

Relationships between species richness and land-
scape heterogeneity have been largely investigated,
particularly since the 1970s (e.g. Roff 1974). Numerous
studies have highlighted positive relationships for
different aspects of spatial heterogeneity in relation to
local and regional plant species richness (Skov 1997;
Pausas et al. 2003; Dufour et al. 2006). For instance,
some of the findings showed that high diversity of forest
structural components at the stand level favours local
undergrowth plant species richness and abundance
(Brosofske et al. 2001; Bagnaresi et al. 2002; Macdon-
ald and Fenniak 2007); while a diversified mosaic of
stands with different structural characteristics might
shelter more plant species at the landscape scale (Battles
et al. 2001; Thysell and Carey 2001; Chavez and
Macdonald 2010) as compared to homogeneous forest
landscapes. Nevertheless, these relationships appear
more complex than generally expected. While numer-
ous studies have revealed positive effects of increasing
landscape heterogeneity on species richness, others
have found neutral or negative effects, depending on the
metrics used to quantify heterogeneity, the taxonomic
group considered (Wilson 2000) or the scale of analysis
(Steiner and Kohler 2003; Tamme et al. 2010). At a
given spatial scale, increasing spatial heterogeneity may
reflect an increase in patch number and patch type
diversity, but could also lead to a decrease in patch size
and an increase in patch isolation (Mladenoff et al. 1993;
Fahrig 2003; Dufour et al. 2006). Hence, it appears that
high heterogeneity levels may lead to habitat patch
fragmentation with negative consequences for specialist
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species adapted to homogeneous environments (Harri-
son 1999; Devictor et al. 2008; Zeleny et al. 2010). This
duality in the effects of landscape heterogeneity on
biodiversity corresponds to the intermediate heteroge-
neity hypothesis proposed by Fahrig et al. (2011). In all,
we can assume three general phases: (i) at low levels of
heterogeneity, an increase in heterogeneity favours local
and regional species richness, (ii) there is an optimum
heterogeneity level at which a maximum number of
species is reached, (iii) further increase in spatial
heterogeneity has a negative effect on local and regional
species richness, due to increasing adverse effects of
habitat fragmentation.

In the same vein, others have documented three-
phased relationships between plant species richness
and spatial heterogeneity in different landscapes, e.g.
natural forests (Zeleny et al. 2010) and agricultural
landscapes (Fahrig et al. 2011), or for other taxa
(Allouche et al. 2012). However, while some studies
have demonstrated the negative effects of silvicultural
systems that lead to an increasing forest matrix
fragmentation (e.g. Ripple et al. 1991; Spies et al.
1994), very few studies have focused on intra-forest
habitat fragmentation in forests managed within a
continuous forest cover system. As a way to improve
sustainable forestry, several continuous forest cover
systems such as selective cutting, shelterwood and
seed-tree systems are increasingly used in European
mountain forests, (Buongiorno et al. 1994; Bagnaresi
etal. 2002). Hence, timber harvesting has often led to a
shift in forest landscape structural characteristics,
resulting in a more fragmented but also more heter-
ogeneous landscape mosaic composed of different
types of more or less closed forest stands (Mladenoff
et al. 1993; Ares et al. 2009). As continuous forest
cover systems are expanding in several countries
worldwide, particularly in Europe, it is critical to gain
knowledge on the relationships between species
richness and landscape heterogeneity, to be able to
provide guidelines for an adaptive forest management.

In this study, we investigated trends in the rela-
tionships between local plant species richness and
landscape heterogeneity in complex mountain forest
mosaics in the French Alps and a predicted hump-
shaped relationship between forest landscape hetero-
geneity and local plant species richness. We per-
formed the analyses on two species groups: (i) all
species and (ii) forest species, i.e. species linked to
closed forest conditions. Forest landscape

heterogeneity was quantified using five criteria that
reflected two different components of spatial hetero-
geneity: [—spatial heterogeneity resulting from nat-
ural environmental gradients, represented by two
criteria (i) spatial heterogeneity of forest habitats
(SHFH) and (ii) canopy composition diversity (CCD);
II—spatial heterogeneity resulting from forest man-
agement practices, represented by three criteria (iii)
spatial heterogeneity of stand types (SHST), (iv)
spatial complementarities of stand structures (SCS)
and (v) average stand structural complexity (ASSC).

Method
Study area

This work was conducted within the Vercors Natural
Regional Park (VNRP), an area located at the border
between the northern and the southern French Alps
(Fig. 1). The Park covers 206,000 ha of land, of which
139,000 ha are forested. The study area encompasses a
wide altitudinal range (500-2,200 m), with heteroge-
neous mountain topography. This results in a fine-
scale mosaic of soil and microclimatic conditions
leading to a high diversification of natural and semi-
natural habitats in the forest landscape. The most
common forest habitats are European beech (Fagus
sylvatica, Linnaeus), mixed beech-silver fir (Abies
alba, Miller), silver fir and Norway spruce (Picea
abies, Karst) forests. These tree species are often
accompanied by several secondary species, such as
sycamore maple (Acer pseudoplatanus, L.), Italian
maple (Acer opalus, Mill.), common whitebeam
(Sorbus aria, Crantz), European mountain ash (Sorbus
aucuparia, L.) and mountain pine (Pinus uncinata,
Ramond) at high elevations. Elevation, overstory
composition and managed practices are somehow
related within the study area: at low elevations
(500-1,100 m), forests are dominated by coppice-like
stands, generally composed of broadleaved species
and silver fir standards. Intermediate elevations
(1,100-1,600 m) encompass a mosaic of diversified
stands with single or multi-layered canopies domi-
nated by coniferous or mixed conifer-broadleaved
species composition. At high elevations (>1,600 m),
the forest structure tends to be more even-aged, with
pure mountain pine or pure Norway spruce forests.
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We used 1,472 data plots recorded by the National
Alpine Botanic Conservatory. Each plot covered an
area of about 1,960 m? (25 m radius), in which all
occurring species were identified. The five most
frequent understory species encountered were: Pre-
nanthes purpurea (L.), Dryopteris filix-mas (L.),
Galium odoratum (L.), Vaccinium myrtillus (L.) and
S. aucuparia (L.). We considered two types of species
richness: (i) total species richness (TSR), which
encompassed forest species, edge species and non-
forest species, and (ii) forest species richness (FSR),
which only included species that were highly depen-
dent on closed forest conditions, according to Rameau
et al. (1993) (see Appendix S1 for the list of forest
species). Forest species were considered separately
because of their particular interest for forest biodiver-
sity conservation (Peterken 1974; Aubin et al. 2007).
All of the subsequent analyses were conducted
separately for the two species groups.

Local variables

In order to characterise the environmental conditions
for each data plot, we extracted values from six
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different raster datasets: elevation [digital elevation
model (DEM) from the French National Geographic
Institute], pH (adapted from Gégout and Renaux
(2010), slope and aspect (derived from the DEM),
mean annual temperature and mean annual precipita-
tion (both variables extracted from the French
Weather Institute). Plots were also intersected with
maps of stand types and forest habitats (see description
hereafter).

Cartographic data

The analysis of landscape heterogeneity was based on
two 10 m spatial resolution raster maps, which
represented two important drivers of forest landscape
heterogeneity within the study area: (i) natural and
semi-natural forest habitats (surrogate for environ-
mental conditions and gradients) and (ii) forest stand
structural diversity (surrogate for forest management).

The first map was produced by classification of
SPOT [© CNES (2010), distribution Spot Image S.A]
images, using Définiens®, Erdas Imagine and ArcGIS
9.3 software (see Breton et al. 2011). A hierarchical
classification approach using image data and 6400
georeferenced floristic inventory points were used in
tandem with environmental and ancillary information
to produce the final forest habitat map. This map was
classified according to CORINE Biotope European
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Fig. 2 Mapping and illustration of contrasting global hetero-
geneity levels: a raster maps of forest stand types to the left and
forest habitats to the right within the study area (resolution

typology (Moss et al. 1990), which resulted in 10
forest habitat classes: European beech and beech-
silver fir forests (41.1 and 43.1), Norway spruce
forests (42.2), silver fir forests (42.1), mixed ravine
and slope forests (41.4), thermophilous oak woods
(41.7), mountain pine forests (42.4), Scots pine (Pinus
sylvestris, L.) forests (42.5), stream European ash
(Fraxinus excelsior, L.) woods (44.3) and non-
forested areas (Fig. 2a).

The second map was built in two steps using the
ArcGIS 9.3 interface. We first gathered and harmo-
nised recent (2009) detailed vector maps of stand types
from the French National Forest Office (ONF). Seven
stand types were delineated according to decreasing
levels in forest structural diversity: multi-staged
forests, two-staged forests, high forests, mixed cop-
pice and high forests, simple coppices, young forests
and young plantations (Fig. 3). All these stand types

Heterogeneity level

Forest habitats

Legend

/7] study area

Forest habitats

[7] Beech forests

I Mixed ravine and slope forests

"] Thermophilous oak woods

B silver fir forests

Il Norway spruce forests

I Mountain pine forests

[ scots pine forests

I Mixed beech-silver fir forests

B stream European ash woods
Open areas

8 Kilometers

low —————> High

SHFH=0.007

SHFH=1.93

10 m), b buffer areas with contrasted spatial heterogeneity
levels for forest stand types (SHST) and forest habitats (SHFH)

concerned mature forests (quadratic diameter >20 cm),
except young forests and young plantations. Remain-
ing forested areas matching clearings, micro-cliffs or
open forests were all classified under the typological
category “others”. Then, the generated map was
rasterised to produce a 10 m resolution raster map
with the seven forest stand types and a class for non-
forest data (see Fig. 2a).

Analysis of forest landscape heterogeneity

Spatial landscape heterogeneity was computed within
buffer areas of 250 m radius (19.6-ha area) created
around each data plot, using ArcGIS 9.3 software. This
buffer area allowed most of the spatial variability of
forest habitats and stand types around the plots to be
captured. It also corresponded to the scale at which
management goals are implemented and, thus,
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Stand types in the study area

1- Young plantation
2- Young forest
3- Simple coppice

4- High forest
(1 stratum)

5- Mixed coppice with
high forest

6- Two-staged forest
(2 strata)

7- Multi-staged forest
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Fig. 3 Forest stands types sorted by structural complexity level (40 for non-forest areas)

influence forest spatial heterogeneity in the study area.
To avoid effects of overlapping, buffers were only
created for plots at least 500 m apart from each other,
all other plots being discarded. In total, 313 plots were
selected for the analysis.

The corresponding buffers were first intersected
with the stand type and the forest habitat maps. Then,
in each buffer forest landscape heterogeneity was
quantified with five criteria: SHFH, CCD, SHST, SCS
and ASSC. Each criterion was based on a combination
of one or several quantitative indices describing forest
habitats and stand type heterogeneity (Table la, b).
SHFH and CCD were computed based on the forest
habitat map. In order to consider these two criteria
separately, this map was analysed at two different
typological levels: (i) full ten-class typology for SHFH
(i.e. European beech, beech-silver fir, Norway spruce,
silver fir, mountain pine, Scots pine, mixed ravine and
slope forests, thermophilous oak woods, stream
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European ash woods and non-forested areas) and (ii)
the same typology aggregated at a three-class level for
CCD (coniferous, broadleaved, mixed forests), with
the non-forested areas considered as a no-data class.
The three other criteria (SHST, SCS and ASSC) were
based on the analysis of the stand type map.

Spatial heterogeneity of forest habitats and spatial
heterogeneity of stand types

These two criteria (SHFH and SHST) were computed
respectively on the forest habitat and the stand type
raster maps and were based on the following four
indices:  area-weighted —median patch  size
(AREA_WMD), patch richness (PR), patch equitabil-
ity (SIEI) and patch continuity (MESH size). We used
Fragstats 3.3 to compute these landscape metrics. For
details on the mathematical expressions and further
meaning of the indices, see (McGarigal et al. 2002).
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Table 1 Summary of explanative variables included in regres-
sion models (C continuous variables, N nominal variables):
(a) local environmental variables; (b) Landscape-scale criteria

habitats

(bold) and constitutive indices for the two criteria: spatial
heterogeneity of stand types and spatial heterogeneity of forest

(a)

Environmental Type of Range of values or number of observations per category Mean values and standard
variables variable among selected buffers deviation (for continuous
variables only)
pH C 5.4-6.8 5.82 (£0.21)
Mean annual C 1,142-1,743 mm 1401.9 (£122.5)
precipitations
Slope C 0.7°-105° 26.4 (£17.4)
Mean annual C 5.8-10.3 °C 7.40 (£0.70)
temperature
Elevation C 823-1,676 m 1342.0 (£137.6)
Aspect N East (49 obs.), North (22), North-east (20), North-west (38), West
(50), South (16), South-east (34), South-west (25)
Stand type N Multi-staged forests (106), two-staged forests (29), high forests (57),
mixed coppice with high forests (17), simple coppices (20), young
forests (5), young plantations (11) and others (9)
Forest type N Coniferous (68), broadleaved (35), mixed (151)

Forest habitat N

Beech forests (34), mixed beech-silver fir forests (140), Norway
spruce forests (34), mountain pine forests (26), silver fir forests (8),
mixed ravine and slope forests (12)

(b

Criteria and indices

Type of variable

Mean values and
standard deviation

Range of values
among selected buffers

Spatial heterogeneity of forest habitats (SHFH)

Corresponding indices

Median patch area (AREA_WMD_FH)
Patch continuity (MESH size_FH)

Patch richness (PR_FH)

Patch equitability (SIEI_FH)
Canopy composition diversity (CCD)

Spatial heterogeneity of stand types (SHST)

Corresponding indices

Median patch area (AREA_WMD_ST)
Patch continuity (MESH size_ST)

Patch richness (PR_ST)

Patch equitability (SIEI_ST)

Spatial complementarities of stand structures (SCS)

Average stand structural complexity (ASSC)

aa0zZaan @)

Z Oz 00

a

0.5-2 1.14 (£0.36)
0.0002-1 0.04 (£0.13)
0.12-93.86 11.27 (£13.09)
1-7 3.52 (£1.16)
0-0.99 0.48 (£0.35)
0-1.08 0.54 (£0.32)
0.14-2.16 1.03 (£0.44)
0.001-1 0.22 (£0.30)
0.68-565.4 21.8 (£53.5)
1-5 2.44 (£1.09)
0-0.99 0.49 (£0.35)
1-4 2.25 (+0.88)
0.73-7 4.81 (+1.36)

Values represent ranges and means for the 254 data plots selected for analysis, which excluded plots located in Scots pine forests,
thermophilous oak woods and non-forested areas

The four landscape indices selected were aggre-
gated to compute the two global indices of spatial
heterogeneity (SHFH and SHST). In all, the four
indices selected reflected complementary intra-forest

landscape mosaic characteristics that are related to
high heterogeneity levels. As a result, we depart from
the assumption then, that high values favours forest
biodiversity (Enoksson et al. 1995; Skov 1997;

@ Springer
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Chavez and Macdonald 2010). We therefore consid-
ered that the sum of the values measured by the four
indicators was a way forward to evaluate the level of
“global heterogeneity” present in a given buffer area.
The spatial heterogeneity global index was calculated
in two steps: we first rescaled the index ranges from 0
to 1, in order to make them commensurable. Then, we
added the four corresponding values as follows:

SH =)~ (AREA_WMD + PR + SIEI + MESH)

Since each index ranged between O and 1 after
rescaling, the spatial heterogeneity can theoretically
varied continuously between 0 and 4 for a given buffer
area. In this way, within the study area, which is
considered as highly heterogeneous at the manage-
ment unit level, SHFH varied between 0 and 2.20,
while SHST varied between 0 and 2.72 (see Fig. 2b).

Canopy composition diversity

The CCD was calculated with the Shannon diversity
index:

H = *Zpi In(p;),  with p; :%
P

where n; is the number of patches for the canopy
composition i, and N is the total number of patches
present in a given area.

The index varied between O, when the landscape
was dominated by one type of canopy composition
(i.e. coniferous, broadleaved or mixed forest), and In
(Nyax) (.e. 1.1 in our study area), when CCD was
maximal (i.e. the three forest types are present) and
each type of canopy composition occupied the same
area.

Spatial complementarities of stand structures
and average stand structural complexity

SCS reflected the number of stand structural attributes
which were highly represented by adjacent stand types
in a given buffer area, i.e. dead wood volume (m3/ha),
heterogeneity of diameters estimated through the
coefficient of variation, basal area of large trees (m*/
ha) and tree species richness. SCS was a categorical
criterion that varied between one and four. It was equal
to one when the buffer area encompassed only one
stand type (with either a diversified structure or not),
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or when the buffer area contained several stand types
that were each characterised by the same configuration
of structural attributes (e.g. all with high tree species
richness and low values for the three other structural
attributes). The value was maximal when the land-
scape encompassed at least four different stand types
(generally of different diversity levels), which resulted
in high values for the four structural attributes at the
scale of the buffer area. In the same way, a value of
two or three corresponded respectively to a buffer area
with two or three different structural attributes highly
represented according to the present combination of
stand types (see Table A, Appendix S2 for details on
the ranking of stand types according to structural
attribute values).

ASSC was based on the analysis of the different
levels of stand structural complexity that were present
in a given buffer area, according to its composition in
stand types (see Appendix S2 for details on the ranking
of stand types based on structural complexity level).
ASSC was computed as the area-weighted sum of
stand structural complexity levels as follows:

ASSC:ZCl* 2
ij

TA

where c; is the rank of a given stand type (i.e. seven for
multi-staged and one for young forests); S;; is the area
of the patch j of the stand type i; and TA equals total
landscape area.

ASSC varied between zero in the case of a non-
forested landscape and seven when the buffer area
encompassed only multi-staged forests. Thus,
although several structurally different stands had to
be simultaneously present for high SCS value, ASSC
could be very high when the buffer area was domi-
nated by multi-staged forests.

Data analysis

The relationships between local floristic richness and
spatial heterogeneity in buffer areas were analysed
using stepwise multiple generalised linear regressions
in R 2.11.1 (R core development team 2010). We first
tested the effects of the five criteria of landscape
heterogeneity (SHFH, CCD, SHST, SCS and ASSC).
Then, for the two spatial heterogeneity criteria (SHFH
and SHST), we investigated the performance of each
individual index (AREA_WMD, PR, SIEI and MESH
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size) to predict species richness. To this aim, we built
models including the three criteria CCD, SCS and
ASSC, and eight indices: AREA_WMD_FH, PR_FH,
SIEI_FH and MESH size_FH corresponding to SHFH,
and AREA_WMD_ST, PR_ST, SIEI_ST and MESH
size_ST corresponding to SHST. Spearman’s rank
tests were performed in order to check for absence of
collinearity among criteria and absence of collinearity
among indices. No strong correlations were found in
our dataset (all correlation coefficients were below
0.5).

To limit the effects of environmental conditions at
the plot scale on species richness, we excluded all
plots located in Scots pine forests, thermophilous oak
woods and non-forested areas. This is an important
factor to consider since these habitats comprised
sharply different abiotic conditions when compared to
the other habitats (i.e. European beech, beech-silver
fir, Norway spruce, silver fir, mountain pine, mixed
ravine and slope forests and stream European ash
woods). After the exclusion of the plots as mentioned,
we reduced the sample size to 254 plots, but we
avoided important noise in the analysis. In addition,
local environmental variables (e.g. elevation, pH,
mean annual temperature and precipitations, slope and
aspect), local forest habitat and local forest stand type
were included in the models to control for a potential
residual effect of abiotic conditions and particular
local forest characteristics. According to the shape of
the species richness distribution, we used Gaussian
family models for TSR and Poisson family models for

FSR, following Skov (1997). Residual distribution and
homoscedasticity were visually checked.

We systematically included the landscape variables
using linear and quadratic forms to detect the presence
of a hump-shaped relationship. As the number of
predictors was high relative to the number of obser-
vations, we used a specific R function (model.select
0.3) to include the number of observations in AIC
calculation. This function also automatically estimates
the consistency of all possible combinations of
predictors based on a first general model that includes
all the predictors (San Martin and Schtickzelle 2011).
We therefore used this function to select the most
parsimonious models. Then, as this function did not
provide detailed model parameters, we used the GLM
function in R to calculate p values and the pure part of
deviance explained by each predictor.

Results

For TSR, a total of 1047 species were recorded, with
an average of 27.3 species per plot (range 2-64). FSR
encompassed 58 species, with a mean of four species
per plot (range 0-16). Multiple generalised linear
regressions showed that, despite the residual effects of
local environmental variables, TSR and FSR were
significantly related to different criteria of spatial
heterogeneity. The type of relationship (variables
involved, magnitude and direction) differed between
TSR and FSR (see Tables 2, 3).

Table 2 Summary of the results of the multiple generalised linear models for total species richness (TSR)

Explanative criteria Relationship  Percentage of deviance

Explanative indices Relationship

Percentage of deviance

and local variables  direction explained (significance) and local variables  direction explained (significance)

(%) (%)
SHST NA 4.7%%* PR_ST NA 1.1*
Local stand type 11.2%* Local stand type 11.4%*
pH NA 1.4% Slope + 0.7*

Mean annual + 2.2%
precipitations

Total deviance 12.2 13.1

explained

Results on the left correspond to the first models including the five investigated criteria (SHFH, CCD, SHST, SCS and ASSC) and
local variables. Results on the right correspond to the second models with the two criteria SHST and SHFH replaced by their
corresponding four indices (AREA_WMD, PR, SIEI and MESH size)

Significance levels: T < 0.08; * < 0.05; ** < 0.01
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Table 3 Summary of the results of the multiple generalised linear models for forest species richness (FSR)

Explanative criteria

Relationship Percentage of deviance

Explanative indices Relationship Percentage of deviance

and local variables direction explained (significance) and local variables direction explained (significance)
(%) (%)

SHFH Polynomial =~ 2.2%%* MESH size_FH + 8.9%**
SIEI_FH Polynomial  4.9%**
PR_FH NA 0.5%

CCD NA 3.0%%**

SCS Polynomial  3.9%%**

Local stand type 6.6%** Local stand type 5.5%%%

Slope NA 0.9%%*

Mean annual precipitations + 2.0%%*

Total deviance explained 18.7 19.8

Results on the left correspond to the first models including the five criteria (SHFH, CCD, SHST, SCS and ASSC) and local variables.
Results on the right correspond to the second model with the two criteria SHST and SHFH replaced by their corresponding four

indices
Significance levels: * <0.05; ** <0.01; *** <(0.001

Initially, we noticed a driving effect of local stand
type. Detailed analysis of model parameters revealed
that TSR and FSR were generally the lowest in simple
coppices and young forests. TSR was generally
maximal in plantations and mixed coppices with high
forests, whereas FSR was highest in mixed coppice
with high forests and in two-staged forests. Then, we
observed that TSR was only related to SHST. The
relationship was negative, and in fact, the analysis at
the index level suggested a significant negative effect
of PR on TSR.

For FSR, we noticed a significant negative effect of
CCD, suggesting that a mixture of coniferous, broad-
leaved and mixed forests adversely affects FSR. We
also highlighted a significant quadratic relationship
with an optimum value between FSR and SHFH
(Fig. 4a). All other conditions being equal, when this
criterion varied between 0.5 and 2.0 (for a maximal
range of 0-4), 1.4 species were gained (with a mean of
four species per plot). This effect of SHFH appeared to
be due to a strong positive link with habitat patch
continuity and to the quadratic effect of patch size
equitability on FSR (Fig. 4b). For this last index, a
variation between 0 and 1 was linked to a gain of 1.18
species. We also found a significant negative effect of
forest habitat PR. However, the magnitude of this
effect was low and certainly little influenced the shape
of the relationship at the criteria level.

Finally, we detected a quadratic relationship with
an optimum value between FSR and SCS, although the
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magnitude of this effect was low (Table 3; Fig. 4c). In
this case, and for all other conditions being equal, 0.87
species were gained when the criterion varied between
0 and 3.2.

Discussion

As expected, we found significant quadratic relation-
ships between local FSR and two criteria describing
forest landscape composition and configuration: the
SHFH and the SCS. These relationships were charac-
terised by an optimum obtained for high values of
heterogeneity. This trend was particularly pronounced
in the case of SHFH, which showed the highest
magnitude. Hence, global species richness would be
maximised if a given landscape encompasses a
diversified mosaic of habitat patches, but with patches
large enough to maintain viable specialist species
populations (Harner and Harper 1976; Honnay et al.
1999; Steiner and Kohler 2003). Such a result supports
the intermediate heterogeneity hypothesis assuming
that intermediate levels of heterogeneity may support
more species than very high levels of heterogeneity as
highlighted by several other studies (Holt 1997;
Devictor et al. 2008; Fahrig et al. 2011) and expands
its validity to managed forest within a continuous
landscape matrix.

Our study also revealed that the relationship
between local species richness and landscape
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heterogeneity varied according to the heterogeneity
metrics involved and the type of species richness
considered. For instance, our results showed negative
relationships between species richness and some
heterogeneity criteria. In particular, CCD (i.e. conif-
erous, broadleaved, mixed) was negatively related to
FSR. As many studies have shown that a diversified
overstory tree species (especially a mix of coniferous
and broadleaved species) could positively influence
local undergrowth species richness and composition
(Saetre et al. 1997; Macdonald and Fenniak 2007,
Chavez and Macdonald 2010), we expected a positive
effect of CCD on local FSR. Our results did not
support this assumption, although the negative effect
we found was of low magnitude compared to other
heterogeneity criteria. A possible explanation could be
linked to the composition of the two groups of species
considered (TSR and FSR), and in particular to their
respective composition in specialist and generalist
species. The choice of the two species groups did not
consider this criterion, but both groups certainly
encompassed a diversity of specialists species of

different forest habitats and structures. Hence, our
results may be explained by increasing evidence that
species (specialisation/generalisation) patterns are
dependent on spatial scale. For instance, some species
can be generalists (colonise a diversity of habitats) at a
given scale, while they behave as specialists (linked to
only one type of habitats) at another scale (Hughes
2000; Devictor et al. 2010). In our case, the CCD was
computed at a simplified three-class typological level,
instead of ten-class (habitats) or eight-class (stand
types) levels, as considered for the others criteria.
Therefore, each forest type encompassed several
forest habitats or stand types, as if it had been
calculated at a larger spatial scale. Consequently, it
is possible that FSR was mainly composed of species
specialists of one type of canopy composition (conif-
erous, broadleaved, mixed). While at a lower typo-
logical scale (i.e. within each forest type), the species
could be generalists where they can colonise a
diversity of habitats and stand types.

Similarly, we found a significant negative relationship
between TSR and SHST. This result contradicts other
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studies reporting positive effects of stand type diversity
on large-scale species richness (Beese and Bryant 1999;
Battles et al. 2001; Ares et al. 2009). Our negative effect
of SHST might be related to the fact that TSR was
composed of 83 % of species not strictly linked to closed
forest canopy conditions. In this case, species could
occupy a wide variety of habitats among which forest
habitats are just one option. This may explain why TSR
values were higher in landscapes characterised by low
forest PR and small forest patch size embedded within
large non-forested areas which have not been considered
as distinct patch types in our classification (i.e. rocks,
cliffs, meadows, large clearings).

Nevertheless, we should be cautious in the inter-
pretation of these results. In the case of the quadratic
relationships, the maximum values obtained were
right skewed and there was a subsequent low decrease
in species richness at very high heterogeneity levels.
As plant species mainly depend on local abiotic
conditions, they could be less sensitive to intra-forest
habitat fragmentation than other mobile species (Pet-
erken and Game 1981; Brunet 1993; Gazol and Ibafiez
2010). As a consequence, there is no reason to
prejudge that species richness continues to decrease
at higher heterogeneity levels than those observed in
our study area. Moreover, the complexity of the forest
landscape mosaic in the mountain region under study
is influenced by numerous driving factors that could
have influenced local floristic species richness. We
considered two main heterogeneity components, nat-
ural environmental gradients and forest management
practices, and variables statistically controlled for
other environmental variables (i.e. elevation, pH,
mean annual temperature and precipitations, slope
and aspect), including local forest habitat and local
forest type. But still may be other factors that may
have blurred the phenomenon investigated, where
further research will be worth pursuing.

Henceforward, we found that the magnitude of the
relationships between local plant species richness and
landscape heterogeneity was generally weak as com-
pared to local variables, in particular local stand type
(i.e. local forest structural complexity). Contrasting
effects of different stand types were found, supporting
other findings that have related local stand structure to
undergrowth species richness and composition (Griffis
et al. 2001; Decocq et al. 2004; Moora et al. 2007).
Environmental variables such as soil pH, slope and
mean annual temperature also influenced plant species
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richness at the plot scale, although their effects were
weak and depended on the type of species richness
considered. These results are supported by other
studies that also showed local factors as stronger
determinants of plant species richness distribution as
compared to landscape factors (Kolb and Diekmann
2004; Gazol and Ibafiez 2010; Costanza et al. 2011).

Conclusion

In all, this study provides insights on the complex
relationships that exist between local forest plant
species richness and landscape heterogeneity. In that
sense, it was found that relationships were generally
positive or quadratic with an optimum obtained at high
heterogeneity levels. This study in complex mountain
environments open possibilities for further research to
gain understanding on the range of scales at which
quadratic relationships between local plant species
richness and landscape heterogeneity could occur, and
to test whether similar relationships exist for other
taxonomic groups. Additionally, our results showed
that the shape and the magnitude of the relationship
between local species richness and landscape hetero-
geneity depend on the criteria and indices used to
quantify landscape heterogeneity. As an increasing
number of studies are focuses on the use of landscape
heterogeneity analysis as a surrogate for large-scale
biodiversity assessment (Lindenmayer et al. 2000;
Schindler et al. 2009), we strongly advice considering
several criteria that reflect different heterogeneity
components and that are carefully selected for their
positive relationships with species diversity. Other-
wise, there is a risk of obtaining misleading results in
particular for regional biodiversity assessment.
Linear models appeared as a good compromise to
take voluntary decisions regarding the inclusion of
quadratic terms, while searching for quadratic rela-
tionships. Even if in the present study, the responses
obtained were generally of low magnitude, they
provided evidence to support our hypothesis. In
addition, an advantage of using linear models is that
we gained on understanding of relationships between
landscape heterogeneity and local species richness.
Consequently, we can directly relate an increase in the
value of each heterogeneity criteria with a precise
predicted variation in the number of species. This is a
direct and relatively simple approach to gain



Landscape Ecol (2014) 29:773-787

785

understanding of complex relationships and related
processes. A next step will be to consider other more
complex approaches to explore further relationships
that may not be so evident with this simpler approach.
Still we should continue to improve our understanding
of the complex relationships and responses on heter-
ogeneous landscapes.

Spatial heterogeneity provides important insurance
in the face of unpredictable changes, enhances biodi-
versity and affords a greater variety of future silvicul-
tural options to address changing land use objectives
and environmental conditions (Turner et al. 2012).
Furthermore, as pointed out by Turner et al. (2012),
spatial heterogeneity is important for sustaining forest
regeneration, primary production, carbon storage,
natural hazard regulation, insect and pathogen regu-
lation, as well as timber production and wildlife
habitat. Thus, understanding how spatial heterogene-
ity and related landscape characteristics affect biodi-
versity patterns at local and landscape scales is critical
for a better understanding of the underpinning eco-
logical processes that may have mitigating effects on
global environmental change.
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