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Biodiversity conservation is a key objective for sustainable forest management, but the multi-dimen-
sional and multi-scale character of biodiversity renders full assessment difficult at large scale. Therefore,
indicators are often used to monitor biodiversity. Important cost-benefit synergies can be achieved if
indicators are derived from existing data. In this study, a model for classifying forest stand structures
was developed and tested as an indicator of overall plant species diversity at stand level. The model com-
bines four stand structure parameters: canopy coverage, age of canopy trees, tree species composition
and canopy stratification. Using data from the National Inventory of Landscapes in Sweden and General
Linear Mixed Model, plant species diversity (Shannon diversity index, SHDI) and composition (Sørensen-
Dice index, SDI) were tested between 26 different stand structure types and nine soil classes. The results
showed that mature stands with a stratified canopy had the highest plant species diversity across the soil
classes, particularly if they comprised mixed coniferous and broadleaved species with a semi-open can-
opy. In contrast, young (<30 years) single-layered stands had consistently low species diversity. Of the
four stand structure parameters in the model, age of canopy trees was most influential for SHDI value,
followed by canopy stratification, tree species composition and canopy coverage. According to the SDI
values, different stand structure types represented different species composition regardless of soil class
and species diversity (SHDI value). However, most SDI values were higher than 0.5, indicating that fewer
than 50% of the species changed between stand structure types. The stand parameters included in the
model can probably be extracted from national forest inventories in many countries and understood
without specialist taxonomic knowledge, making the model applicable in practice to support forest man-
agement decision-making on enhancing forest biodiversity at stand level.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Biodiversity has been shown to play a key role at all levels of the
ecosystem service hierarchy (Mace et al., 2012). The diverse habi-
tats and microhabitats contained in forest ecosystems hold the
majority of the world’s terrestrial species (Ozanne et al., 2003).
However, these biologically diverse systems are increasingly being
threatened by deforestation and forest degradation via varied
direct or indirect mechanisms (Singh et al., 2001; Dirzo and
Raven, 2003). Therefore, conserving forest biodiversity has become
a critical task at local, national and global level.

One prerequisite for sound integration of biodiversity conserva-
tion in forest management planning is monitoring of its spatial and
temporal changes. However, the broad, multi-dimensional and
multi-scale characteristics of biodiversity render full assessment
difficult and extremely costly at large scale (Gaston, 1996; Green
et al., 2005). Therefore indicators, i.e. surrogate measures of other
components of forest biodiversity, are increasingly being used to
monitor temporal and spatial changes in biodiversity (Boutin
et al., 2009). From a cost-benefit and time-efficiency perspective,
indicators that can be derived from existing datasets, e.g. data
parameters collected as part of National Forest Inventories (NFIs),
would be a viable option (Chirici et al., 2012).
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Fig. 1. Study area and method design in Sweden. Green shades indicate Strata 1-6
for which data were used in this study. Grey shades indicate Strata 7-10, data on
which were not used in the study. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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While many indicators have been presented to date for assessing
different aspect of biodiversity in forest ecosystems (e.g. Berglund
and Jonsson, 2001; Smith et al., 2008; Chirici et al., 2012; Coote
et al., 2013), studies of ecosystems such as urban, agricultural and
mountain landscapes have shown that plant species diversity is
the best predictor of overall biodiversity (e.g. Simonson et al.,
2001; Sauberer et al., 2004; Bräuniger et al., 2010). However, in a
review of NFIs from 25 European countries and the United States,
Chirici et al. (2012) found that data on plant species diversity are
limited in many countries because ground layer vegetation is not
included or is collected in different ways, making generalisation
very difficult. Development of an indicator for overall plant species
diversity at forest stand level would therefore be of great value.

The structural parameters and tree species records collected at
stand level in most NFIs to enable growing stock estimations and
other variables important for commercial forest management are
also important components for biodiversity because both horizontal
(spatial) and vertical (stratification) heterogeneity and the array of
tree species provide habitats for a range of plants and animal species
(e.g. Lindenmayer et al., 2000). Some studies have related overstory
coverage to species richness of vascular plant (Zerbe et al., 2007;
Smith et al., 2008), bryophyte (Zerbe et al., 2007; Coote et al.,
2013), lichen (Berglund and Jonsson, 2001), bird (Smith et al.,
2008; Patthey et al., 2012) etc. Some studies have focused on vertical
stratification (number of canopy layers) with bird species diversity
(Kati et al., 2009; Titchenell et al., 2011; Patthey et al., 2012). Tree
age has also been used as an indicator for species richness of bird
(Jansson and Andrén, 2003; Gil-tena et al., 2009), insect (Jukes
et al., 2001; Arnan et al., 2009), vascular plant (Dumortier et al.,
2002; Smith et al., 2008), bryophyte (Fritz et al., 2008; Coote et al.,
2013), lichen (Uliczka and Angelstam, 1999; Johansson et al.,
2007), fungus (Nordén and Paltto, 2001; Heilmann-Clausen and
Christensen, 2005) etc. Meanwhile, some other studies have com-
pared species diversity of vascular plant (Máliš et al., 2010), bryo-
phyte (Brunialti et al., 2010), lichen (Uliczka and Angelstam, 2000),
fungus (Rudolf et al., 2012), bird (Kati et al., 2009) etc. between
different forest types. Lindgren et al. (2006) show that structural
diversity induced by pre-commercial thinning enhances the abun-
dance and species diversity of the plant community in even-aged
commercial forest stands.

In this study, four stand structure parameters that can be
derived from NFI field inventory data in most countries were com-
bined to form a uniform classification of forest stand into structural
types. The four structural parameters are; (1) Canopy coverage, (2)
age of canopy trees, (3) tree species composition, and (4) canopy
stratification. With the overarching aim to evaluate the stand
structural types as indicator of plant species diversity at stand
level, the objective of this study were to:

� Analyse the relationship between the four stand structure
parameters and plant species diversity.

� Identify the most influential structural parameter(s) for
plant species diversity at stand level.

� Establish a gradient of forest stand structure types in rela-
tion to their plant species diversity and composition.

2. Materials and methods

2.1. National Inventory of Landscapes in Sweden (NILS) programme

Raw data on structural parameters and plant species records
collected in permanent sampling plots within the National Inven-
tory of Landscapes in Sweden (NILS) programme were used as data
input. NILS is a nation-wide monitoring programme established in
2003 to monitor conditions and changes in the Swedish landscape,
with the main focus on following the changes in prerequisites for
biodiversity at landscape level. In a similar way to NFIs, NILS col-
lects data enabling growing stock estimations and other variables
important for commercial forest management, but it also rigor-
ously records ground and field layers for biodiversity assessments.

2.2. Study area with the background of Swedish forestry

The present study covered the entire temperate forest zone in
southern Sweden, approximately below the Limes Norrlandicus
and covering Strata 1-6 (out of 10 strata, Fig. 1) including 224 (out
of 631) permanent sampling units (Ståhl et al., 2011). Together,
these six strata cover an area of approximately 140,000 km2. In
Strata 1, 2 and 3, agriculture is the dominant land use, Stratum 4
represents a mosaic landscape with small-scale farming and forest,
and forestry is the dominant land use in Strata 5 and 6. The large
area covered by the study makes it difficult to explain standard
practices in detail. In general, the forested area in Sweden is about
28 million ha occupying 51% of the Swedish territorial area. 23 mil-
lion ha is productive forest and 3.6% of which is under protection
(Swedish Statistical Yearbook of Forestry, 2012) resulting in a very
high proportion of managed forest in the study area. Tree species
mainly consists of Spruce (45%), Pine (39%), Birch (10%), Oak (1%),
Beech (1 %) and others (4%) (Gustafsson and Ahlén, 1996), and the
annual growth is about 2–3 m3/year in the North and 7–8 m3/year
in the South (Jansson, 2011).

The way of using the forest is of felling the old forest (clear felling)
and planting new forest or natural regeneration by seed trees (rarely
sowing). The young forest is cleared to suitable spacing of the trees
left standing, and middle aged forest is thinned from one to five
times. Depending on tree species and location, clear felling takes
place at an age of 50–120 years and new forest is established. Nearly
half of the total area of productive forest land has been clear-felled
and regenerated since the 1950s and most of the remainder has been
affected by the thinning or other human interventions. Extensive
areas in Sweden have less than 20% of old forest (>80 years is old for-
est in southern Sweden, >100 years in middle Sweden and
>120 years in northern Sweden) (Jansson, 2011).
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2.3. NILS data

The 224 permanent sampling units (5 km � 5 km) used here are
randomly distributed within the six strata, with 7, 28, 26, 47, 76
and 40 sampling units in Stratum 1-6, respectively. Landscape
composition and land cover types are determined based on manual
interpretation of colour infrared (CIR) aerial photos (scale approx.
1:30,000) of a 1 km � 1 km square located at the centre of each
sampling unit. Within the 1-km2 square, 12 circular sampling plots
of 20 m radius and 250 m apart are inventoried in the field. For the
present study, only data obtained from plots located within semi-
open and closed forest throughout Strata 1-6 were included
(n = 1290) (Fig. 2).

Each circular NILS sampling plot consists of the following set of
concentric circular plots: (a) A 20 m radius plot in which the basic
conditions in the plot, e.g. canopy tree species, coverage, forest
stand variables, are assessed; (b) a 10 m radius plot in which under-
story and shrub layer species (if present) and their coverage are
measured and basic assessments of field layer vegetation are made
based on broad taxonomy of plants, i.e. herb, fern, dwarf shrub and
graminoid; and (c) three 0.28 m radius plots in which field/ground
layer species/genera, including mosses and lichens, are docu-
mented in detail by measuring their frequency of occurrence
(Fig. 2). The NILS species monitoring scheme does not include total
species richness, but instead a frequency record based on a pre-
selected list of species that indicate habitat characteristics or turn-
over. In the dataset used in this study, field inventories
Fig. 2. The scheme of sampling structure by NILS programme
distinguished 286 plant species comprising 35 tree species, 42
shrub species and 209 field layer species. According to taxonomic
classification, the 1290 plots located within semi-open and closed
forest throughout Strata 1-6 included 237 vascular plant species,
33 bryophyte species and 16 lichen species. However, 6 tree species
were only identified to genus level, namely Abies spp., Betula spp.,
Quercus spp., Ulmus spp., Tilia spp. and Malus spp., plus 13 other spe-
cies that mostly occurred sporadically in the sampling plots
(Table 1).
2.4. Classification of forest stand structures

Based on the biotope classification model designed by Gao et al.
(2012), a model for classifying the NILS sampling plots into different
forest stand structure types was developed (Table 2). The first
dimension in this model was canopy coverage (i.e. horizontal struc-
ture), where sampling plots with 30–80% canopy cover were classi-
fied as stands with a semi-open canopy and sampling plots with
>80% canopy cover as stands with a closed canopy. The second
dimension was the age of canopy trees, with a distinction made
between young (<30 years), middle-aged (30–80 years) and old
(>80 years) trees. In accordance with Hägglund and Lundmark
(1982), tree age was estimated here by relating data on tree
height from the NILS dataset to soil conditions
(see Section 2.4). The third dimension in the model was tree species
composition, where areas with broadleaved trees or coniferous trees
occupying more than 70% of the canopy cover were defined as
combining aerial photo interpretation and field inventory.



Table 1
The species presented in NILS dataset on the genus level and its frequency of occurrence (%) based on the sum of sampling plot (N = 1290).

Genus No. of plot found (with %) Genus No. of plot found (with %) Genus No. of plot found (with %)

Amelanchier spp. 16 (1.2%) Drosera spp. 5 (0.4%) Hieracium spp. 13 (1.0%)
Cotoneaster spp. 4 (0.3%) Melampyrum spp. >20 (11%) Umbilicaria spp. 7 (0.5%)
Crataegus spp. >20 (2.1%) Rhinanthus spp. 2 (0.1%) Stereocaulon spp. 5 (0.4%)
Lupinus spp. 7 (0.5%) Valeriana spp. 6 (0.5%)
Typha spp. 2 (0.1%) Taraxacum spp. >20 (3.7%)

Table 2
Model for classification of forest stand structures into 36 different types, e.g. C2D1: a closed canopy forest with mainly 30–80-year-old broadleaved trees with 1 vertical layer.

Dimension 1 – Canopy coverage Dimension 2 – Age of canopy trees Dimension 3 – Tree species composition Dimension 4 – Canopy stratification

Semi-open canopy (S) <30 years (1) Broadleaved (D) 1-layered (1)
Closed canopy (C) 30–80 years (2) Coniferous (C) >1-layered (2)

>80 years (3) Mixed (M)
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broadleaved stands or coniferous stands, respectively, while plots
where both species groups contributed 30–70% to the canopy cover
were defined as mixed stands. The fourth dimension was canopy
stratification, i.e. vertical stand structure including canopy layer,
understory and shrub layer, with a distinction made between
1-layered and >1-layered stand structures. The field/ground layer
was not considered in the vertical structure in the model.

2.5. Soil condition matrix

As a supplement to the model for stand structures, the NILS
sampling plots were classified into different soil classes. Using a
revised version of the Ellenberg’s indicator values (Hill et al.,
1999), data on field layer vascular plant species (n = 132) were
used to divide sampling plots into a uniform matrix reflecting nine
soil classes in terms of soil water condition (SWC) and soil pH
value (see Appendix A). Each sampling plot was assigned to a soil
class according to the Ellenberg’s indicator values of majority
(P80%) of vascular plant species.

2.6. Statistical analysis

The Shannon diversity index (SHDI) was used for calculating the
plant species diversity of each forest sampling plot. The Sørensen-
Dice index (SDI) was used for comparing similarities in plant spe-
cies composition between stand structure types (Eq. (1)):

SDI ¼ 2cij

ai þ bj
ð1Þ

where a and b are the pooled number of species of stand structure
types i and j in a certain soil class, respectively, and c is the pooled
number of species shared by the two stand structure types. SDI is
the similarity ratio for two stand structure types and ranges from
0 to 1.

The impacts of soil class, the four stand structure parameters,
their interactions and sub-categories, as well as the impacts of
stand structure types on plant species diversity (SHDI value), were
tested using General Linear Mixed Model (GLMM). In this analysis,
the random factor defined spatial autocorrelation between clus-
tered 20 m plots, and the identity number of each 1 km � 1 km
square was treated as the random variable in the model in order
to remove the influence of spatial autocorrelation. More specifi-
cally, the following steps were carried out: (1) Soil class effect on
SHDI value; (2) individual stand structure parameters and their
interactive effect on SHDI value within soil classes; (3) differences
in SHDI value between sub-categories of each stand structure
parameter based on post-hoc analysis (Tukey Method),
i.e. semi-open vs. closed canopy, young/mature/old, mixed/conifer-
ous/broadleaved, and one-layer vs. >one-layer; and (4) compari-
sons of SHDI value between forest stand structure types within
and across soil classes. The simplified data was used in the latter,
i.e. forest stand structures with less than 10 sampling plots were
excluded from the comparisons (except old stand structures) to
improve the accuracy of the correlation. The Minitab 16 programme
was used for these statistical analyses. In addition, the impact of
stand structure type on plant species composition was calculated
based on the simplified data. Species composition change (SDI
value), i.e. species turnover, was tested between stand structure
types within each soil class using pooled species number of each
stand structure type. Microsoft Office Excel 2007 was used for the
calculation and analysis of SDI value in terms of Eq. (1).
3. Results

The 1290 sampling plots were allocated to 26 different stand
structure types (Table 3). Young (<30 years) and mature (30–
80 years) stands were well represented, with single-layered (S),
young (1), coniferous (C), closed canopy (1) stands (overall code
S1C1) occupying the highest number of sampling plots, mostly allo-
cated to soil classes IV, V, VII and VIII. However, only 12 plots were
classified as old (>80 years) and these were all 1-layered coniferous
stands with a closed (n = 7) or semi-open canopy (n = 5) allocated to
soil class V. The low number of old stands reflects the high propor-
tion of commercially managed forest in the study area.

The sampling plots represented all soil classes except class IX,
i.e. water-logged areas with high pH levels (Table 3). The highest
number of sampling plots occurred on mesic soils with low pH
(class IV) followed by mesic soils with medium pH (class V) and
mesic soils with high pH (class VII). In comparison, few sampling
plots were located on dry sites (class I–III).
3.1. Impact of soil conditions on plant species diversity

The SHDI value for sampling plots located in different soil clas-
ses differed significantly (DF = 7, F = 42.54, P < 0.001) in terms of
plant species diversity once the influence of spatial autocorrelation
(SA) was removed (DF = 223, F = 1.38, P = 0.001, hereafter DFSA, FSA

and PSA) (Table 4). Plots on mesic soils with high pH (class VI) and
plots on wet soils with medium pH (class VIII) had the highest
SHDI values, while the few sampling plots located on dry soils
(classes I–III) had the lowest SHDI values (Table 4). There was no
interactive effect of soil class and stand structure type on the SHDI
value (DF = 64, F = 1.33, P = 0.064).



Table 3
Number of sampling plots for 26 stand structures in relation to soil classes to which samples were allocated. See Table 2 for explanation of stand structure abbreviations.

Stand structure abbreviation Number of sampling plots in each soil class Number of sampling plots for each stand structure

I II III IV V VI VII VIII

C1C1 4 3 6 60 27 5 30 14 149
C1C2 2 4 4 2 2 14
C1D1 1 6 10 11 11 1 40
C1D2 6 3 7 16
C1M1 1 6 6 3 7 3 26
C1M2 3 3 1 3 3 13
C2C1 1 1 1 49 40 4 30 5 131
C2C2 7 4 6 3 20
C2D1 1 2 9 1 2 5 20
C2D2 9 7 11 4 31
C2M1 8 7 4 6 4 29
C2M2 10 2 11 10 33
C3C1 7 7
S1C1 6 3 2 78 61 6 27 23 206
S1C2 12 7 2 4 3 28
S1D1 1 7 9 11 4 15 47
S1D2 8 6 2 16
S1M1 1 13 21 3 13 5 56
S1M2 8 3 6 5 22
S2C1 3 1 1 87 28 7 40 10 177
S2C2 10 7 7 5 4 33
S2D1 7 9 7 8 31
S2D2 12 10 13 3 3 41
S2M1 19 16 1 10 7 53
S2M2 12 11 12 10 1 46
S3C1 5 5
Number of sampling plots for each soil class 16 9 12 393 345 127 241 147

Table 4
Number of sampling plots and Shannon diversity index (SHDI) value for each of the
eight soil classes to which samples were allocated.

Soil class Number of plots SHDI (±S.E.)

VI 127 2.87 ± 0.07 a
VIII 147 2.80 ± 0.06 a
V 345 2.57 ± 0.04 ab
VII 241 2.46 ± 0.05 b
IV 393 2.22 ± 0.04 c
I 16 0.88 ± 0.19 d
II 9 0.68 ± 0.25 d
III 12 0.68 ± 0.21 d

Note: LS-Mean SHDI values followed by different letters are significantly different at
P < 0.001. Random influence by each 1 km � 1 km square is at PSA = 0.001.
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3.2. Impact of stand structure parameters on plant species diversity
within and between soil classes

As a consequence of the limited number of sampling plots, soil
classes I, II, III and IX were excluded from the GLMM. Furthermore,
as soil classes VI and VIII had comparable SHDI values, they were
combined in the tests as one soil class.

In the remaining four soil classes, i.e. classes IV (DFSA = 178,
FSA = 2.18, PSA < 0.001), V (DFSA = 181, FSA = 1.33, PSA = 0.033), VII
(DFSA = 139, FSA = 1.21, PSA = 0.161) and VI + VIII (DFSA = 160,
FSA = 0.91, PSA = 0.704), age of canopy trees had a highly significant
impact on SHDI (DF = 1, F = 12.76, P < 0.001 for class IV; DF = 2,
F = 8.08, P < 0.001 for class V; DF = 1, F = 17.92, P < 0.001 for class
VII; and DF = 1, F = 11.32, P = 0.001 for class VI + VIII). Canopy strat-
ification had a similarly significant impact (DF = 1, F = 17.35,
P < 0.001 for classes V; DF = 1, F = 17.79 for class VI + VIII; DF = 1,
F = 10.69, P = 0.001 for class IV; and DF = 1, F = 7.10, P = 0.009 for
class VII). Canopy coverage had a highly significant impact on SHDI
for soil class IV (DF = 1, F = 17.49, P < 0.001) and VI + VIII (DF = 1,
F = 3.23, P = 0.007), a less pronounced impact for class V (DF = 1,
F = 6.36, P = 0.013), but no impact for class VII (DF = 1, F = 0.97,
P = 0.327). Tree species composition had a highly significant
impact on SHDI for soil class IV (DF = 2, F = 5.45, P = 0.005), a less
pronounced, but still significant impact, for class VII (DF = 2,
F = 3.01, P = 0.013) and VI + VIII (DF = 2, F = 2.03, P = 0.042), and
no impact for class V (DF = 2, F = 1.21, P = 0.301) (Table 5). There
was almost no interactive effect between the four stand structure
parameters within each soil class (Fig. 3), with only tree species
composition and canopy stratification showing a weak interaction
(DF = 2, F = 3.27, P = 0.043) in soil class VII (Fig. 3c).

Post-hoc analysis on plant species diversity within sub-catego-
ries of each structure parameter showed four relatively clear and
similar patterns across the soil classes (Table 5): (1) Stands with
a semi-open canopy had higher SHDI values than stands with a
closed canopy, although there was no significant difference in soil
class VII (P = 0.327); (2) stands dominated by mature and old trees
had higher SHDI values than young stands; (3) mixed stands con-
sistently had higher SHDI values than coniferous or broadleaved
stands, although there was no significant difference in soil class
V (P = 0.301); and (4) stands with more than one layer always
had higher SHDI values than single-layered stands (Table 5).

Comparison of plant species diversity between forest stand
structures represented by 10 or more sampling plots per soil class
was possible for 10 stand structure types in soil classes IV and VII
and 12 stand structure types in classes V and VI + VIII (Table 3).
Despite the low numbers of sampling plots, old stand structures
were also included in the comparison in order to obtain an indication
of how they ranked overall in supporting plant species diversity
(Table 3). Within this limitation, there was a highly significant dif-
ference (P 6 0.005) in plant species diversity between forest stand
structure types, which followed a similar pattern for all soil classes
(Fig. 4). Stand structure types with more than one layer and domi-
nated by mature trees always had high SHDI values, particularly if
the stand structure was mixed forest with a semi-open canopy
(S2M2, see Table 2 for explanation of stand structure codes). Con-
versely, single-layered structure types dominated by young trees
always had low SHDI values, particularly if the stand was coniferous
forest with a closed canopy (C1C1).



Table 5
Shannon diversity index (SHDI) values for sub-categories of each parameter in soil classes IV, V, VII and VI + VIII.

Soil class Parameter Sub-category SHDI (±S.E.) Parameter Sub-category SHDI (±S.E.)

IV (PSA < 0.001) Canopy coverage Semi-open (S) 2.55 ± 0.06 a*** Tree species composition Coniferous (C) 2.32 ± 0.06 b**

Closed (C) 2.28 ± 0.08 b*** Broadleaved (D) 2.30 ± 0.12 b**

Age of canopy trees <30 years old (1) 2.30 ± 0.07 b*** Mixed (M) 2.62 ± 0.09 a**

30-80 years old (2) 2.53 ± 0.07 a*** Canopy stratification 1-layered (1) 2.23 ± 0.05 b***

>1-layered (2) 2.60 ± 0.11 a***

V (PSA = 0.033) Canopy coverage Semi-open (S) 3.00 ± 0.12 a* Tree species composition Coniferous (C) 2.77 ± 0.12 a
Closed (C) 2.73 ± 0.12 b* Broadleaved(D) 2.85 ± 0.15 a

Age of canopy trees <30 years old (1) 2.51 ± 0.09 b*** Mixed (M) 2.98 ± 0.15 a
30-80 years old (2) 2.93 ± 0.07 a*** Canopy stratification 1-layered (1) 2.59 ± 0.11 b***

>80 years old (3) 3.15 ± 0.30 a*** >1-layered (2) 3.13 ± 0.14 a***

VII (PSA = 0.161) Canopy coverage Semi-open (S) 2.56 ± 0.08 a Tree species composition Coniferous (C) 2.60 ± 0.08 b*

Closed (C) 2.66 ± 0.10 a Broadleaved (D) 2.48 ± 0.20 ab*

Age of canopy trees <30 years old (1) 2.39 ± 0.09 b*** Mixed (M) 2.75 ± 0.10 a*

30-80 years old (2) 2.83 ± 0.09 a*** Canopy stratification 1-layered (1) 2.42 ± 0.09 b**

>1-layered (2) 2.80 ± 0.12 a**

VI + VIII (PSA = 0.704) Canopy coverage Semi-open (S) 3.00 ± 0.09 a** Tree species composition Coniferous (C) 2.68 ± 0.12 b*

Closed (C) 2.72 ± 0.11 b** Broadleaved (D) 2.84 ± 0.12 ab*

Age of canopy trees <30 years old (1) 2.60 ± 0.10 b*** Mixed (M) 3.07 ± 0.14 a*

30-80 years old (2) 3.12 ± 0.10 a*** Canopy stratification 1-layered (1) 2.52 ± 0.09 b***

>1-layered (2) 3.20 ± 0.12 a***

Note: LS-Mean SHDI values followed by different letters are significantly different. No asterisk means no significant difference between sub-categories. Random influence by
each 1 km � 1 km square was considered.
*** P 6 0.001.

** P 6 0.01.
* P 6 0.05.

Fig. 3. Interactions between the parameters as regards Shannon diversity index (y-axis) in soil classes IV, V, VII and VI + VIII.
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3.3. Species turnover along the stand structure gradient of increasing
SHDI value

Plots in soil class IV had a lower variation in species composi-
tion than plots in other soil classes. The mean value for the mea-
sure of SDI was 0.72 in soil class IV, and 0.61 in classes V, VII and
VI + VIII. This indicated that, although species composition did
not change markedly (increase or decrease) between stand struc-
ture types, different stand structure types represented different
plant species composition, regardless of soil classes and their spe-
cies richness/diversity. Among all soil classes, the highest similar-
ity of species composition found was between C1C1 and C1C2



Fig. 4. Line chart of Shannon diversity index value (y-axis) for each forest stand structure (x-axis) in soil class IV, V, VII and VI + VIII, e.g. (a) S2D2 (3.49 ± 0.16), S2M2
(3.04 ± 0.14), C1C1 (1.85 ± 0.08); (b) C2M2 (3.87 ± 0.22), S2M2 (3.45 ± 0.24), C1C1 (1.98 ± 0.17), C1D1 (2.33 ± 0.27), S3C1 (3.32 ± 0.42) and C3C1 (2.83 ± 0.37); (c) C2M2
(3.56 ± 0.25), S2M2 (3.11 ± 0.18), C1D1 (1.88 ± 0.20), S1C1 (2.18 ± 0.11); (d) S2M2 (3.94 ± 0.23), C2M2 (3.89 ± 0.25), C1C1 (1.66 ± 0.19), S1C1 (1.88 ± 0.20). Means with
different letters are significantly different.
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(SDI = 0.81) in class IV, and the highest variation was between
C1D1 and S2C1 (SDI = 0.44) in class VI + VIII, between C1D1 and
S1C1 (SDI = 0.48) in class VII, and between C1D1 and S1C1
(SDI = 0.49) and between S2D2 and S3C1 (SDI = 0.49) in soil class
V (Fig. 5).
4. Discussion

The main aim of this study was to develop and test an indicator
for assessing plant species diversity at stand level based on stand
structure parameters collected in many large-scale forest inven-
tory datasets. On the basis of 1290 forest sampling plots invento-
ried as part of the NILS programme in southern Sweden, the
results showed that: (1) Large-scale forest inventory data can be
used as a basis for assessing forest biodiversity at stand level,
and (2) soil class, stand structure parameters and plant species
diversity/composition are correlated and this correlation can be
described by the stand structure types derived from a combination
of four stand structure parameters.

4.1. Soil class, forest stand structure parameter and plant species
diversity

Plant species diversity varied significantly in terms of soil class
in the present study. Similarly, Pärtel et al. (2004) found that plant
diversity had a strong positive association with soil pH in mesic to
moist soil conditions in temperate and boreal regions. This has
been attributed to decreased decomposition and nitrogen fixation
in relatively acid and dry soil, affecting the survival of plant species
(Slattery and Hollier, 2002; Hollier and Reid, 2005). The present
study generally confirmed previous findings on the relationship
between plant species diversity and soil class, but also demon-
strated that the relationship between plant species diversity and
stand structure parameters was rather consistent across soil clas-
ses (see Table 5). This suggests that while overall plant species
diversity is affected by changes in soil class, different forest stand
structure parameters have similar effects on plant species diversity
within each soil class. An explanation could be that the soil class
effect on overall plant species diversity in forest stand is rather
constant, while its effect on individual plant species is highly var-
iable (Eisenhauer et al., 2010).
4.2. Plant species diversity in relation to individual stand structure
parameters

Use of GLMM together with the interaction test prevented the
possibility of interdependence between stand structure parame-
ters. Higher plant species diversity was observed in stands with a
semi-open canopy than in stands with a closed canopy, and these
stands were mostly young and middle-aged. This is likely to be
explained by differences in light availability, as semi-open stand
structures support both light-adapted and shade-adapted species.



Fig. 5. Variations in Sørensen-Dice index value (y-axis) along stand structure gradient of Shannon value increase in soil classes IV, V, VII and VI + VIII.
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Sagar et al. (2008) found that the canopy type exhibiting interme-
diate levels of light intensity reflected the greatest herbaceous
diversity. However, a study in Sweden showed that the total cover
of bryophytes did not show significant response to the changes in
canopy cover (Hedwall et al., 2010). Coote et al. (2013) found that
canopy coverage has a positive relationship with bryophyte diver-
sity before the canopy fully closed. But from an overall plant spe-
cies diversity perspective the increased bryophyte diversity
maybe not compensate sufficiently for the losses arising through
shading of other species, for example vascular plants and lichens
(Hedwall et al., 2010).

Across the soil classes, plant species diversity was higher in
mature and old stands than in young stands. However, due to
the very limited number of old stands and the dominance of
mature stands with semi-open canopy, which are likely to support
both shade-tolerant species and light-adapted species, this finding
should be interpreted with caution. Nevertheless, a previous study
conducted in southern Sweden found that epiphytic species rich-
ness increased with stand age to 65 years (Johansson et al.,
2007). Other studies in the Nordic countries have found conflicting
results. Uotila and Kouki (2005) found that young spruce-domi-
nated forest in eastern Finland and adjoining parts of Russia had
higher total species richness of vascular plants, bryophytes and
lichens than old spruce forest, regardless of intensity of human dis-
turbance. In contrast, a study in Norway on lichen colonisation in
forests showed that the major lichen species are confined to old
forest (Hilmo and Såstad, 2001). Halpern and Spies (1995) found
that forests in the Pacific Northwest of North America, vascular
plant species diversity tends to increase with time, peaking in
old growth. An explanation could be fewer disturbances in mature
and old stands (Halpern and Spies, 1995; Torras and Saura, 2008).

Plant species diversity was slightly higher in broadleaved
stands than in coniferous stands. Light availability, plantation of
introduced species, management practices designed to reduce
pests, competition from other plants and timber production activ-
ities such as intensive timber extraction, clearcut, etc. may reduce
the plant species diversity of coniferous forest (Alexander et al.,
2006). However, it should by no means be assumed that coniferous
stands have little value for plant species conservation, because
coniferous forest often contains a range of different species to
those found in broadleaved forest, including rare and endangered
species (Zerbe, 1993; Budde et al., 2011; Boch et al., 2013). This
is consistent with our SDI results, which showed distinctly differ-
ent species composition between coniferous and broadleaved
stands. Across the soil classes in the present study, mixed stands
had significantly higher SHDI values than coniferous or broad-
leaved stands, most likely because mixed forests harbour both
coniferous-dependent and broadleaved-dependent species groups.
Zhang et al. (2014) found that the mixed forest revealed composi-
tional and structural features between its adjacent broadleaved
and coniferous stands. The existence of different tree species in
the canopy is associated with provision of a greater diversity of
microhabitats allowing for the addition of understory plant species
associated with each canopy species (Cavard et al., 2011).

In all soil classes, plant species diversity was higher in multi-
layered forest than in single-layered forest. It is generally accepted



90 T. Gao et al. / Forest Ecology and Management 330 (2014) 82–93
that a vertically complex forest generally supports more species
than a simple forest, but most evidence to date relates to animal
species such as birds (Díaz et al., 2005; Patthey et al., 2012), mam-
mals (Williams et al., 2002; Grelle, 2003), reptiles (Bell and
Donnelly, 2006) etc., which rely on specific layers of vegetation
for food, nesting and cover. However, few previous studies have
examined the relationship between plant species diversity itself
and vertical structure. Thus our results make a novel empirical
contribution in this regard by indicating that vertical structure pro-
vides a range of habitats used by plant species and that the layer
per se represents different plant species groups.

4.3. Stand structure types and plant species diversity

Combining four stand structure parameters in a model for classi-
fying forest stands into different structural types allowed us to go
beyond the individual parameters and achieve a more nuanced
understanding of how they jointly shape the plant species diversity
of forest stands. For example, the results showed that mature stands
with a multi-layered structure always had higher plant species
diversity, particularly if they were also mixed broadleaved and
coniferous and/or had a semi-open canopy (e.g. S2M2 and C2M2 in
Table 2). In contrast, young, one-layered forest stands always had
low plant species diversity, particularly if they were also coniferous
and/or had a closed canopy (e.g. C1C1 and C1D1). Other forest stand
structures (e.g. S2D1, S2C1, C1D2, C2M1 etc.) were intermediate in
terms of plant species diversity. Although there were no statistical
interactions between the four parameters and plant species diver-
sity, their combined effects presumably determine the gradient of
plant species diversity in forest stands (Berger and Puettmann,
2000; Barbier et al., 2008; Chávez and MacDonald, 2012). Caution
is needed, however, because the national inventory dataset used in
the present study it is not a full plant species inventory but limited
to a range of trees, shrubs and field layer herbs, grasses, ferns and
graminoids (n = 286) selected to indicate habitat characteristics or
species turnover. Therefore further studies using full plant species
inventories as data input would be desirable to determine whether
the stand structure parameters combined in the model can also pre-
dict total plant species diversity between different stand structures.

4.4. Stand structure types and plant species composition

The SDI values obtained revealed that different stand structure
types represented different species composition, regardless of soil
classes and their species diversity (SHDI value). Species turnover is
most likely related to differences in light conditions in stands (can-
opy coverage and stratification), successional stage (age of canopy
trees) and type of stand (tree species composition) (Hilmo and
Såstad, 2001; Johansson et al., 2007; Smith et al., 2008; Coote
et al., 2013). However, most SDI values were higher than 0.5, indi-
cating that fewer than 50% of species changed between stand
structure types. This may be partly due to the removal of environ-
mental affects, i.e. the comparisons within each soil class, and
partly to the age structure being dominated by trees under
80 years of age, with nearly all sampling plots located in managed
forest. Thus, Zobel et al. (1993) found that managed forest commu-
nities have low variance in diversity between their biotopes.

4.5. Implications for forest planning and management

In Sweden and many other countries, there is national legislation
to protect the value of forests and forest land for production and at
the same time safeguard biodiversity (Swedish Ministry of
Environment, 2012). However, it should be remembered in this con-
text that although methods may be devised for measuring
biodiversity in forests, these are useless unless the specific goals of
forest management are known. If the goal is to promote biodiversity
in general on stand level, the results of the present study demon-
strate that mature and well-stratified stand structure profiles with
a semi-open canopy of mixed coniferous and broadleaved trees host
high plant species diversity. Management actions should therefore
aim to retain old trees in order to increase the variation in tree size
in the stand and, when possible, have approximately equal foliage
volumes in the lower, middle and upper canopy layers (Crawford
and Frank, 1987). These structures could be maintained by selective
cutting, allowing continuous forest cover. When regenerating
stands, our results suggest that mixtures of broadleaved trees and
conifers should preferably be planted where site conditions allow
and subjected to early thinning, as a means of enhancing below-can-
opy structural diversity (Moore, 2012).

In Sweden, studies on boreal forests have showed that thinning
had little effect on the cover of individual species, except Vaccinium
myrtillus (Bergstedt and Milberg, 2001). However, studies in Canada
showed that structural diversity induced by pre-commercial
thinning enhances the abundance and species diversity of the plant
community in even-aged commercial forest stands (Lindgren et al.,
2006). Moreover, decreased availability of light, as an indirect effect
of fertilisation through increased tree canopy cover, was found to be
the most important factor behind the change in species diversity
and composition of vascular plants and lichens in a study of different
fertilisation regimes in Sweden (Hedwall et al., 2010). This is in
accordance with another study demonstrating that the influence
on understory vegetation of other growth-limiting factors e.g. nutri-
ents etc. become less important as the density of the tree layer
increases (VanderSchaaf, 2008). Therefore, stand structure types
seem parent to certain management regimes such as thinning and
fertilisation for promoting forest biodiversity, at least in Sweden.

Nevertheless, if the goal is to promote biodiversity on a landscape
level, forests should be managed in a way that supports as many for-
est stand structure types as possible, in order to maximise beta-
diversity and maintain viable populations for species. Thus, many
species need several stand structure types in an area in order to com-
plete their life cycle (Fuller and DeStefano, 2003). Forest planning
that permits the development of a mosaic of many different forest
stand structures representing different successional stages (young,
mature and old) would most likely support the highest biodiversity
at landscape level.

5. Conclusions

Use of large-scale forest inventory data for assessing forest
biodiversity can greatly reduce costs and save time. By using a
new model combining four stand structure parameters, we found
clear and consistent differences in plant species diversity
between managed forest stands with varying structure character-
istics (canopy coverage, age of canopy trees, tree species compo-
sition and canopy stratification). These findings indicate that it is
possible to classify forests in terms of species diversity based on
stand structure. According to the impact on plant species diver-
sity, the existing model for stand classification may need to be
modified, with age of canopy trees as level 1, canopy stratifica-
tion as level 2, tree species composition as level 3 and canopy
coverage as level 4. The results indicate the potential of the
model to support decision-making on sustainable forest manage-
ment and biodiversity conservation. The stand structure parame-
ters included in the model can be extracted from National Forest
Inventories in most countries and understood without the need
for specialist taxonomic knowledge, facilitating potential imple-
mentation in practice. The most interesting field for further vali-
dation of the model for classifying stand structure types would be
to test it in old managed stands and unmanaged forests and in
comparisons of managed and unmanaged forests.
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