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Forest plantations represent a globally important land use, and their growth is expected to triple by the end of
the century. Therefore, they could represent an important habitat remnant to support the survival of species. We
measured the impact of forest plantations on biodiversity with a focus on eight groups of biota including saproxylic and ground mycorrhizal fungi, lichens, herbs together with shrubs, tree seedlings, aculeate hymenopterans, beetles and birds, in patches with formerly continuous vegetation dominated by native oak and in
patches in spruce plantations (reﬂecting spatiotemporal discontinuity) in the East-Bohemian woodlands of the
Czech Republic.
We found that species richness and numbers of obligate species were higher in native than in nonnative
forests, but there was no signiﬁcant diﬀerence in red-listed species. Nevertheless, the species of three of the eight
studied groups proﬁted from increasing proportion of spruce in the tree composition; only beetles and birds were
negatively aﬀected.
The results revealed more highly contrasting and often complex responses among the groups than what might
be expected theoretically. The ﬁrst key issue in the management of plantation forests in terms of biodiversity is
the partial retention and restoration of islands of native vegetation. The second issue is that the impact of a
nonnative tree species is not always negative.

1. Introduction

increase in forest cover is mainly attributable to the establishment of
commercial plantation forests on former agricultural land (Forest
Europe UN & FAO, 2011).
Plantation forests are often characterized by the public, journalists
and, frequently, conservation biologists, as “biological deserts” or
“green deserts” (Acosta, 2011; Qiu, 2014). Recently, it was estimated
that biological deserts constitute 40% worldwide, and this value continues to increase (e.g., Polovina et al., 2008). The alteration of tree
species in commercial plantation forests, especially through the introduction of nonnative trees, is predicted to hinder the survival of
native organisms. Thus, the biodiversity of these forests is often considered to be very low, and it is claimed that they leave no place for rare
or endangered species (Acosta, 2011; Graves, 2015). However, recent
studies suggest that plantation forests are not necessarily green deserts
(Carnus et al., 2006; Brockerhoﬀ et al., 2008; Graves, 2015).
Indeed, biodiversity in forest plantations is not necessarily low relative to other systems. Changes to spatiotemporal heterogeneity (e.g.,

The conservation and maintenance of biodiverse forest ecosystems
is a crucial issue worldwide. Importantly, the current global tree
plantation area (excluding palm oil plantations) is approximately 7% of
the forested area of the world, and this value is expected to grow to
more than 20% over the next century (Brockerhoﬀ et al., 2013; Hansen
et al., 2013). At least one-quarter of the global commercial plantations
consist of nonnative and fast-growing tree species (FAO, 2010). Moreover, natural forests will likely become fragmented and smaller with an
accompanying decrease in their native biodiversity (McGill et al.,
2015). The maintenance of biodiversity is not only an issue for conservation hot spots; it also applies to the harvested forests of Europe,
North America and East Asia (Hansen et al., 2013; Hannah et al., 1995).
Many of the old-growth beech and oak forests in central Europe have
been transformed into plantations of coniferous trees, but the forest
cover area in Europe is constantly increasing. The problem is that the
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(iii) as specialized and sedentary symbiotic organisms. All the groups of
fungi and lichens were collected during early autumn in 2014. We also
sampled two groups of vascular plants, the ﬁrst of which consisted of
herbs and shrubs (iv) which were pooled together because forests had
relatively few larger shrubs and many of these shrubs were low shrubs,
such as Bilberry (Vaccinium myrtillus), with requirements similar to
those of perennial plants. Herbs and shrubs belong to taxa with medium
dispersal abilities. The second group of plants consisted of tree seedlings (v) produced via natural regeneration; the seeds of most forest
trees have relatively high dispersal. We primarily studied this group
because we predicted that the distribution of tree seedlings in mature
stands would only be slightly aﬀected by human disturbances and because seedlings accurately reﬂect the inﬂuence of oak and spruce on the
future species composition of the stands. The plants were collected
during late summer and early autumn in 2014. Hymenoptera (vi) were
studied as invertebrate taxa with relatively good dispersal abilities, and
they are also known to exhibit good responses to habitat alterations.
Beetles (vii), along with hymenopterans, constitute one of the most
species-rich taxa in the world, but their dispersal abilities are predicted
to be lower than those of the hymenopterans. Aculeata Hymenoptera
(excl. Formicidae) and Coleoptera (excl. Nitidulidae, Anobiidae, Chrysomelidae, Hydrophilidae, Leiodidae, Scirtidae and Throscidae) were
collected during the vegetation growing season in 2011 and then
identiﬁed to the species level. Birds (viii) were sampled as taxa that
generally have relatively good dispersal abilities during spring 2014.
All of the studied insects were sampled using standard crossed panel
window traps ﬁxed to two iron sticks, which enabled the traps to move
in the wind (Loskotová and Horák, 2016). All of the fungi, lichens,
plants and birds were sampled within a 40-m radius surrounding the
center of the stand (marked by the window trap) via a time-limited
survey with 15 min as the limit for sampling (e.g., Horák et al., 2018a).
In the case of fungi, lichens and plants, we used direct species observations; birds were also surveyed aurally (Horák et al., 2018a,
2018b).

opening canopies or establishing an even-aged structure matrix) together with natural disturbances in forest plantations (e.g., leaving
dead wood materials within the stands) at the landscape scale may help
restore forest biodiversity (Lindenmayer et al., 2010; Horak et al.,
2014). Leaving natural or seminatural patches within plantations to
function as biodiversity islands may also be a useful strategy (As, 1993),
and scattered veteran trees can be enormously important for retaining
biodiversity (Horák, 2017).
Forest management may aﬀect populations of species directly
through logging and indirectly through changes in habitat heterogeneity and prey availability (Brunet et al., 2010). From the perspective
of biodiversity, studying taxa with diﬀerent life characteristics and
strategies (Jackson and Fahrig, 2015) appears to be crucial, especially
for plantation forests. Even when focusing on a particular taxa, diﬀerent
species require variety of habitat types (Horak et al., 2014), and plantation forests may represent an important habitat remnant to support
the survival of such species. Plantation forests, therefore, should also be
included in discussions of biodiversity-promoting natural disturbances
(Lindenmayer et al., 2010).
We measured the impact of commercial forest plantations on biodiversity with a focus on multiple groups of biota. We used eight groups
of organisms with disparate dispersal abilities, taxonomic aﬃliations
and ecological requirements that we organized according to the disparate environmental characteristics that, to the best of our knowledge,
reﬂect the conditions of plantation forests globally.
1.1. Objectives
We were interested in the eﬀects of native vs. nonnative tree species
on the biota in plantation forests. Our particular questions were:
(i) Are there diﬀerences between native oak stands and nonnative
spruce plantations in terms of species richness and the number of
obligate and threatened species?
(ii) What is the response of the species composition to the studied
environmental variables?
(iii) What is the response of individual species to the studied environmental variables?

2.3. Variables
We studied the total number of species. Obligate species were those
that were only found in oak or spruce stands. We used obligate species
instead of rare or infrequent species, which are more commonly analyzed, because rare species have a high potential to only be tourists. We
also analyzed species listed on actual Czech red lists. All of these dependent variables were ﬁrst analyzed with respect to the dominant tree
species (spruce vs. oak). The species composition and individual species
responses were then analyzed as a presence/absence matrix, which
enabled a better ﬁnal comparison among the diﬀerent taxa.
We carefully selected four predictors that described the environmental conditions of the plantation forests. Not all stands were of
regular shape, the same area, or pure spruce plantations or oak stands,
so we measured (ï) the percentage of spruce and oak within a 40-m
radius (i.e., a circular patch) of the overstory. Spruce coverage exhibited collinearity with that of the oak (VIF = 2.26), meaning that an
increasing amount of spruce reﬂected a decreasing amount of oak.
Thus, the oak coverage was not analyzed further. We then analyzed the
inﬂuence of spruce in the tree species composition. Additionally, (ii) we
counted in detail all stumps less than ﬁve years old (reﬂected by the
presence of bark) within a 40-m radius. Because we studied mature
plantations of nearly the same age, the stumps had the same relative
dimensions, and this predictor reﬂected the actual management intensity, which simply cannot be found in the management plans (e.g.,
due to sanitary cuttings). (iii) The third predictor was canopy openness,
which reﬂected the microclimatic and light conditions of the individual
patch being studied. Canopy openness was measured under the full
foliage using ﬁsh-eye photographs from the center of a particular patch.
(iv) The last predictor was chosen with respect to the potential edge
eﬀect and the eﬀect of deforested land and measured as a percentage of

2. Materials and methods
2.1. Study area
The studied forests comprised nearly 6500 ha in a spatially continuous area of the East-Bohemian woodlands in the Czech Republic
(GPS of centroid: 50.0260N, 16.1260E). In the past, this area was
covered by temperate broadleaved forests dominated by sessile oak
(Quercus petraea), but a large area has been planted for more than two
centuries with the fast-growing, nonnative Norway spruce (Picea abies)
that is only native to the highest mountains in central Europe. The oak
stands served as isolated islands and represented the former dominant
vegetation in the landscape, whereas the spruce plantations are nonnative trees and represented spatial and temporal discontinuity of
former vegetation. In total, thirty mature stands distributed throughout
the entire East-Bohemian woodlands were studied using a paired design
with the minimal distance between sampling points and the distance
from sampling points to the woodland edge set as 50 m.
2.2. Sampling
We used equal-stratiﬁed sampling (Hirzel and Guisan, 2002). Eight
groups of organisms were selected for this study including two groups
of fungi. Saproxylic fungi (i) are strictly associated with dead wood and
may be sensitive to logging. Ground mycorrhizal fungi (ii) are relatively
well known and mostly symbiotic with particular forest tree species,
which mostly restricts them to forest habitat. We also sampled lichens
344
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nonforest area within a 40-m radius.

canopy openness (Table 1).

2.4. Statistical analyses

3.3. Species responses

All of the statistical analyses were performed in R 3.0.2 and
CANOCO 4.5. The distribution of the dependent variables was tested
with Shapiro-Wilk and chi-square tests, and the inﬂuence of the spatial
autocorrelation was tested using Geary's C test under randomization
(package spdep). The potential bias caused by the multicollinearity of
the predictors was detected using the variance inﬂation factor (package
HH). The Wilcoxon paired test was used to analyze the diﬀerence in the
number of obligate and red-listed species between oak and spruce
stands, and a canonical correspondence analysis (CCA) was used to
investigate the species composition. The coordinates and their crossed
and quadratic products were treated as continuous covariables for taxa
that were signiﬁcantly inﬂuenced by spatial autocorrelation (lichens
and hymenopterans). A global permutation test was set at 9999 permutations under the full model; the permutation type was restricted for
a split-plot design, and the whole plot was freely exchangeable. Because
of the presence of empty samples for some taxa, we added one species
present in all samples (Horak et al., 2014), and to estimate the response
of the species richness gradient, we used the t-value of the correlated
axis. We used generalized linear mixed-eﬀect models (GLMM) with
binomial distributions to analyze the response of individual species
with site incidences exceeding 10. The pairs of plots were used as a
random factor (package MASS). Each ﬁsh-eye photograph was evaluated on canopy openness using Gap Light Analyzer 2.0.

Three species (the lichen Lepraria incana, the beetle Athous subfuscus, and the bird Fringilla coelebs) should be regarded as generalists
because they were represented in all study sites. Additionally, 1 species
of fungi, 4 lichens, 2 trees, 5 bees and wasps, 17 beetles and 5 birds
responded signiﬁcantly to some of the studied environmental variables
(Table SI 2). The fact that these 34 species responded to the environment suggests that research at the level of individual species could
reveal some details about biodiversity that cannot be observed by
analyzing groups.
Surprisingly, more species (17 in total) were positively inﬂuenced
than were negatively aﬀected (10 in total) when the proportion of
spruce increased (Table SI 2). Moreover, many species were not aﬀected
by the nonnative trees in forests.
Regarding the other plantation forest parameters, most species
(especially insects and their predators) responded positively to increasing sunlight in the stands. Indeed, increasing the area without
forest cover negatively aﬀected fewer species than the opposite, but the
diﬀerence was not as large as that observed for canopy openness. More
species preferred intermediate felling in the recent past in mature forests (Table SI 2).
4. Discussion
We found that there were diﬀerences between native oak stands and
nonnative spruce plantations in terms of species richness and the
number of obligate species, but this diﬀerence was not signiﬁcant for
threatened species. Six studied groups responded signiﬁcantly to the
studied independent variables regarding their species composition. We
also found that 34 species responded to the studied environment.

3. Results
We identiﬁed 789 species among the eight studied groups including
523 species of beetles, 71 bees and wasps, 50 saproxylic fungi, 49
herbaceous plants and shrubs, 37 birds, 21 lichens, 20 mycorrhizal
fungi and 18 trees.

4.1. Biodiversity and the impact of dominants
3.1. Species richness
Based on the ability of oak stands to host higher numbers of unique
and total species, the retention and future restoration of fragmented
islands of native tree species appear to be highly important within
plantation forest matrices (As, 1993; Rodríguez-San Pedro and
Simonetti, 2015; Phillips et al., 2018).

We found that the number of species was signiﬁcantly higher in
native oak stands (76.81% of the total species) than in nonnative spruce
stands (68.57%), and the number of obligate species in a particular
group was also higher for oak (31.43%) than spruce (23.19%) stands
(Fig. 1). In total, 30 species were listed on country red-lists, but we
found no signiﬁcant diﬀerence in the incidences of red-listed species
between oak and spruce stands (z = 0.94; P = 0.35).

4.2. Importance of tree species composition
The results for saproxylic fungi, lichens and plants were quite surprising because these groups are often studied with a number of
bioindicators (Hermy et al., 1999; Padoa-Schippoa et al., 2006). Thus, it
is diﬃcult to describe plantation forests as green deserts for saproxylic
fungi, lichens or plants, but the abilities of these groups to serve as
indicators in this type of environment might be limited in comparison
with forest reserves (e.g., Horák et al., 2018b).
From the perspective of a multitaxa approach, the impacts of
plantation forests on biodiversity were more complex than what might
have been expected at ﬁrst glance. The ﬁnding that the representation
of nonnative trees negatively impacted only two taxa was relatively
surprising (Newbold et al., 2015), and in the case of the complex response of beetles, this eﬀect may be explained by the interconnection of
these species with plants and fungi and their dispersal abilities (Jackson
and Fahrig, 2015; Müller et al., 2015). The eﬀects on birds were
especially surprising because this taxon consists, in general, of mobile
animals (especially relative to the other studied taxa), but the dispersal
abilities of some bird species might be very low or limited because of
habitat speciﬁcity. For example, a conspicuous passerine, the Golden
oriole (Oriolus oriolus), was only observed in oak stands. Trees and
hymenopterans preferred large amounts of spruce, and a similar response was interesting in the case of fungi with mycorrhiza because

3.2. Species composition
The species composition of ﬁve of the eight studied groups responded signiﬁcantly to the set of the studied independent predictors
(Table SI 1). Beetles, hymenopterans, and birds exhibited the highest Pvalue signiﬁcance followed by mycorrhizal fungi and tree seedlings.
Wood-inhabiting fungi, lichens and plants were the only groups that did
not respond to the studied environment.
Beetles, as medium-dispersing taxa, and birds, which are good dispersers, were negatively aﬀected by increasing proportions of spruce in
the tree composition (Table 1). Beetles also exhibited a complex pattern
in response to the environment. In addition to the tree species composition, they also responded negatively to increasing canopy openness
and were positively inﬂuenced by the surrounding deforested areas.
Surprisingly, three groups beneﬁted from an increasing percentage of
spruce cover (Table 1) in contrast to previous results (Fig. 1). Namely,
the number of species of mycorrhizal fungi that preferred sprucedominated stands was higher than the number of species that were
promoted by native oak. Tree seedlings constituted the second group
that was positively inﬂuenced by spruce dominance, and bees and
wasps responded positively to increases in the proportion of spruce and
345
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Fig. 1. Diﬀerences in the species richness of the
studied groups. The diﬀerences between forest
stands dominated by native (Sessile oak: yellow)
and nonnative (Norway spruce: green) trees in
temperate plantation forests are presented
(*P < 0.05; outliers are not shown). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of
this article.)

2015), but bees and wasps, which were observed to prefer nonnative
trees in our study, include a signiﬁcant number of keystone species
including pollinators of commercial plants and predators and parasites
that function in pest management (Thies and Tscharntke, 1999). Given
that these species were positively inﬂuenced by spruce and have relatively high mobility, we can conclude that the future improvement of
plantation stability is promising (Cruz-Neto et al., 2018), especially if
plantations could be incorporated into a more scattered forest landscape (McCann, 2000).

Table 1
Responses of ﬁve of the studied groups to the environmental variables. The
response regarding the number of species was analyzed in temperate plantation
forests using the t-value in CCA.
Group

Predictor

R2 (%)

F

P

Mycorrhizal fungi

Canopy openness
No forest
Spruce
Stumps

4.05
2.53
6.94
4.14

1.18
0.73
2.08
1.21

0.23
0.66
< 0.001
0.28

Canopy openness
No forest
Spruce
Stumps

4.46
3.81
6.47
3.60

1.28
0.96
1.94
0.89

0.18
0.54
< 0.001
0.53

Canopy openness
No forest
Spruce
Stumps

5.19
4.39
4.55
3.30

1.53
1.31
1.12
0.92

0.004
0.13
< 0.001
0.62

Beetles

Canopy openness
No forest
Spruce
Stumps

4.42
4.29
4.73
3.32

1.19
1.25
1.39
0.97

0.016
0.001
< 0.001
0.64

Birds

Canopy openness
No forest
Spruce
Stumps

3.58
4.25
7.47
3.94

0.93
1.29
2.27
1.00

0.60
0.18
< 0.001
0.44

Trees

Bees and wasps

Response

+

4.3. Disentangling the contrast

+

The known beneﬁcial eﬀect of habitat matrices on biodiversity
(Horák et al., 2014; Redon et al., 2014; Mortelliti et al., 2015) likely
explains why our results appeared to be contrasting and why this factor
represents an opportunity to ensure the future of plantation forests
(Rodríguez-San Pedro and Simonetti, 2015; Cruz-Neto et al., 2018). We
found that stands dominated by native tree species hosted a higher
number of species, including those exclusive to native habitats, so we
can conclude that the remnants of the former forest vegetation types,
even when managed for timber products, promoted biodiversity in
plantation forests. Therefore, the maintenance of the former vegetation,
at least as habitat islands, is a key opportunity for plantation forests
(Hanzelka and Reif, 2016).
Nevertheless, increasing the representation of nonnative conifer
species appeared to beneﬁt several groups and species. Thus, we can
conclude that mixtures of diﬀerent species in plantation forests could
beneﬁt biodiversity, and whether the mixed species stands are native
matters little. Thus, each tree species contributes some spatial and
species-speciﬁc diversity to the organismal distribution (Müller et al.,
2015). Additionally, more heterogeneous plantation forests can be
predicted to be more resistant to natural disturbances (Verheyen et al.,
2016) and thus more sustainable (e.g., because of diverse forms of
carbon sequestration; Joźefowska et al., 2017). For example, spruces
are used by many generalists but can also attract specialists from
mountainous forests (Röder et al., 2010).
There are two possible approaches for maintaining and improving

+
+
–
+
–

–

such fungi should be predicted to have poor dispersal relative to other
taxa (Rasmussen and Rasmussen, 2009).
One important issue in nature conservation is natural habitat restoration, including in plantations and degraded forests (Lamb et al.,
2005; McFadden and Dirzo, 2018). The higher number of seedlings in
spruce stands in our research indicated that plantations of nonnative
trees have a high potential for restoration through natural succession;
that is, setting aside a few hectares of stands within the plantation
matrix by forest managers would lead to the creation of seminatural
patches and thus increase the landscape connectivity without incurring
additional costs. These plantations have also been described as ecologically unstable (McCann, 2000; Brang et al., 2014; Veldman et al.,
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conserving biodiversity in Chilean timber plantations. Forest Ecol. Manag. 425,
75–84. https://doi.org/10.1016/j.foreco.2018.05.028.
McGill, B.J., Dornelas, M., Gotelli, N.J., Magurran, A.E., 2015. Fifteen forms of biodiversity trend in the Anthropocene. Trends Ecol. Evol. (Amst.) 30, 104–113. https://
doi.org/10.1016/j.tree.2014.11.006.
Mortelliti, A., Michael, D.R., Lindenmayer, D.B., 2015. Contrasting eﬀects of pine plantations on two skinks: results from a large-scale ‘natural experiment. Anim. Conserv.
18, 433–441. https://doi.org/10.1111/acv.12190.
Müller, J., Wende, B., Strobl, C., Eugster, M., Gallenberger, I., Floren, A., et al., 2015.
Forest management and regional tree composition drive the host preference of saproxylic beetle communities. J. Appl. Ecol. 52, 753–762. https://doi.org/10.1111/
1365-2664.12421.
Newbold, T., Hudson, L.N., Hill, S.L., Contu, S., Lysenko, I., Senior, R.A., et al., 2015.

(1) Increasing the heterogeneity of tree species within the stands (i.e.,
at a spatial scale of a few hectares), which is important for appropriate individual forest management, and
(2) Maintaining native vegetation inside the matrix of plantation forests (i.e., the landscape spatial scale), which is important for global
forest management.
4.4. Implications for promoting biodiverse plantations
We highlighted the important role of native vegetation as habitat
islands within plantations; these fragments could host higher numbers
of unique and total species. We also focused on the eﬀect of the representation of nonnative trees in plantations, and despite their poor
reputation among nature conservationists, these species appeared to
have few negative impacts. Furthermore, some groups even beneﬁted
from them. Thus, plantations of nonnative trees are not always green
deserts and we can expect similar patterns of biodiversity elsewhere.
These conclusions are strengthened by the fact that we studied eight
groups with disparate dispersal abilities, taxonomic aﬃliations and
ecological requirements and combined them with diverse environmental characteristics reﬂecting the conditions of forest plantations
worldwide.
The ﬁrst key issue in promoting the biodiversity of plantation forests
during their expected future expansion is the retention and restoration
of native vegetation. The second issue is the representation of nonnative
trees in various mixtures.
We believe that this study contributes to the knowledge of biodiversity because plantation forests will be a dominant land use type in
the future (FAO, 2010). Thus, plantations that are designed to better
deliver socioeconomic beneﬁts (e.g., recreation and relaxation activities) and nonproductive forest functions (e.g., dust reduction, and
mushroom and fruit production) while providing ecological services
(e.g., biodiversity maintenance) will be very important in the future.
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