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Abstract
Future global change scenarios predict a dramatic loss of biodiversity for many regions in

the world, potentially reducing the resistance and resilience of ecosystem functions. Once

before, during Plio-Pleistocene glaciations, harsher climatic conditions in Europe as com-

pared to North America led to a more depauperate tree flora. Here we hypothesize that this

climate driven species loss has also reduced functional diversity in Europe as compared to

North America. We used variation in 26 traits for 154 North American and 66 European tree

species and grid-based co-occurrences derived from distribution maps to compare func-

tional diversity patterns of the two continents. First, we identified similar regions with respect

to contemporary climate in the temperate zone of North America and Europe. Second, we

compared the functional diversity of both continents and for the climatically similar sub-

regions using the functional dispersion-index (FDis) and the functional richness index

(FRic). Third, we accounted in these comparisons for grid-scale differences in species rich-

ness, and, fourth, investigated the associated trait spaces using dimensionality reduction.

For gymnosperms we find similar functional diversity on both continents, whereas for angio-

sperms functional diversity is significantly greater in Europe than in North America. These

results are consistent across different scales, for climatically similar regions and considering

species richness patterns. We decomposed these differences in trait space occupation into

differences in functional diversity vs. differences in functional identity. We show that cli-

mate-driven species loss on a continental scale might be decoupled from or at least not
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linearly related to changes in functional diversity. This might be important when analyzing

the effects of climate-driven biodiversity change on ecosystem functioning.

Introduction
Future global biodiversity scenarios and climate change projections predict dramatic species
losses for many regions in the world [1,2]. With species loss, especially of plants as primary
producers, important ecosystem functions may be altered, as these may depend on the charac-
teristics of the extinct species and their interactions with the environment. In other words, spe-
cies extinctions could reduce the functional diversity of entire floras and, as a consequence,
lead to impoverished ecosystem functioning and a reduced ability to respond to future global
changes if important pre-adapted species go missing [1,3].

Evidence for the effect of local species loss and subsequently reduced functional diversity on
ecosystem functioning abounds for several ecosystems [4]. For example, experimental species
loss and reduced functional richness have led to a reduction in numerous functions in grass-
lands [5] and forests [6]. Large-scale observational studies using forest inventory plots show
reduced productivity, multifunctionality, and resilience after disturbance along species richness
gradients from poly- to monocultures created by forest management [7]. In these examples,
detection of functional diversity effects was possible because the richness gradients did not co-
vary with environmental gradients owing either to the experimental or observational design.

Quite similarly, climate-driven extinctions during the recent geological history have created
strong species richness gradients across continents within the same biome, i.e. in disparate
regions with similar contemporary environment. A striking example of such a large-scale ‘geo-
logical experiment’ is the temperate tree flora of the Northern hemisphere, where–quoting
Latham and Ricklefs [8]–“within temperate latitudes, the mesic forests of eastern Asia have
three times more tree species than forests in eastern North America and six times more than
those in Europe.” In our study, we focus on the comparison between Europe and North Amer-
ica. Despite a relatively high climatic similarity of both continents today, temperate forests host
more tree species in North America than in Europe [8,9]. Since the tree flora on both conti-
nents has historically been very similar [10], this difference in species richness results almost
certainly from more severe extinctions due to harsher glacial climates and postglacial dispersal
limitation in Europe as compared to North America, especially during the Plio-Pleistocene gla-
ciations 21,000 years ago [11].

Can such a massive reduction in species pool size by two thirds lower the functional diver-
sity and thus potentially impair the functioning of forest ecosystems? In a random extinction
scenario, as simulated in the vast majority of biodiversity-ecosystem functioning experiments,
species go extinct irrespective of their functional characteristics. If species are evenly distrib-
uted in trait space, i.e. in the multidimensional space formed by functional trait axes [12], a
random reduction from about 300 to 100 species would hardly change the extent of trait space
occupation, but merely thin out the multidimensional ‘point cloud’ formed by the species pool.
Consequently, we predict neither functional richness (the joint trait ranges) nor functional dis-
persion (the mean distance of species from the centroid of the ‘cloud’) to be strongly altered.
However, real-world species extinctions are rarely random [13]. The glacial extinction of tree
species in Europe affected species with particular ecological requirements. Cold-tolerant taxa
such as Betula sp. are still widespread across Europe, while temperature-demanding taxa such
as Cupressus sp. are restricted to the Mediterranean Basin and most moisture and warmth-
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demanding taxa have gone extinct (e.g. Liquidambar sp., Caria sp. [9]). As a likely consequence
of this directed extinction process, European tree species are in general more drought-tolerant
than the average American tree species [14] and the most frost-tolerant deciduous tree species
in Eurasia, such as Betula pubescens and Populus tremula, grow under colder winter tempera-
tures than their closest relatives in North America (e.g. Betula papyrifera, Populus tremuloides,
Populus balsamifera).

Unlike under a random scenario, functional diversity may be lowered under a ‘non-random’

directed extinction scenario as species with a particular trait configuration are lost. Because
environmental filters tend to take away species at the fringes of the species cloud in trait space
[9,15,16], the overall extent of the trait space occupation, i.e. the functional richness of a flora
[17,18] and with this the potential for functional diversity, may be reduced. While this has
been demonstrated for a limited set of traits related to environmental tolerances of trees (i.e.
climate envelope parameters [9]) and tested for continental phylogenetic diversity [10], the
influence of the glacial extinction on the overall functional diversity of European and North
American forests has not yet been investigated.

Here we ask, whether the climate-driven extinction of tree species during the last glaciations
has led to a systematic reduction of functional diversity among European trees as compared to
the functional diversity of North American trees. Specifically we hypothesize: (1) Because of
the greater extinction of European species, the functional diversity–corrected for contemporary
species richness and climate–should be smaller for the European than the North American tree
flora (hereafter called: diversity change hypothesis). (2) Because of the directed extinction
event, the trait space occupied by the European tree flora has been systematically shifted com-
pared to the trait space occupied by North American trees, which has led to a change in the
functional identity (i.e. identity change hypothesis).

To test these two hypotheses, we use a comprehensive trait matrix consisting of 26 traits
that allow for a whole-plant perspective when investigating the effect of environmental filters
on trees. Furthermore, many of these traits are so-called effect traits and are directly relevant
for ecosystem functioning, such as life form, maximum height or leaf carbon to nitrogen ratio,
which affect biogeochemical cycles [19]. Specifically, we compare the trait space occupied by
66 European tree species with that of its North American counterpart of 154 North American
tree species. To do so, we first selected (currently) climatically similar regions in the temperate
zone of North America and Europe. Second, we compared the functional diversity of both con-
tinents for climatically similar sub-regions using the functional dispersion-index (FDis [20])
and the functional richness index (FRic [18]). Third, we account in these comparisons for grid-
scale differences in species richness, and, fourth, investigate the associated trait spaces using
dimensionality reduction. Finally, we perform statistical tests for significance in changes in
functional richness and identity and identify the responsible traits for these changes.

Materials and Methods

2.1. Trait data
We assembled a trait matrix for 26 traits including 154 North American (126 angiosperms, 28
gymnosperms) and 66 European tree species (56 angiosperms, 10 gymnosperms) from the
temperate zone. A single species, Juniperus communis, occurred on both continents. We
defined a tree as a woody plant growing taller than 6 m anywhere within its geographical
range. We excluded lianas from the analysis. We selected the most important species based on
abundance and dominance, as derived for Europe from Bohn et al. [21] and Food and Agricul-
ture Organization of the United Nations [22] and for North America from the US Forest Ser-
vice’s Forest Inventory and Analysis (FIA) program [23]. Owing to gaps in the availability of
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trait and species distribution information, as well as to methodological restrictions of the studied
regions on both continents (see below), the full list of ecologically important species was reduced
to a final number of approximately 50% in North America and 30% in Europe (S1 Table).

Trait values for North American species were provided by Stahl et al. [24], whereas trait val-
ues for European species were extracted from various databases and the literature (S2 Table).
In accordance with Stahl et al. [24] we aimed for a comprehensive characterization of the tree
species’ functional potential and thus based the selection of traits on the following criteria: (1)
They reflect adaptations to cope with stress (water, light, nutrient limitation), disturbance
(wind, snow, herbivory) and competition [19]. (2) They are causally related to one of the three
fitness components growth, reproduction or survival [25]. (3) They represent relevant func-
tions of different plant organs: leaf, stem, below-ground and regenerative traits allowing for a
whole-plant perspective. Note that we did not include climate envelope traits as in Svenning
[9].

We harmonized trait data to standard SI-units and aggregated them to the species level
resulting in species-specific mean trait values. This is based on ample evidence that interspe-
cific variation tends to be much greater than intraspecific variation for most traits [26]. We
aggregated continuous traits by their median due to its robustness against outliers. Ordinal
traits were aggregated by their mean since the number of replicates for this data type was usu-
ally low. In case of few data points with high variability the results for median values would be
conservative and may obscure variability in the data. Nominal traits were aggregated by their
mode. The final trait matrix consisted of 7 continuous traits, 4 binary traits, 9 ordinal traits, 4
nominal traits and 2 multi-choice nominal traits and included 14% missing values (Table 1 For
trait descriptions see S3 Table). The missing values were reduced to 6% by complementing con-
tinuous and ordinal traits with the mean values of the respective genera. Finally, we used the
Gower distance measure, which has been shown to be robust for this low amount of missing
data [27], to construct a dissimilarity matrix based on which functional diversity indices and
principle coordinate analysis were calculated.

2.2. Spatial data
We assembled distribution maps for all tree species in the trait matrix. Range maps for North
American trees were obtained from U.S. Geological Survey [28]. Range maps for European spe-
cies were assembled from different sources (S1 File). We transferred the range maps to a raster
with a 5 arc minute resolution (approx. 10 by 10 km) from which we derived a species co-
occurrence matrix considering all land area potentially suitable for the species considered. To
minimize the confounding effect of potential differences in topographic heterogeneity between
the continents, we excluded all grid cells with an elevation greater than 1000 m from subse-
quent analyses. Since species distributions and co-occurrences not only depend on altitudinal
elevation but may also depend on the spatial variation in topographic height, we compared the
topographic variability on both continents statistically (S2 File). To analyze only climatically
similar regions of North America and Europe, we conducted a Principle Component Analysis
(PCA) using 19 bioclimatic variables obtained from worldclim.org [29]. The first two PCA
axes explained 80% of the total variance and were used to subdivide the climate space of both
continents into four climatically similar regions, which in turn were restricted to the temperate
region as defined by Walter & Breckle [30] over Europe and North America (Fig 1). We then
compared functional diversity patterns within each of these regions separately to achieve
comparability.

By restricting the four study regions to the temperate zone, potentially important tree spe-
cies were excluded from further analyses. Thus, trait and distribution information was
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assembled for non-temperate tree species from the list of ecologically important species. Infor-
mation on these trees was gathered in exactly the same way as described for tree species in the
four regions. We ran all analyzes using this enhanced set of species, which can be viewed as a
test of robustness against a potential sampling bias between the two continents (S3 File).

Finally, to test the robustness of the results against differences in climate classification sys-
tems we also ran the analysis replacing the Walter & Breckle [30] with the Koeppen-Geiger cli-
mate classification [31,32] (S4 File).

2.3. Statistical analysis
To account for the strong phylogenetic differences in morphological and physiological traits
between gymnosperms and angiosperms [24] we conducted all analyses separately for each of
the two groups. The analyses for gymnosperms were based on 22 traits because the traits wood
porosity, leaf compoundness, presence of tracheids and nitrogen fixation did not vary within
this group, while 26 traits were used for the analysis of angiosperms. In the following, we pres-
ent the different analysis steps that we used to address the outlined hypotheses:

1. Species dissimilarities in trait space. To compare the functional diversity of angiosperms
and gymnosperms, respectively, between the sub-regions of both continents we analyzed
the occupation patterns of species in multi-dimensional trait space. To calculate the distri-
bution of species in trait space, we used the Gower distance, which retains Euclidian proper-
ties and was calculated following Pavoine et al [33]. Where necessary, continuous traits
were square-root- or log-transformed beforehand to obtain normal distribution. We stan-
dardized all traits to zero mean and unit variance.

2. Calculation of functional diversity indices. Dissimilarity matrices derived from the Gower
distance were used to calculate functional diversity indices at the continental scale, at the

Fig 1. Map of the four bioclimatic regions, chosen as the result of the PCA of 19 bioclimatic variables intersected with the temperate climate zone
as defined byWalter & Breckle [30].

doi:10.1371/journal.pone.0148607.g001
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sub-regional scale (i.e. considering the four climatically similar regions described in Section
2.2) and at the grid-cell scale with a 5 arc min resolution. We calculated the following func-
tional diversity indices: (1) Functional dispersion (FDis [20]) measures the dispersion of
species in trait space as the mean distance to the centroid. (2) Functional richness (FRic
[18]) measures the volume of the n-dimensional trait space (S5 File). FRic and FDis are
complementary: While FRic measures the extent to which the trait space is filled, FDis mea-
sures how this space is filled while giving a more conservative measure of its size.

3. Testing for differences in functional dispersion. To test for differences in the functional
dispersion of species in trait space between continents and sub-regions we used a test of
multivariate homogeneity of group dispersions (betadisper function in the R package vegan
[34];[35]), which was carried out on the Gower dissimilarity matrix. First, the average dis-
tance of all group members to the group centroid in multivariate space was calculated. In
our case, the group was the continental origin of the species. Subsequently, the model resid-
uals were permutated to generate a permutation distribution of F-values to test if one of the
two groups was more variable. We accounted for small sample sizes with a sqrt= n

n�1 correc-

tion [36].

4. Testing for differences in functional identity. In order to test for differences in the loca-
tion of the centroid of the trait space between continents and sub-regions, we used a permuta-
tional Multivariate Analysis of Variance (perMANOVA) on the Gower distance matrix
(vegan package in R [34]). Significance tests were done using F-tests based on sequential sums
of squares from permutations of the raw data [34]. We used permutations of the raw data
since they show better small sample characteristics compared to permutations on residuals.

5. Trait-based interpretation. For the visualization of the results and their interpretation in
terms of the underlying traits we used biplots from PCoA analysis. We note that these plots
are for interpretation purpose only and are based on the reduced trait space spanned by the
first two PCoA axes and do not consider the full information content as in the analysis steps
2–5. For visualizing the differences in species trait space occupation between the two conti-
nents, we used a 2-dimensional kernel density estimation (ks package in R [37]) highlight-
ing the density centers of the trait spaces.

Results

Gymnosperms
For the gymnosperms, the functional dispersion of species in trait space is not different
between Europe and North America. This pattern is consistent for the continental, the sub-
regional as well as the grid-cell scale (Fig 2 and Fig 3). This means that neither in the location
of the centroid nor in the dispersion of species in trait space a significant difference between
the continents can be detected (Table 2). At the scale of grid-cells a similar pattern emerges
revealing broad overlap of FDis among grid-cells between both continents when considering
FDis and species richness simultaneously (Fig 2). In other words, for plant assemblages of simi-
lar species richness the functional dispersion for gymnosperms on both continents is similar.
The same results were obtained from the analyses without climatic restrictions (S3 File) and
using the Koeppen-Geiger classification for temperate regions (S4 File). Considering functional
richness (FRic) as a measure of the size of the trait space results in a similar pattern (S5 File).
However, when visually inspecting the trait space occupation at the sub-regional scale with
respect to the first two PCoA axes, one may argue that North American species disperse more
than European species (Fig 3). The PCoA—biplot reveals that this difference may arise from
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the second axis and is caused by a large number of North American Pinaceae species with
small leaf blades, short tree lifespan, seed mass and wood density which are able to reproduce
vegetatively (Fig 4, for biplot with species names see S6 File). European gymnosperms do not
cover this region of the trait space. Instead Juniperus oxycedrus and Taxus baccata occupy the
trait space at the opposite side of the second axis, which relates to long tree lifespan, high wood
density and high seed mass. Thus, the second axis reflects the life strategies of resource conser-
vative stress tolerators and acquisitive resource exploiters.

Angiosperms
In contrast, for the angiosperms we find significant differences in trait space occupation
between North America and Europe at the continental, the sub-regional and the grid-cell scale
(Fig 2 and Fig 3). At the grid-cell scale we find a rapid increase of FDis with species richness in
all North American subregions (Fig 2) peaking at intermediate species richness levels and sub-
sequently declining. While at low species richness levels this pattern is ambiguous, European
tree assemblages at higher species richness levels consistently exhibit a greater FDis. This result

Fig 2. The relationship of species richness and functional dispersion for European and North American gymnosperm and angiosperm
communities, based on 5arcmin species distribution maps.

doi:10.1371/journal.pone.0148607.g002
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is consistent with the findings at the continental and sub-regional scale, where the dispersion
of European tree species is significantly greater than the dispersion of North American species
(Table 2). The result is also consistent for FRic (S5 File), for the Koeppen-Geiger classification
of temperate regions (S4 File) and for the whole continents without climatic restrictions (S3
File). Because of two density centers in the European trait space as contrasted to a single den-
sity center within the North American angiosperms (Fig 3), the locations of the trait space cen-
troids also differ significantly between the continents (Table 2).

Fig 3. Kernel density estimations of the first two PCoA-axes based on a Gower distancematrix of 26 traits for 126 North American and 56
European angiosperms, as well as for 29 North American and 11 European gymnosperms in four climatic regions separately.

doi:10.1371/journal.pone.0148607.g003
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These two density centers within the trait space of European angiosperms arise from the
functional differences of specific taxa: Castanea sp., Juglans sp. and Quercus sp. in Europe
exhibit a long lifespan, high wood density, low growth rate and high seed mass (Fig 4, for biplot
with species names see S6 File). These species show low seed spread rate and do not reproduce
vegetatively. The North American pendants are Carya sp., Gymnocladus sp., as well as Quercus
sp. On the opposite side of the first axis lie short-lived wind dispersed species with high growth
rate, high vegetative and seed spread rate and low seed mass. On both continents these are spe-
cies of the genera Populus, Betula and Salix. Thus, the first axis reflects the difference between
resource acquisitive pioneers and resource conservative species, whereas the second axis sepa-
rates the species pools of both continents. It opposes relatively small, short lived trees with
small leaves (e.g. Euonymus europaeus, Prunus mahaleb) from Europe with tall, long lived trees
with big leaves and high C:N-ratio from North America (e.g. Liriodendron sp., Ulmus sp., Frax-
inus sp.). Thus, the second axis reflects the life strategies of over- and understorey vegetation.

Discussion
In this study, we compared the trait space occupation patterns of gymnosperms and angiosperms
between Europe and North America taking a whole-plant perspective considering a comprehen-
sive set of functional traits. We utilized traits that define interspecific variation associated with cli-
matic conditions (i.e. response traits such as leaf morphology or seed mass) as well as traits
affecting ecosystem functions (i.e. effect traits such as wood density or growth rate). Despite
more severe climate-driven extinctions in Europe during glacial periods, gymnosperms exhibit
similar functional diversity on both continents, whereas angiosperms in Europe–en contra our
expectation–exhibit a greater functional diversity as compared to North America. These results
are consistent across different scales, on the whole continental scale, for climatically similar
regions and considering species richness patterns. Below, we decompose these differences in trait
space occupation into differences in functional diversity vs. differences in functional identity.

Continental differences in functional diversity
Based on our finding we reject our first hypothesis that a larger species pool as a consequence
of less severe climate-driven extinctions should have resulted in a higher functional diversity in

Table 2. Summary of the permutation test for differences in multivariate homogeneity of group dispersions (Functional dispersion) between the
continents based on 999 permutations, and the perMANOVA for differences in variance between the functional clouds based.

multivariate
homogeneity of group

dispersions (FDis)

variance between the
functional clouds
(perMANOVA)

class region df F p.val pseudo-F p.val

gymnosperms All regions pooled 1 1.0517 0.319 1.5081 0.116

Region1 1 0.8951 0.316 1.272 0.226

Region2 1 0.8174 0.372 1.492 0.121

Region3 1 0.9752 0.33 1.4035 0.157

Region4 1 0.8093 0.357 1.4783 0.126

angiosperms All regions pooled 1 17.35 0.001 7.9521 <0.001

Region1 1 12.941 0.001 5.9826 <0.001

Region2 1 14.481 0.001 7.1096 <0.001

Region3 1 15.63 0.002 7.5206 <0.001

Region4 1 15.929 0.001 7.5793 <0.001

doi:10.1371/journal.pone.0148607.t002
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North America. For gymnosperms, there is neither a visible difference in FDis between the
continents at the grid-cell scale nor a statistical one at the sub-regional or continental scale. In
contrast, angiosperms in Europe even exhibit a higher FDis across all spatial scales than North

Fig 4. PCoA ordination plot showing (A) distances among 29 North American and 11 European woody gymnosperm species based on 22 traits for the first
two axes. (C) PCoA ordination plot showing distances among 126 North American and 56 European woody angiosperm species based on 26 traits for the
first two axes. In (B and D) significant correlations (p, 0.001) with a loading of min +/- 0.25 of traits on the first two PCoA axes are represented as arrows (see
Table 1 for abbreviations) for gymnosperms and angiosperms respectively; the lengths of the arrows are proportional to their correlation coefficient, and they
point in the direction of most rapid change; nominal traits were dummy coded before correlation.

doi:10.1371/journal.pone.0148607.g004

Functional Resilience of Temperate Forests

PLOS ONE | DOI:10.1371/journal.pone.0148607 February 5, 2016 12 / 19



American angiosperm trees. This is interesting, because we consider nearly three times as
many gymnosperm species (28:10) for North America compared to Europe and more than
twice as many angiosperm species (128:56). Our findings clearly contradict the common
assumption that species richness and functional diversity should be highly correlated and that
a declining species pool translates into declining functional diversity as a consequence of selec-
tion effects and accidental loss of functionally distinct species [4]. Our findings suggest that the
loss of species does not simply translate into a loss of functional diversity and that this can vary
according to the organismic group under investigation.

Continental differences in functional identity
Our second hypothesis stated that because of a directed climate-driven extinction event the
trait space of European trees should have been systematically reduced within a particular
region resulting in a shift of the trait space centroid and hence in the functional identity of the
whole flora. Especially we expected the extinction of moisture and warmth demanding taxa
such as Liquidambar sp., Carya sp. would have left a portion of the trait space unoccupied lead-
ing to a shift towards more cold adapted taxa. For example, the long-lived pioneer Liriodendron
tulipifera [38] died out after the last glaciations in Europe as a consequence of its climatic
requirements. Physiologically L. tulipifera resembles typical pioneer species with high light
demand and fast growth rate. But unlike other pioneers it grows tall and lives comparably long
[39,40]. Long-lived pioneers recover carbon at fast rates and keep it for a very long time thus
increase the landscape level carbon storage [39]. We expect the extinction of L. tulipifera would
have left a portion of the trait space unoccupied.

Such a shift in the trait space was observed for angiosperms, but not for the gymnosperms.
While the gymosperms of both continents overlap almost entirely along the first PCoA axis,

there was a tendency towards a systematic shift along the second axis (Fig 4), even though this
was not significant. Here, North American members of the Pinaceae family (Picea glauca,
Picea mariana, Abies fraseri, Larix laricina, Tsuga sp.) are opposed to the European species
Taxus baccata and Juniperus oxycedrus. With the exception of Tsuga sp. these genera are wide-
spread on both continents and do not point to a climatically driven extinction event. Neverthe-
less, the European gymnosperms are shifted upwards along the second PCoA axis suggesting a
tendency for higher drought tolerance as indicated by tree or shrub-like habit, high wood den-
sity and large seed mass (cf. Svenning [9]; Stahl et al. [24]). North American gymnosperms, in
contrast, are characterized by taller stature, short tree lifespan, lower seed mass and wood den-
sity and vegetative reproduction. The tendency for larger seed mass, as we could show for
European gymnosperms, is often associated with an increased resistance to hazards and pests
as well as to the ability for fast germination and growth [41]. It is also an adaptation to tolerate
shading [42]. Similarly, high wood density is positively correlated with pathogen-resistance
and mechanical stability [43]. Moreover, denser wood increases the resistance to drought-
induced xylem embolism [44] and is thus associated to drought-resistance [45]. Consequently,
the second PCoA-axis reflects two different life strategies: fast growing exploitative pioneers
with low wood density and seed mass are opposed to slow growing stress tolerators with higher
wood density and seed mass. On this strategy axis, North American species are shifted towards
the resource exploiter-side while European gymnosperms appear to be more resistant to unfa-
vorable environmental conditions. This result adds additional support to the hypotheses of
Svenning [9], Manthey and Box [14] and Eiserhardt et al. [10] that European tree floras are
more tolerant of drought and cold stress, as a result of climatic filtering.

For the angiosperms, we find a statistically significant shift of the trait space along the sec-
ond PCoA axis. Since this axis however only explains very little variance we are cautionary in
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terms of the interpretation. The second axis opposes lower stature trees with low leaf C:N-ratio
from Europe (e.g. Ilex aquifolium, Laurus nobilis, Prunus mahaleb) with tall, long-living trees
with big leaf blades and high leaf C:N-ratio in North America (Liriodendron sp., Ulmus sp.,
Fraxinus sp., Quercus sp.). The axis reflects the life strategies of tall, light demanding overstorey
vegetation vs. smaller, rather shade tolerant trees, which tend to belong to the understorey. On
this strategy axis North American angiosperms are shifted towards the overstorey side while
European species are shifted towards the resistant, understorey side of this axis. Overstorey
species develop greater values for maximum height, which is a proxy for growth and develop-
ment after disturbance [41] or for a high longevity. Moreover, taller plants intercept more radi-
ation and could thus potentially realize high photosynthetic assimilation/respiration rates [46]
and develop higher growth rates [47].

Ulmus sp., Fraxinus sp, Quercus sp. as well as Prunus sp. and Ilex sp. are common genera on
both continents. As a single exception Liriodendron sp., once widespread in Europe, died out
after the last glaciations. It is the only genus that can be related to a climatically driven extinc-
tion event. While Stahl et al. [24] found no clear correlation of the above mentioned traits with
drought or frost tolerance among North American species, European angiosperms—as already
seen for the gymnosperms- tend to be more resistant to unfavorable environmental conditions.
As for the gymnosperms, these results are in line with the hypotheses of Svenning [9], Manthey
and Box [14] and Eiserhardt et al. [10].

Limitations
Our findings are subject to limitations: First, while North American tree species distributions
were consistently documented and harmonized by U.S. Geological Survey [28], distribution
maps for European species come from multiple source of differing quality. Some regions in
Europe have been thoroughly sampled, whereas others might be under-sampled or even miss-
ing. A bias in the species sample is inevitable in such a continental analysis. Nevertheless,
because we expect the under-sampling to occur predominantly in Europe, we would mainly
expect an increase in functional diversity in Europe as compared to North America, further
strengthening our findings.

Second, finding strictly equivalent climatic regions between Europe and North America is a
challenge. Although several bioclimatic classification systems postulate equal climatic zones on
both continents [30,32,48], the contemporary climate of the temperate zone in Europe cannot
exactly match that in North America, where many regions are consistently warmer, wetter and
of different seasonality. Therefore, we used a straightforward and simple approach based on
principle component analysis of 19 bioclimatic variables. Because our results are consistent
across different scales and diversity levels, as well as against different climate classifications of
temperate climates, we consider them robust.

Third, although we restricted our sample regions by altitude, environmental heterogeneity
may have an influence on functional differences between the continents. S2 File shows that the
analyzed European regions have a higher topographic heterogeneity as compared to the North
American regions. Nevertheless, our results are robust across different scales and extends of
analyzed regions.

Fourth, the functional differences between both continents may decline over time, as
remaining species in a restricted community can get the functions of the extinct species by
accelerated adaptation or evolution on the basis of phenotypic plasticity, epigenetics, gene flow
and genotypic plasticity [49]. Considerable genetic variation and gene flow may be present in
many natural populations. For many species however, gene flow between populations may be
critically low because of the effects of habitat fragmentation.
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Implications for conservation and the study of biodiversity-ecosystem
processes
Since the earliest empirical contributions to the field of biodiversity-ecosystem functioning
research numerous studies have shown that biodiversity matters for ecosystem functioning. There
is broad agreement that biodiversity, be it expressed as species richness or functional diversity, is
generally positively correlated with the magnitude and stability of many ecosystem functions, e.g.
litter decomposition [50] and productivity, in plant communities [5,7]. Multifunctionality, a high
level of operation across several ecosystem functions, is particularly sensitive to biodiversity
[51,52]. Some studies state, that species richness and functional diversity are surrogates [4] and
the proposed mechanisms relating species richness to ecosystem functioning such as complemen-
tarity of resource use have a strong functional basis [53], as they require plants to be different with
respect to particular functional traits (e.g. rooting depth, phenological niches, etc.).

However, the existing evidence refers to the local scale and the richness gradients in experi-
mental or observational settings typically vary between 1 and 16, rarely up to 60 species,
whereas differences between regional floras are in numbers of hundreds of species. Moreover,
the species comprising regional floras do not coexist locally, but form communities rarely
exceeding a richness of 30 species per hectare. It is thus not valid to translate findings from
experiments or forest inventories based on small plots to the regional grid-scale.

However, there is no consistent explanation on how species with their trait configuration
contribute to ecosystem functioning. Bunker et al. [54] showed that changes in the mean com-
munity value of a single trait can modify whole ecosystem processes. Using different scenarios
of selective harvesting in a tropical forest ecosystem, they revealed a decrease or increase of car-
bon storage up to 75% depending on the mere modification of community wood density.
Hence, even changes in a single trait may lead to dramatic changes in ecosystem processes.

Evidence that changes in species richness are likely to change functional diversity have led
to the call for biodiversity protection, especially under human induced global change [55]. As
we have shown, the climate-driven loss in species richness might be decoupled or at least not
linearly related to changes in functional diversity of entire regions. This makes predictions
about changes in ecosystem functioning caused by climate change inherently difficult.

But we must not understand this as an argument against biodiversity preservation. Indeed,
the insurance hypothesis [4] postulates that species rich communities most likely host func-
tionally similar species which can buffer against changes in species composition under chang-
ing environmental conditions. As a consequence, it predicts that both resistance to and
resilience against disturbances, is higher in species rich environments. In other words, species
loss does not necessarily lead to impoverished ecosystem processes when the underlying spe-
cies pool can buffer against it. This hypothesis is empirically underpinned by the study of Bal-
vanera et al. [56], who found that the effects of biodiversity on ecosystem processes play out on
different organizational levels: changing biodiversity in their study has had a strong influence
on the community level, but the effect on the ecosystem level was neither clearly positive nor
negative and depended on the specific type of process under investigation. Our findings dem-
onstrate that the stronger climatically driven loss of tree species in Europe than in North Amer-
ica during the last glaciations has not led to a lower functional diversity in Europe. Instead, a
high local and regional species richness seems to buffer against functional impoverishment via
functionally redundant species.

Supporting Information
S1 File. Species distribution data: processing and references.
(DOCX)

Functional Resilience of Temperate Forests

PLOS ONE | DOI:10.1371/journal.pone.0148607 February 5, 2016 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s001


S2 File. Environmental heterogeneity analyses.
(DOCX)

S3 File. Analyses without restriction to the temperate zone.
(DOCX)

S4 File. Analyses for the temperate zone according to the Koeppen-Geiger classification.
(DOCX)

S5 File. Functional Richness analyses.
(DOCX)

S6 File. Additional information on the PCoA—analyses.
(DOCX)

S7 File. Species co-occurrences.
(ZIP)

S8 File. Permission to use data from third parties under CC BY 4.0.
(DOCX)

S1 Table. Species sample.
(DOCX)

S2 Table. Trait data references.
(XLSX)

S3 Table. Trait description.
(DOCX)

S4 Table. Trait data from open sources.
(XLSX)

Acknowledgments
We thank two anonymous reviewers for reviewing the manuscript and giving constructive
comments. This research was supported by the FunDivEUROPE project and the TRY initiative
on plant traits (http://www.trydb.org). The TRY initiative and database is hosted, developed
and maintained at the Max Planck Institute for Biogeochemistry, Jena, Germany. TRY is/has
been supported by DIVERSITAS, IGBP, the Global Land Project, the UK Natural Environment
Research Council (NERC) through its program QUEST (Quantifying and Understanding the
Earth System), the French Foundation for Biodiversity Research (FRB), and GIS "Climat,
Environnement et Société" France.

Author Contributions
Conceived and designed the experiments: ML CW BR. Analyzed the data: ML. Contributed
reagents/materials/analysis tools: US CW JP JHCC JK BRMF EW. Wrote the paper: ML CW
BR. Gave comments on the manuscript: US JP JHCC EW.

References
1. Pereira HM, Leadley PW, Proença V, Alkemade R, Scharlemann JPW, Fernandez-Manjarrés JF, et al.

Scenarios for global biodiversity in the 21st century. Science (80-). 2010; 330: 1496–1501. doi: 10.
1126/science.1196624 PMID: 20978282

Functional Resilience of Temperate Forests

PLOS ONE | DOI:10.1371/journal.pone.0148607 February 5, 2016 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148607.s012
http://www.trydb.org/
http://dx.doi.org/10.1126/science.1196624
http://dx.doi.org/10.1126/science.1196624
http://www.ncbi.nlm.nih.gov/pubmed/20978282


2. Cheaib A, Badeau V, Boe J, Chuine I, Delire C, Dufrêne E, et al. Climate change impacts on tree
ranges: Model intercomparison facilitates understanding and quantification of uncertainty. Ecol Lett.
2012; 15: 533–544. doi: 10.1111/j.1461-0248.2012.01764.x PMID: 22433068

3. Bellard C, Bertelsmeier C, Leadley P, Thuiller W, Courchamp F. Impacts of climate change on the
future of biodiversity. Ecol Lett. 2012; 15: 365–377. doi: 10.1111/j.1461-0248.2011.01736.x PMID:
22257223

4. Diaz S, Cabido M. Vive la différence: plant functional diversity matters to ecosystem processes. Trends
Ecol Evol. 2001; 16: 646–655. doi: 10.1016/S0169-5347(01)02283-2

5. Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P, et al. Corrigendum: Biodiversity
loss and its impact on humanity. Nature. Nature Publishing Group; 2012; 489: 326–326. doi: 10.1038/
nature11373

6. Nadrowski K, Wirth C, Scherer-Lorenzen M. Is forest diversity driving ecosystem function and service.
Curr Opin Environ Sustain. Elsevier B.V.; 2010; 2: 75–79. doi: 10.1016/j.cosust.2010.02.003

7. Gamfeldt L, Snäll T, Bagchi R, Jonsson M, Gustafsson L, Kjellander P, et al. Higher levels of multiple
ecosystem services are found in forests with more tree species. Nat Commun. 2013; 4: 1340. doi: 10.
1038/ncomms2328 PMID: 23299890

8. Latham RE, Ricklefs RE. Global patterns of tree species richness in moist forests: energy-diversity the-
ory does not account for variation in species richness. Oikos. 1993; 325–333.

9. Svenning J-C. Deterministic Plio-Pleistocene extinctions in the European cool-temperate tree flora.
Ecol Lett. 2003; 6: 646–653. doi: 10.1046/j.1461-0248.2003.00477.x

10. Eiserhardt WL, Borchsenius F, Plum CM, Ordonez A, Svenning. Climate-driven extinctions shape the
phylogenetic structure of temperate tree floras. Ecol Lett. 2015; 18: 263–272. doi: 10.1111/ele.12409
PMID: 25604755

11. Lang G. Quartäre Vegetationsgeschichte Europas: Methoden und Ergebnisse. Jena: Gustav Fischer
Verlag; 1994.

12. Weiher E. A primer of trait and functional diversity. In: Magurran AE, McGill BJ, editors. Biological Diver-
sity: Frontiers in Measurement and Assessment. University Press; 2010. pp. 175–193.

13. Adams JM, Woodward FI. Patterns in tree species richness as a test of the glacial extinction hypothe-
sis. Nature. 1989; 339.

14. Manthey M, Box EO. Realized climatic niches of deciduous trees: comparing western Eurasia and east-
ern North America. J Biogeogr. 2007; 34: 1028–1040. doi: 10.1111/j.1365-2699.2006.01669.x

15. Mouillot D, Mason NWH,Wilson JB. Is the abundance of species determined by their functional traits?
A newmethod with a test using plant communities. Oecologia. 2007; 152: 729–37. doi: 10.1007/
s00442-007-0688-0 PMID: 17375335

16. Swenson NG, Enquist BJ, Pither J, Kerkhoff AJ, Boyle B, Weiser MD, et al. The biogeography and filter-
ing of woody plant functional diversity in North and South America. Glob Ecol Biogeogr. 2012; 21: 798–
808. doi: 10.1111/j.1466-8238.2011.00727.x

17. Mason NWH, Mouillot D, LeeWG,Wilson JB. Functional richness, functional evenness and functional
divergence: the primary components of functional diversity. Oikos. 2005; 111: 112–118. doi: 10.1111/j.
0030-1299.2005.13886.x

18. Villéger S, Mason NWH, Mouillot D. Newmultidimensional functional diversity indices for a multifaceted
framework in functional ecology. Ecology. 2008; 89: 2290–301. Available: http://www.ncbi.nlm.nih.gov/
pubmed/18724739 PMID: 18724739

19. Lavorel S, Díaz S, Cornelissen JHC, Garnier E, Harrison SP, Mcintyre S, et al. Plant Functional Types:
Are We Getting Any Closer to the Holy Grail? In: Canadell J, Pataki i D, L P, editors. Berlin, Heidelberg:
Springer-Verlag; 2007.

20. Laliberté E, Legendre P. A distance-based framework for measuring functional diversity frommultiple
traits. Ecology. 2010; 91: 299–305. Available: http://www.ncbi.nlm.nih.gov/pubmed/20380219 PMID:
20380219

21. Bohn U, Gollub G, Hettwer C, Neuhäuslova Z, Schlüter H, Weber H. Karte der natürlichen Vegetation
Europas/ Map of the Natural Vegetation of Europe/Scale 1:2500000. Münster-Hiltrup: Land-
wirtschaftsverlag GmbH; 2003.

22. Food and Agriculture Organization of the United Nations (FAO). Global Forest Resources Assessment
2005 Progress towards sustainable forest management. Rome; 2006.

23. Miles PD, Brand GJ, Alerich CL, Bednar LF, Woudenberg SW, Glover JF, et al. The Forest Inventory
and Analysis Database: description and users manual. Version 1.0. Washington D.C., USA: USDA
Forest Service, North Central Forest Experiment Station; 2001.

Functional Resilience of Temperate Forests

PLOS ONE | DOI:10.1371/journal.pone.0148607 February 5, 2016 17 / 19

http://dx.doi.org/10.1111/j.1461-0248.2012.01764.x
http://www.ncbi.nlm.nih.gov/pubmed/22433068
http://dx.doi.org/10.1111/j.1461-0248.2011.01736.x
http://www.ncbi.nlm.nih.gov/pubmed/22257223
http://dx.doi.org/10.1016/S0169-5347(01)02283-2
http://dx.doi.org/10.1038/nature11373
http://dx.doi.org/10.1038/nature11373
http://dx.doi.org/10.1016/j.cosust.2010.02.003
http://dx.doi.org/10.1038/ncomms2328
http://dx.doi.org/10.1038/ncomms2328
http://www.ncbi.nlm.nih.gov/pubmed/23299890
http://dx.doi.org/10.1046/j.1461-0248.2003.00477.x
http://dx.doi.org/10.1111/ele.12409
http://www.ncbi.nlm.nih.gov/pubmed/25604755
http://dx.doi.org/10.1111/j.1365-2699.2006.01669.x
http://dx.doi.org/10.1007/s00442-007-0688-0
http://dx.doi.org/10.1007/s00442-007-0688-0
http://www.ncbi.nlm.nih.gov/pubmed/17375335
http://dx.doi.org/10.1111/j.1466-8238.2011.00727.x
http://dx.doi.org/10.1111/j.0030-1299.2005.13886.x
http://dx.doi.org/10.1111/j.0030-1299.2005.13886.x
http://www.ncbi.nlm.nih.gov/pubmed/18724739
http://www.ncbi.nlm.nih.gov/pubmed/18724739
http://www.ncbi.nlm.nih.gov/pubmed/18724739
http://www.ncbi.nlm.nih.gov/pubmed/20380219
http://www.ncbi.nlm.nih.gov/pubmed/20380219


24. Stahl U, Kattge J, Reu B, Voigt W, Ogle K. Whole-plant trait spectra of North American woody plant spe-
cies reflect fundamental ecological strategies. Ecosphere. 2013; 4. Available: http://www.esajournals.
org/doi/abs/10.1890/ES13-00143.1

25. Violle C, Navas M, Vile D, Kazakou E, Fortunel C. Let the concept of trait be functional! Oikos. 2007;
116: 882–892. doi: 10.1111/j.2007.0030–1299.15559.x

26. Kattge J, Díaz S, Lavorel S, Prentice IC, Leadley P, Bönisch G, et al. TRY—a global database of plant
traits. Glob Chang Biol. 2011; no–no.

27. Brown CM, Arbour JH, Jackson D a. Testing of the effect of missing data estimation and distribution in
morphometric multivariate data analyses. Syst Biol. 2012; 61: 941–54. doi: 10.1093/sysbio/sys047
PMID: 22511121

28. U.S. Geological Survey. Digital representation of “Atlas of United States Trees” by Elbert L. Little, Jr.
[Internet]. 1999. Available: http://gec.cr.usgs.gov/data/little/

29. Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. Very high resolution interpolated climate sur-
faces for global land areas. Int J Climatol. 2005; 25: 1965–1978. doi: 10.1002/joc.1276

30. Walter H, Breckle S. Ökologie der Erde.—Bd. 4: Spezielle Ökologie der gemäßigten und arktischen
Zonen außerhalb Euro-Nordasiens. Stuttgart: Gustav Fischer Verlag; 1991.

31. Kottek M, Grieser J, Beck C, Rudolf B, Rubel F. World Map of the Köppen-Geiger climate classification
updated. Meteorol Zeitschrift. 2006; 15: 259–263. doi: 10.1127/0941-2948/2006/0130

32. Peel MC, Finlayson BL, Mcmahon TA. Updated world map of the Koeppen-Geiger climate classification
map. Hydrol Earth Syst Sci. 2007; 11: 1633–1644.

33. Pavoine S, Vallet J, Dufour A-B, Gachet S, Daniel H. On the challenge of treating various types of vari-
ables: application for improving the measurement of functional diversity. Oikos. 2009; 118: 391–402.
doi: 10.1111/j.1600-0706.2009.16668.x

34. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, et al. Community Ecology
Package. R package “vegan”, Version 2.0–10. 2014.

35. Anderson MJ, Ellingsen KE, McArdle BH. Multivariate dispersion as a measure of beta diversity. Ecol
Lett. 2006; 9: 683–93. doi: 10.1111/j.1461-0248.2006.00926.x PMID: 16706913

36. Stier AC, Geange SW, Bolker BM. Predator density and competition modify the benefits of group forma-
tion in a shoaling reef fish. Oikos. 2013; 122: 171–178. doi: 10.1111/j.1600-0706.2012.20726.x

37. Duong T. ks: Kernel smoothing. R package version 1.8.13. 2013.

38. York RA, Battles JJ, Eschtruth AK, Schurr FG. Giant Sequoia (Sequoiadendron giganteum) Regenera-
tion in Experimental Canopy Gaps. Restor Ecol. 2011; 19: 14–23. doi: 10.1111/j.1526-100X.2009.
00537.x

39. Wirth C, Lichstein JW. The imprint of species turnover on old-growth forest carbon balances—insights
from a trait-based model of forest dynamics. In: Wirth C, Gleixner G, Heimann M, editors. Old-growth
forests—Function, fate and value. Berlin: Springer; 2009. pp. 81–113.

40. Beck DE. Liriodendron tulipifera L. yellow poplar. Burns Russell M; Honkala Barbara H, technical coor-
dinators Silvics of North America Volume 2 Hardwoods. Washington D.C., USA: Department of Agri-
culture, Forest Service; 1990. pp. 406–416.

41. Westoby M. A leaf-height-seed (LHS) plant ecology strategy scheme. Plant Soil. 1998; 213–227.

42. Lavorel S, Garnier E. Predicting changes in community composition and ecosystem functioning from
plant traits: revisiting the Holy Grail. Funct Ecol. 2002; 16: 545–556. doi: 10.1046/j.1365-2435.2002.
00664.x

43. Chave JJ, Coomes DA, Jansen S, Lewis SL, Swenson NG, Zanne AE. Towards a worldwide wood eco-
nomics spectrum. Ecol Lett. 2009; 12: 351–66. doi: 10.1111/j.1461-0248.2009.01285.x PMID:
19243406

44. Hacke UG, Sperry JS, PockmanWT, Davis SD, McCulloh K. Trends in wood density and structure are
linked to prevention of xylem implosion by negative pressure. Oecologia. 2001; 126: 457–461. doi: 10.
1007/s004420100628

45. Westoby M, Wright IJ. Land-plant ecology on the basis of functional traits. Trends Ecol Evol. 2006; 21:
261–8. doi: 10.1016/j.tree.2006.02.004 PMID: 16697912

46. Baraloto C, Timothy Paine CE, Poorter L, Beauchene J, Bonal D, Domenach A-M, et al. Decoupled leaf
and stem economics in rain forest trees. Ecol Lett. 2010; 13: 1338–1347. doi: 10.1111/j.1461-0248.
2010.01517.x PMID: 20807232

47. Poorter L, Wright SJ, Paz H, Ackerly DD, Condit R, Ibarra-Manríquez G, et al. Are functional traits good
predictors of demographic rates? Evidence from five neotropical forests. Ecology. 2008; 89: 1908–20.
Available: http://www.ncbi.nlm.nih.gov/pubmed/18705377 PMID: 18705377

Functional Resilience of Temperate Forests

PLOS ONE | DOI:10.1371/journal.pone.0148607 February 5, 2016 18 / 19

http://www.esajournals.org/doi/abs/10.1890/ES13-00143.1
http://www.esajournals.org/doi/abs/10.1890/ES13-00143.1
http://dx.doi.org/10.1111/j.2007.0030&ndash;1299.15559.x
http://dx.doi.org/10.1093/sysbio/sys047
http://www.ncbi.nlm.nih.gov/pubmed/22511121
http://gec.cr.usgs.gov/data/little/
http://dx.doi.org/10.1002/joc.1276
http://dx.doi.org/10.1127/0941-2948/2006/0130
http://dx.doi.org/10.1111/j.1600-0706.2009.16668.x
http://dx.doi.org/10.1111/j.1461-0248.2006.00926.x
http://www.ncbi.nlm.nih.gov/pubmed/16706913
http://dx.doi.org/10.1111/j.1600-0706.2012.20726.x
http://dx.doi.org/10.1111/j.1526-100X.2009.00537.x
http://dx.doi.org/10.1111/j.1526-100X.2009.00537.x
http://dx.doi.org/10.1046/j.1365-2435.2002.00664.x
http://dx.doi.org/10.1046/j.1365-2435.2002.00664.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01285.x
http://www.ncbi.nlm.nih.gov/pubmed/19243406
http://dx.doi.org/10.1007/s004420100628
http://dx.doi.org/10.1007/s004420100628
http://dx.doi.org/10.1016/j.tree.2006.02.004
http://www.ncbi.nlm.nih.gov/pubmed/16697912
http://dx.doi.org/10.1111/j.1461-0248.2010.01517.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01517.x
http://www.ncbi.nlm.nih.gov/pubmed/20807232
http://www.ncbi.nlm.nih.gov/pubmed/18705377
http://www.ncbi.nlm.nih.gov/pubmed/18705377


48. Food and Agriculture Organization of the United Nations (FAO). Global ecological zoning for the global
forest resources assessment 2000—Final Report. Rome; 2001.

49. Jump AS, Penuelas J. Running to stand still: adaptation and the response of plants to rapid climate
change. Ecol Lett. 2005; 1010–1020. doi: 10.1111/j.1461-0248.2005.00796.x

50. Handa IT, Aerts R, Berendse F, Berg MP, Bruder A, Butenschoen O, et al. Consequences of biodiver-
sity loss for litter decomposition across biomes. Nature. 2014; 509: 218–21. doi: 10.1038/nature13247
PMID: 24805346

51. Hector A, Bagchi R. Biodiversity and ecosystemmultifunctionality. Nature. 2007; 448: 188–90. doi: 10.
1038/nature05947 PMID: 17625564

52. Zavaleta ES, Pasari JR, Hulvey KB, Tilman GD. Sustaining multiple ecosystem functions in grassland
communities requires higher biodiversity. Proc Natl Acad Sci U S A. 2010; 107: 1443–6. doi: 10.1073/
pnas.0906829107 PMID: 20080690

53. Tilman D. The Influence of Functional Diversity and Composition on Ecosystem Processes. Science
(80-). 1997; 277: 1300–1302. doi: 10.1126/science.277.5330.1300

54. Bunker DE. Species Loss and Aboveground Carbon Storage in a Tropical Forest. Science (80-). 2005;
310: 1029–1031. doi: 10.1126/science.1117682 PMID: 16239439

55. Millennium Ecosystem Assessment. Ecosystems and HumanWell-being: Synthesis. Washington,
DC.: Island Press,; 2005.

56. Balvanera P, Pfisterer AB, Buchmann N, He J-S, Nakashizuka T, Raffaelli D, et al. Quantifying the evi-
dence for biodiversity effects on ecosystem functioning and services. Ecol Lett. 2006; 9: 1146–56. doi:
10.1111/j.1461-0248.2006.00963.x PMID: 16972878

Functional Resilience of Temperate Forests

PLOS ONE | DOI:10.1371/journal.pone.0148607 February 5, 2016 19 / 19

http://dx.doi.org/10.1111/j.1461-0248.2005.00796.x
http://dx.doi.org/10.1038/nature13247
http://www.ncbi.nlm.nih.gov/pubmed/24805346
http://dx.doi.org/10.1038/nature05947
http://dx.doi.org/10.1038/nature05947
http://www.ncbi.nlm.nih.gov/pubmed/17625564
http://dx.doi.org/10.1073/pnas.0906829107
http://dx.doi.org/10.1073/pnas.0906829107
http://www.ncbi.nlm.nih.gov/pubmed/20080690
http://dx.doi.org/10.1126/science.277.5330.1300
http://dx.doi.org/10.1126/science.1117682
http://www.ncbi.nlm.nih.gov/pubmed/16239439
http://dx.doi.org/10.1111/j.1461-0248.2006.00963.x
http://www.ncbi.nlm.nih.gov/pubmed/16972878

