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A B S T R A C T

Conserving multiple facets of biodiversity is important for sustaining ecosystems. However, understanding re-
lationships between faunal diversity and measurable ecosystem quantities, such as heterogeneity and pro-
ductivity, across continental scales can be complicated by disparate methods. We developed standardized ap-
proaches using lidar data and spectral greenness data (via NDVI; Normalized Difference Vegetation Index) from
637 sampling plots across four sites in North America, Europe, and Asia to test the local effects of habitat
heterogeneity and productivity on taxonomic, functional, and phylogenetic diversity of breeding bird assem-
blages using boosted generalized additive models. Our results revealed the 3-D (three dimensional) vegetation
structure (horizontal and vertical) to be of similar importance as NDVI in multiple biodiversity measures, and the
importance of 3-D structure was higher for functional and phylogenetic biodiversity measures than for taxo-
nomic measures. We found congruent responses between functional and phylogenetic diversity; however, pat-
terns of taxonomic diversity differed from those of functional/phylogenetic diversity for most predictors. For
example, NDVI had positive relationships with taxonomic diversity, but negative relationships with functional/
phylogenetic diversity. The effect of canopy density on taxonomic diversity was generally bell-shaped, whereas
the relationship was U-shaped for functional and phylogenetic diversity. As a result, this study supports a sil-
viculture strategy with a high variety of canopy densities and vertical variabilities across forest stands to create
maximum benefits for regional biodiversity. Here, early succession stands and closed stands sustain functionally-
rich bird assemblages, while stands with a medium canopy density promote species-rich assemblages.

1. Introduction

Biodiversity plays a significant role in sustaining social-ecological
systems (Chapin III et al., 2009; Díaz et al., 2013). In addition to
taxonomic diversity, functional and phylogenetic diversity (measured
as the combination of functional traits (or phylogenetic tribes) ex-
pressed in a local community) have become important for under-
standing links between biodiversity and ecosystem functioning (Cadotte

et al., 2012). For example, functional diversity explains resource-use
patterns better than species diversity (Petchey and Gaston, 2006), and it
can provide more detailed insights of why and which spatial patterns of
resource affect resource-use patterns. Phylogenetic diversity has been
used as a proxy for functional diversity, since it can reflect the diversity
of unknown traits (Webb et al., 2002). Therefore, the use of functional
and phylogenetic diversity has been expanded to reassess biodiversity
hotspots (Stuart-Smith et al., 2013; Winter et al., 2013), quantify the
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impact of disturbances (Bässler et al., 2016b; Flynn et al., 2009), and
understand overall drivers of biodiversity (Dehling et al., 2014; Gerisch
et al., 2012).

Patterns of taxonomic, functional and phylogenetic diversity may
not be spatially consistent (Bässler et al., 2016a; Devictor et al., 2010),
and determinants of functional and phylogenetic diversity may differ
from those of taxonomic diversity (Gerisch et al., 2012). Conserving
various facets of biodiversity that might differ from each other hence
requires a detailed scientific understanding of biodiversity drivers
(Dehling et al., 2014; Grass et al., 2015). In addition, the different re-
sponses of functional diversity, phylogenetic diversity, and taxonomic
diversity to environmental gradients have led to new insight into un-
derstanding of local community assembly mechanisms (Cadotte et al.,
2013). Therefore, quantifying local taxonomic, functional, and phylo-
genetic diversity among large areas requires standardized measures of
environmental conditions with sufficiently fine grain.

The most commonly used measures of taxonomic diversity include
species richness or biodiversity incidences, such as the Shannon-Wiener
index (Jost, 2006). According to the productivity-diversity relationship,
species richness should be positively correlated to productivity (Wright,
1983). However, the form and the underlying mechanism of the pro-
ductivity-diversity relationship is still under debate (Mittelbach et al.,
2001; Rosenzweig, 1995; Whittaker and Heegaard, 2003). Another
determinant of local taxonomic biodiversity is habitat heterogeneity,
which assumes increasing species richness with increasing composi-
tional or configurational habitat heterogeneity (Fahrig et al., 2011;
Tews et al., 2004). The mechanisms which underlie these hypotheses
include the increase of available niche space, which can increase
functional diversity, with the increase of productivity and habitat het-
erogeneity (Evans et al., 2005; Stein and Kreft, 2015). As there are
various underlying assumptions of the positive productivity-diversity
relationships, the more specialization hypothesis assumes that a high
level of productivity increases the abundance of rare resources which

can be consumed by niche position specialists, and more niche position
specialists increase total species richness. The more individuals hy-
pothesis assumes higher number of species can be found at more pro-
ductive sites supporting more individuals (Evans et al., 2005). In forest
ecosystems, vegetation productivity has been frequently estimated
using gross primary productivity (GPP) or remotely sensed proxies such
as the Normalized Difference Vegetation Index (NDVI) (Evans et al.,
2005; Verschuyl et al., 2008). More challenging is the use of standar-
dized measures as proxies for structural heterogeneity in forests (i.e.,
configurational heterogeneity in three dimensions), even more than
half a century after the seminal work by MacArthur and MacArthur
(1961) using foliage height diversity as a proxy for avian niche di-
versity.

During the last two decades, the rise of airborne based lidar remote
sensing has offered rapid and standardized quantifications of fine scale,
3-dimensional (3-D) forest structures (Lefsky et al., 2002; Vierling et al.,
2008). In particular, canopy density and vertical variability in forests
have been identified as important determinants for taxonomic diversity
of birds, non-flying mammals, and insects (Davies and Asner, 2014;
Goetz et al., 2014; Huang et al., 2014; Müller and Vierling, 2014). For
example, Huang et al. (2014) demonstrated the importance of vegeta-
tion height-structured metrics (derived using the United States National
Biomass and Carbon Dataset) in determining woodland bird species
richness across the United States, while Goetz et al. (2014) used a
comprehensive set of predictor variables (including structural metrics
derived from spaceborne lidar) to assess the relative importance of
vegetation structure in determining breeding bird species richness
across the coterminous United States and southern Canada.

Despite the potential for broad scale, standardized measurement of
3-D forest structures, the determinants of taxonomic, functional, and
phylogenetic diversity remain unclear (see Davies and Asner (2014)).
Multiple studies have investigated determinants of these facets of di-
versity in short stature ecosystems such as grassland (Gerisch et al.,

Fig. 1. Locations of four study areas in North America, Europe, and Asia (satellite image source: Bing map). Forest biomes according to the Holdridge Life Zone
system (Holdridge, 1967) are indicated by different green shadings. (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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2012; Grass et al., 2015; Sitters et al., 2016), but few studies have in-
vestigated determinants of functional and phylogenetic diversity in
forests (Cisneros et al., 2015; Thorn et al., 2016). We investigated the
effects of 3-D vegetation structure, measured via airborne scanning
lidar, and Landsat-derived NDVI on taxonomic, functional, and phylo-
genetic diversity of breeding birds in temperate forests of the Northern
Hemisphere. Our aim was to quantify whether these different facets of
local diversity were consistently influenced by habitat heterogeneity
and productivity. We hypothesized that taxonomic, functional, and
phylogenetic diversity (i) increase with increasing productivity ac-
cording to the productivity-diversity relationship and (ii) increase with
increasing heterogeneity according to the habitat-heterogeneity hy-
pothesis.

2. Methods

2.1. Bird data

Bird data were compiled from four temperate forests in North
America, Europe, and Asia (Fig. 1). Two study areas in USA are located
in north-central Idaho, Moscow Mountain (46°49′N, 116°50′W) and
Slate Creek (45°38′N, 116°2′W), and both consist of mixed conifer forest
stands. Moscow Mountain is dominated by Western Red Cedar (Thuja
plicata) and Grand Fir (Abies grandis), whereas Slate Creek is dominated
by Douglas Fir (Pseudotsuga menziesii) and Lodgepole Pine (Pinus con-
torta) (Vogeler et al., 2014). The study area in Germany is located in the
Bavarian Forest National Park in southeast Germany (48°58′N, 13°23′E)
and is dominated by mixed stands of Norway Spruce (Picea abies),
European Beech (Fagus sylvatica), and Silver Fir (Abies alba) (Müller
et al., 2009). The study area in Asia, Chuncheon, is located within the
Soyang river watershed in the northeast of South Korea (37°55′N,
127°52′E). Here, mixed stands are dominated by Mongolian Oak
(Quercus mongolica), Cork Oak (Quercus variabilis), Japanese Red Pine
(Pinus densiflora), Pitch Pine (Pinus rigida), and Korean Pine (Pinus
koraiensis). These forest types are representative for a wider range of
forest biomes; e.g., the Bavarian Forest National Park represents a
common mountainous forest ecosystems across central Europe and
Scandinavia, and the forests in Chunchoen is composed of the typical
forest type of the north and middle of South Korea. The two Idaho study
areas are representative of temperate coniferous forests of the Northern
Rocky Mountains, USA, with the Moscow Mountain study area re-
presenting actively managed forest with much recent harvesting, and
the Slate Creek study area having undergone very little recent har-
vesting, prior to data collections.

Bird surveys in each study area were conducted using standardized
point-counts during the breeding season (Bibby et al., 2012). Bird
surveys were conducted in 2009 (Moscow Mountain, Idaho), 2010
(Slate Creek, Idaho), 2007 (Bavaria), and 2014 (Chuncheon) (Moning
and Müller, 2008; Vogeler et al., 2014). Observers visited sampling sites
within 5 h after sunrise during good weather conditions, without rain
and limited wind. All species seen or heard within a standardized time
period and within a fixed radius were recorded (Table 1). Because there
were small differences in field sampling methodology, we used study
area (i.e., Moscow Mountain, Slate Creek, Bavaria, and Chuncheon) as a
random effect to account for different repeated measures and sampling
years in these areas.

To quantify bird functional diversity, 13 ecological traits that reflect
patterns of avian resource and habitat use were selected (Calba et al.,
2014; Devictor et al., 2010). Traits were classified according to www.
allaboutbirds.org (accessed 15 Nov. 2014, Glutz von Blotzheim and
Bauer (1985)) and www.hbw.com (accessed 15 Oct. 2014). These traits
included body mass and clutch size as continuous variables, and mi-
gration status, nest location (cavity, canopy, and ground), foraging
substrates (air, trunk, vegetation, and ground), and diet (plant, in-
vertebrate, and vertebrate) as binary variables (see Table S1).

To quantify bird phylogenetic diversity, we compiled phylogenetic Ta
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trees for each study area separately. We followed the phylogeny subset
methodology from www.birdtree.org to mine 4000 bootstrap trees for
each study area, based on the backbone provided by Hackett et al.
(2008). Afterwards, those bootstrap replicates were condensed into one
fully dated consensus tree using TreeAnnotator 1.8.2 (see Figs. S1–S4
for phylogenetic trees and Section 2.4 Data analysis for the calculation
of diversity indices).

2.2. Quantification of 3-D vegetation structure

We used discrete return airborne scanning lidar data to estimate
physiognomic characteristics of the forest stands. Data consisted of x, y,
and z coordinates that were classified into ground and vegetation re-
turns by respective algorithms. Classification of ground points in
Chuncheon was conducted by iterative algorithms generating a trian-
gulated surface model using TerraScan software (TerraSolid Ltd.,
Finland). Classification in USA and Bavaria was conducted using the
Multiscale Curvature Classification (MCC) algorithm (Evans and Hudak,
2007) and the method by Axelsson (2000), respectively (Müller et al.,
2010; Vogeler et al., 2014). Using the extracted ground points, spatially
contiguous digital terrain models (DTMs) were generated with a grid
cell size of 1m×1m. The height of above ground lidar returns was
calculated by subtracting the elevation of the underlying DTM from the
elevation of each point. All bird surveys were conducted within six
years of the lidar acquisitions (Table 2). On the Moscow Mountain site,
Vierling et al. (2014) found no difference between mapped avian di-
versity patterns using concurrently acquired lidar data and 6 year old
lidar data in areas that had not experienced harvest and disturbance
(i.e. fire). Hill and Hinsley (2015) similarly found that time lags be-
tween lidar data acquisition and bird data were unlikely to influence
mapped output of a variety of avian metrics when taken within a
decade in a mature and undisturbed woodland. At Slate Creek and
Chucheon, the time discrepancies were less (4 and 5 years, respec-
tively), and little harvesting had occurred during those intervening
years, hence the plots represented non-harvested conditions (Vogeler
et al., 2014).

The effect of lidar point density on model performances of forest
structural attributes is still under debate (Latifi et al., 2017; Ruiz et al.,
2014). Therefore, we applied a point cloud thinning algorithm on the
higher-density Bavarian dataset to homogenize point densities among
the three lidar datasets. We used the routine implemented within FU-
SION version 3.60+ in a batch processing modus (McGaughey, 2016).
In each case we initiated the thinning with 99 random number streams,
and then used a 20×20m cell size to calculate the return density. The
procedure reduced the initial point density of 25 points per m2 (in
average) to uniform 4 points per m2. Points were aggregated into 20 by
20m grids, and values of two metrics describing different aspects of the
stand structure were calculated for each grid cell (Table 3).

First the canopy density (CD>2m) was calculated as the point ratio
of vegetation returns higher than 2m above ground. CD>2m is a
measure of inverse light availability on the ground (Müller and
Vierling, 2014), which reflects the main factor limiting the

development of the understory (Brosofske et al., 2001) as well as the
development of arboreal layers. It also reflects the horizontal variability
in light regimes on the forest floor (Chen et al., 2004). If total area of
the observation grid is open due to previous stand replacing dis-
turbances (anthropogenic or natural), the horizontal heterogeneity is
low, and if total area of the grid is completely shaded by shrubs and
trees this kind of horizontal heterogeneity is low again, while a mixture
of gaps and shaded areas provide a high horizontal heterogeneity. This
kind of shading heterogeneity has been identified as the most important
heterogeneity for taxonomic diversity of many taxa (Lehnert et al.,
2013; Seibold et al., 2016).

Second, standard deviation of vegetation height (HSD) was used as a
proxy for vertical variability in vegetation structure. HSD is a common
measure used for characterizing the variation or dispersion of vegeta-
tion height distribution for use in animal diversity studies (Davies and
Asner, 2014). The vertical heterogeneity has been linked to stratifica-
tion of species in a forest; the more different layers available the more
different niches for ground, shrub and canopy breeding or foraging
birds exists (MacArthur and MacArthur, 1961). However, not only in
birds, but also for arthropod communities the vertical layers have been
shown to determine different communities in temperate forests (see
Floren and Schmidl (2008)).

CD>2m and HSD were calculated within a 75m radius of each bird
sampling point in the Idaho and Chuncheon sites, and a 100× 100m
quadrat in Bavaria. Scale dependence is an important issue in ecology,
as the associations between predictors and responses are dependent on
spatial scale (Seavy et al., 2009; Weisberg et al., 2014). Here, we set the
same spatial scale as bird surveys to describe the local 3-D structure of
bird survey area. Lidar metrics were calculated using R version 3.1.1 (R
Core Team, 2014) and R packages of ‘sp’, ‘rgdal’, ‘raster’, ‘gdalUtils’,
‘data.table’, and ‘vegan.’. The correlation between the two structural
heterogeneity indices were 0.36 (Spearman's rho), and the scatterplot of
HSD versus CD>2m demonstrates a hump shaped relationship (Fig. S5).

2.3. NDVI from Landsat

NDVI responds to plant chlorophyll content and hence generally
increases in response to plant productivity (e.g., Pettorelli et al.
(2006)). NDVI data were derived from cloud-free Landsat imagery

Table 2
Summary of remote sensing data acquisitions at four study areas.

Study area Landsat
collection date

Landsat
image type

Lidar collection
dates

Lidar scanner
system

Point density
(points/㎡)

Vertical
accuracy (cm)

Wavelength
(nm)

Maximum echoes
per pulse

More details

Moscow
Mountain

16 May 2009 TM June 2009 Leica ALS50 4 4.3 1064 4 Vogeler et al.
(2014)

Slate Creek 13 June 2010 TM Sep–Oct, 2006 Leica ALS50 4 8.8 1064 4 Vogeler et al.
(2014)

Bavaria 5 and 16 April
2007

ETM+ May 2007 Riegl LMS-
Q560

25 15 1550 11 Moning and
Müller (2008)

Chuncheon 23 May 2014 OLI June–Oct, 2009 Leica ALS60
and ALS50

4 <10 1064 4 –

Table 3
Predictor variables used to model taxonomic, functional, and phylogenetic di-
versity of breeding birds in four temperate forest across the Northern
Hemisphere.

Variables Variable description Source

Canopy density (CD>2m) Percentage of returns> 2m above
ground (%)

Lidar

Vegetation height variability
(HSD)

Standard deviation of vegetation
heights (m)

Lidar

NDVI (NDVImean) Mean Normalized Difference
Vegetation Index

Landsat

NDVI variability (NDVISD) Standard deviation of NDVI Landsat

S. Bae et al. Remote Sensing of Environment 215 (2018) 145–156
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acquired during the same spring sampling season (Table 2) as the bird
surveys (Table 1). Top-of-atmosphere reflectance of each spectral band
was calculated using band-specific gain and offset coefficients and
based on solar elevation angle and earth-sun distance at the time of
each acquisition. In Bavaria, data gaps caused by the failed scan line
corrector (SLC) specific to Landsat 7 were conveniently offset, such that
merging the two consecutive images served to fill in the data gaps.
Preference was given to the later image values wherever pixel re-
flectance values from both images were available. NDVI was calculated
as red band reflectance subtracted from the adjacent near infrared band
reflectance, divided by their sum. As a proxy of mean productivity we
calculated and extracted the average NDVI value within the 75-m ra-
dius around each plot center. Approximately, 13 whole and 12 partial
pixels of the 30m resolution NDVI map were included in metric cal-
culations (Vogeler et al., 2014). As an additional proxy for horizontal
heterogeneity we calculated the standard deviation of NDVI among the
pixel of within the 75-m radius which displays variation in greenness
among plot (Goetz et al., 2007).

2.4. Data analysis

Data were analyzed in the statistical software R version 3.1.1 (R
Core Team, 2014). Three measures for taxonomic diversity were se-
lected as target variables, namely (I) log-transformed Species richness,
(II) Shannon diversity, and (III) Evenness were selected. Yet, a myriad of
different measures based on species trait-based or phylogenetical dif-
ferences exist (Cadotte and Davies, 2016). Here, we selected three
distance-based measurements as proposed by Villéger et al. (2008) to
represent functional and phylogenetic, namely (I) Richness, measured as
the minimum convex hull, which covers all locally present species in a
multi-dimensional functional/phylogenetic space, (II) Entropy, mea-
sured as mean pairwise distance between co-occurring in a multi-di-
mensional functional/phylogenetic space, and (III) Evenness, measured
by comparing the observed abundance-weighted pairwise distance with
the distance of perfect regularity of abundance distribution along a
minimum spanning tree that covers all species in a multi-dimensional
functional/phylogenetic space. Functional diversity indices were based
on species-by-species distance matrices calculated by an abundance
weighted Gower distance (Gower, 1971) using ‘daisy’ function in the R
package ‘cluster’. Phylogenetic diversity measures were based on pa-
tristic distances among species in a dated molecular phylogenetic tree,

calculated by means of the function ‘cophenetic’ (see Table 4 for de-
tailed R functions used and Fig. 2 and Mouillot et al. (2013) for a
conceptual framework on different diversity measures).

However, functional and phylogenetic distance-based diversity in-
dices, especially functional/phylogenetic richness or their variants, may
not be independent from species richness (see Fig. S6), hence null-
model approaches are widely advocated (Cadotte and Davies, 2016;
Flynn et al., 2009; Petchey and Gaston, 2006). Hence, observed di-
versities per plot were compared with expected diversities of 999 ar-
tificial assemblages with the same species richness and evenness pat-
terns. The 999 artificial assemblages were built of randomly selected
species from each of our four regional species pools using tip shuffling
null models (Cadotte and Davies, 2016). Thus, the null models removed
species identities, but kept the species richness and evenness constant to
provide a standardized effect size. The resultant standardized effect
sizes thus represent functional and phylogenetic diversity, standardized
by species richness (see more detail regarding the independence of di-
versity measures in Fig. S7).

Productivity and structural heterogeneity in forests can be corre-
lated. For instance, increasing biomass is thought to increase structural
heterogeneity via addition of structural elements such as stems, bran-
ches, and leaves as forests undergo succession (Dobson et al., 2015;
Drever et al., 2009; Hurlbert, 2004; Winter and Brambach, 2011), and
structurally complex mature forests contribute to high productivity
(Hardiman et al., 2011; Ishii et al., 2004). Thus, we applied boosted
generalized additive models (GAMS) to all data with Gaussian error
distributions using the function gamboost in the package mboost in R
3.1.1. These models are particularly suitable to disentangle effects of
variables with collinearity (Hothorn et al., 2010). We implemented
component-wise boosting for optimizing parameter estimations and
prediction accuracy including variable selection. GAMS are suitable for
ecological modeling characterized by non-linearity, interaction be-
tween predictors, spatial autocorrelation, and non-stationarity
(Hothorn et al., 2010). We checked the bivariate correlation of the four
fixed factors with Spearman rank correlation test. We used study area
(i.e., Moscow Mountain, Slate Creek, Bavaria, and Chuncheon) as a
random effect to account for different repeated measures and sampling
years in these areas (see Fig. S8). HSD and CD>2m derived from air-
borne lidar and NDVImean and NDVISD from Landsat were used as fixed
factors. To mitigate overfitting, 25-fold bootstrap estimates of the em-
pirical risks was used to determine the number of boosting iterations by

Table 4
The nine measures of bird diversity as response variables in this study with corresponding R-functions that were used to calculate observed diversities (note that
observed diversities were subjected to a null-model procedure to standardize for the observed number of species).

Variables Variable description R-function/package

Taxonomic diversity
Species richness Log-transformed species richness Specnumber/vegan
Species entropy (species

diversity)
Shannon diversity index ( ′ = − ∑ =H p ln pi

S
i i1 , pi=the proportion of individuals belonging to the ith species,

S=species richness)

Diversity/vegan

Species evenness Pielou's evenness index (J′=H′/lnS, H′ =Shannon diversity index, S=species richness) Diversity/vegan, Specnumber/
vegan

Functional diversity
Functional richness The minimum convex hull, which covers all locally present species in a multi-dimensional functional space dbFD/FD
Functional entropy Mean abundance-weighted pairwise distance between co-occurring species in a multi-dimensional functional

space
mpd/picante

Functional evenness Measured by comparing the observed abundance-weighted pairwise distance with the distance of perfect
regularity of abundance distribution along a minimum spanning tree that covers all species in a multi-
dimensional functional space

dbFD/FD

Phylogenetic diversity
Phylogenetic richness The minimum convex hull, which covers all locally present species in a multi-dimensional phylogenetic space dbFD/FD
Phylogenetic entropy Mean abundance-weighted pairwise distance between co-occurring species in a multi-dimensional

phylogenetic space
mpd/picante

Phylogenetic evenness Measured by comparing the observed abundance-weighted pairwise distance with the distance of perfect
regularity of abundance distribution along a minimum spanning tree that covers all species in a multi-
dimensional phylogenetic space

dbFD/FD
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using the function cvrisk. To test for variability in effects, 25 bootstraps
were applied for each model. We averaged the selection frequencies
and explained risks of the 25 bootstraps to compare the importance of
predictors. We did not use interaction terms, because in contrast to our
main effects we lacked a-priori assumptions on ecological mechanisms
of interactions.

3. Results

The bird data consisted of 15,142 individual observation records
comprising 173 species in 637 plots across the four study areas. In our
study plots, the bivariate correlation of the four environmental

variables, the absolute values of Spearman rank correlation, were below
0.6 (Fig. S5), which revealed that each predictor related to a unique
component of the environmental gradients in productivity and hetero-
geneity. However, NDVImean was slightly correlated with CD>2m and
HSD (rho=0.53 and 0.48, respectively). The average selection fre-
quencies and explained empirical risks of 25 cross-validations were
higher with NDVImean and CD>2m for seven out of nine measures
(Fig. 3). The effects of NDVImean were consistently the strongest for
taxonomic diversity measures, but the importance of CD>2m, HSD, and
NDVISD increased for functional/phylogenetic measures. In case of three
taxonomic measures, the average selection frequencies were con-
sistently the highest in NDVImean (30.9%, 29.9%, and 37.7% for taxo-
nomic richness, entropy, and evenness, respectively). On the other
hand, in case of functional and phylogenetic measures, the most se-
lected variables were NDVImean, CD>2m, HSD, and NDVISD in turn;
NDVImean in functional evenness and phylogenetic richness (selection
frequencies of 24.5% and 24.9%, respectively), CD>2m in functional
and phylogenetic diversity (52.8% and 30.0%), and HSD in functional
richness (28.7%), and NDVISD for phylogenetic evenness (18.6%). The
explained empirical risks showed similar relative importance of pre-
dictors on diversity measures as selection frequencies except functional
richness and entropy (see more details in Table S2).

We found incongruent responses of taxonomic, functional, phylo-
genetic diversity to the four predictors tested, contrary to our hy-
potheses (Fig. 4). Functional and phylogenetic measures were compa-
tible, while functional/phylogenetic measures showed contrary shapes
to taxonomic measures, in particular richness and entropy indices. For
instance, NDVImean had positive-monotonic relationships with taxo-
nomic richness/entropy concurring with our first hypothesis, but ne-
gative and fuzzy relationships with functional and phylogenetic rich-
ness/entropy, disagreeing with the hypothesis (Fig. 4c and g). The
response of taxonomic richness/entropy on CD>2m and NDVISD was
bell-shaped, in contrast to functional and phylogenetic richness/en-
tropy, which displayed a U-shaped response (Fig. 4a, d, e, and h). The
taxonomic richness/entropy was highest at CD>2m about 40% and
NDVISD about 0.05, while functional and phylogenetic richness/entropy
was lowest at CD>2m about 60% and NDVISD about 0.05. Functional
and phylogenetic richness/entropy was highest in very low or high
levels of canopy density (i.e. widely open or densely closed canopy
forest) where taxonomic richness/entropy was lowest. Taxonomic
richness/entropy decreased with HSD, while functional and phyloge-
netic richness increased (Fig. 4b and f). Such multiple diversity re-
sponses to heterogeneity were different from our second hypothesis.

While the richness and entropy revealed compatible responses to
most predictors as described above, the evenness displayed in-
compatible responses, in particular to taxonomic measures. In low

Fig. 2. Hypothetical examples of functional and phylogenetic diversities
quantified via different distance-based measures, based on species differences
in functional traits or phylogenetic ancestries. a) The functional (phylogenetic)
structure of hypothetical bird community's change along three categories along
a gradient of forest structures, indicated by different blue colors. Species (grey
dots) are plotted in a two-dimensional functional space according to their trait
values, whereas the mean trait values (i.e. functional identity of communities)
along the gradient are marked by colored crosses (note that for simplification
all species have abundance 1). b) Functional richness measured as minimum
convex hull encompassing all species in a local community. Here, functional
richness decreases along the environmental gradient. c) Functional entropy,
measured as mean pairwise distance between co-occurring species. d)
Functional evenness represents the distribution of species among the minimum-
spanning tree in the functional space. Functional evenness will approach 1,
when the distances between all nearest neighbor species pairs are identical and
when all species have the same abundance. By contrast, functional evenness
will approach 0, when species are clustered among the minimum-spanning tree.
(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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Fig. 3. Average selection frequencies (unit: %) of canopy density (CD>2m), vertical variability (HSD), mean NDVI (Normalized Vegetation Index) (NDVImean), and
NDVI variability (NDVISD) as fixed factors and study area as a random factor in boosted generalized additive models for taxonomic, functional, and phylogenetic
richness (T.Rich, F.Rich, P.Rich), entropy (T.Ent, F.Ent, P.Ent), and evenness (T.Even, F.Even, P.Even). The selection frequencies were averaged from 25 bootstrap
models (see more details in Table S2).
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canopy density forests, both taxonomic and functional evenness were
high, and taxonomic evenness decreased with increasing CD>2m

(Fig. 4i). Taxonomic, functional, and phylogenetic evenness indices
showed divergent peaks ranging from low to high HSD (Fig. 4j). They
were high in forest with low NDVImean, and taxonomic evenness was
high in forests with high NDVImean as well (Fig. 4k). They increased with
NDVISD (Fig. 4l). Overall, bootstrap samples support the robustness of
our effects (Figs. S9–S11).

4. Discussion

Our results demonstrate that measurement of the 3-D vegetation
structure derived from airborne lidar provided similar independent and
complementary explanatory power as NDVI variables extracted from
Landsat measurements for multiple biodiversity measures at our local
scale, and that 3-D vegetation structure tended to be more important for
functional and phylogenetic diversity measures compared to taxonomic
measures. This underlines the strength of relationship of remotely
sampled forest structure to the functional/phylogenetical composition
of breeding bird communities and generalizes recent findings of the
importance of 3-D vegetation structure on bird diversity derived in
single regions (Goetz et al., 2007; Goetz et al., 2014; Vogeler et al.,
2014). Additionally, the effects of vegetation structure contrasted be-
tween taxonomic diversity and functional/phylogenetic diversity,
which affirms the necessity to include functional and phylogenetic di-
versity measures beyond taxonomic diversities in local forest manage-
ment for conservation objectives (Jetz et al., 2016).

It is important to acknowledge that our study only dealt with ve-
getation physiognomy and neglected the composition of tree species.
We are aware that tree species composition might be another important
predictor of bird diversity and is particularly critical for frugivores

(Kissling et al., 2007). However, MacArthur and MacArthur (1961)
noted that residuals of a bird diversity versus foliage height diversity
model were not correlated with plant species diversity in temperate
forests. The results from MacArthur and MacArthur (1961) initiated an
ongoing debate about the relative importance of vegetation composi-
tion versus physiognomy for the diversity and composition of bird as-
semblages, but with equivocal results (Fleishman and Mac Nally, 2006;
MacArthur and Pianka, 1966; Rotenberry, 1985). While plant compo-
sition might override the effects of physiognomy in more open forest
types or savannas, the opposite has been found in temperate forests
(Müller et al., 2010).

Our finding of the importance of mean NDVI is in line with studies
using NDVI for estimating bird species richness (e.g. Pettorelli et al.
(2006)), since it explains a large portion of spatial richness variation
(for example,> 50% of avian species richness in North America
(Hurlbert and Haskell, 2003; Seto et al., 2004) and could cover large
spatial and temporal extents. Moreover, the positive relationships be-
tween NDVI and taxonomic richness and entropy are in agreement with
results of previous studies on productivity-diversity relationships
(Cusens et al., 2012; Rosenzweig, 1995; Waide et al., 1999). However,
our positive productivity-diversity relationships were not explained by
the more specialization hypothesis which assumes high levels of pro-
ductivity increase rare resources and niche position specialists (Evans
et al., 2005; Srivastava and Lawton, 1998). By contrast, our results
showed that increased mean NDVI values are associated with a higher
number of species, but highly productive forests support more species
that are functionally similar (Fig. 4c). Although the phylogenetic rich-
ness did not show the same response to mean NDVI as functional
richness, it indicated phylogenetically less rich communities despite
more species in highly productive forests. Bird assemblages with tax-
onomically diverse but functionally and phylogenetically similar

Fig. 4. Estimated partial effects of canopy density (CD>2m), vertical variability (HSD), mean NDVI (NDVImean), and NDVI variability (NDVISD) on taxonomic (Taxon),
functional (Func), and phylogenetic (Phyl) diversity indices with red, blue, and orange lines, respectively; the response of taxonomic, functional, and phylogenetic
richness on (a) CD>2m, (b) HSD, (c) NDVImean, and (d) NDVISD, the response of taxonomic, functional, and phylogenetic entropy on (e) CD>2m, (f) HSD, (g) NDVImean,
and (h) NDVISD, and the response of taxonomic, functional, and phylogenetic evenness on (i) CD>2m, (j) HSD, (k) NDVImean, and (l) NDVISD. The ticks on the x-axis
reflect the observed values. Only those variables selected by a boosted generalized additive model are displayed. Please refer to Appendices Figs. S10–S12 for detailed
results. (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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species at highest levels of NDVI were presumably explained by the
more individuals hypothesis, which assumes higher number of species
is supported by more productive sites through low extinction risk be-
cause of higher population densities (Evans et al., 2005; Müller et al.,
2017; Srivastava and Lawton, 1998).

Our study revealed that canopy density had the second highest ex-
planatory power on diversity of temperate forest bird assemblages. The
initial positive relationship of canopy density and avian taxonomic di-
versity confirms previous studies that employed traditional field survey
measurements, such as the sum of coverage of multiple canopy layers
(Karr and Roland, 1971; Willson, 1974), while to our knowledge the
latter decrease of taxonomic diversity, i.e., bell-shaped pattern, has
been rarely observed. However, Hanspach et al. (2012) found that both
total bat activity and bat species richness in forests were highest at
intermediate tree density, due to the fact that both species that prefer
dense and sparse tree covers can co-occur in intermediate-density for-
ests. Similarly, this finding might reflect the zone of overlap between
(decreasing) shrub bird species and (increasing) forest species along the
gradient of increasing canopy density (Goetz et al., 2007). This is in line
with the findings that in temperate forest one of the major habitat
variables is the variation in light near the floor. For instance, in an
experiment where huge amounts of deadwood were exposed in canopy
gaps and under closed canopy, the most important variable for de-
termining the composition of deadwood dependent insects was the light
availability near the ground (Seibold et al., 2016). Therefore a forest
stand of intermediate canopy density with both sunny and shady con-
ditions, more generally speaking the high horizontal heterogeneity of
light on the forest floor, promotes very different species compositions
and thereby a high total taxonomic diversity.

Likewise, canopy density was used as a metric of canopy gaps in-
troducing shrubs and herbaceous vegetation in forests (Kane et al.,
2010; Lesak et al., 2011) and hence intermediate canopy density might
reflect the presence of different vertical layers such as herbs, shrubs,
and trees. The unimodal peak might reflect the turning point of herb
layer coverage (Fig. S12), thus the diversity of herbs, shrubs, and trees
layer, generally speaking the vertical heterogeneity, is high at the
middle canopy density. Canopy density was also highly correlated with
the vertical distribution of canopy layers such as the vertical distribu-
tion ratio and the coefficient of variation of vegetation height
(Spearman rank correlation=0.85 and −0.87 respectively,
p < 0.001, see Fig. S13), which were representative indices of vertical
heterogeneity increasing bird diversity in previous studies (Davies and
Asner, 2014). Therefore, such an effect of high structural heterogeneity
in both horizontal and vertical axes on high taxonomic diversity at
intermediate canopy density can be easily linked to the habitat het-
erogeneity hypothesis. Canopy density explained much variance which
HSD (another vertical heterogeneity) and NDVISD (horizontal hetero-
geneity) left in the boosted generalized additive models and the cor-
relations between canopy density and HSD and NDVISD were low
(rho=0.36 and −0.25, respectively, see Fig. S5). Hence, we inferred
that canopy density might detect a unique component of the hetero-
geneity gradients different from HSD and NDVISD in forest and could
explain taxonomic diversity via both horizontal and vertical hetero-
geneity better than HSD and NDVISD.

To our knowledge, the U-shaped relationship between canopy
density and functional/phylogenetic diversity, in contrast to the re-
sponse patterns of taxonomic diversity have yet not been observed.
Functional richness showed a slightly U-shaped pattern, which in-
dicated more unique functions by relatively fewer species at very low or
high levels of canopy density. In contrast, many species are functionally
similar at intermediate levels of canopy density. Additionally, the U-
shaped pattern of functional/phylogenetic entropy implied that func-
tionally and phylogenetically distinct species were abundant, leading to
high abundance weighted mean pairwise distances in very dense or
very open forest. Moreover, the U-shaped response of functional
evenness indicated that species assemblages at the extremes of the

canopy density gradient were more evenly distributed in functional
space than expected by chance. Taken together, at the extremes of ca-
nopy density, bird assemblages occupied slightly larger functional
space, but with very regular distribution and high abundance of func-
tionally distinct species.

Such differential responses of functional/phylogenetic diversity
from taxonomic diversity to environmental gradients have led to new
insights into understanding of community assembly mechanisms
(Cadotte et al., 2013). These mechanisms can be theoretically assigned
to two main assembly rules that act on species trait-based differences:
environmental filtering and limiting similarity (Holdaway and Sparrow,
2006). Environmental filtering results in an aggregation of traits in
local communities by selecting species that are more similar than ex-
pected by chance, to cope with given environmental conditions. By
contrast, limiting similarity segregates traits present in a local com-
munity by interspecific competition, i.e., exclusion of ecologically si-
milar species, and results in communities composed of species that are
less similar than expected by chance (Calba et al., 2014; Holdaway and
Sparrow, 2006). Increases in functional/phylogenetic diversity and
decreases in taxonomic diversity in widely open or dense forests could
be explained by competitive exclusion within same traits and lineages
among species (Webb et al., 2002). Indeed, high interspecific compe-
tition can eliminate ecologically similar species, thereby segregating
traits (i.e., limiting similarity in the traits held by multiple species) and
increasing functional/phylogenetic diversity (Calba et al., 2014;
Holdaway and Sparrow, 2006).

The lidar-derived vertical variability of vegetation (HSD) negatively
affected taxonomic richness and entropy, contrary to the habitat het-
erogeneity hypothesis. Previous studies occasionally revealed con-
trasting (both positive and negative) effects of vertical structural het-
erogeneity on bird species diversity, since the effects were dependent
on other environmental factors such as productivity (Bar-Massada and
Wood, 2014; Stirnemann et al., 2015; Verschuyl et al., 2008). For ex-
ample, Bar-Massada and Wood (2014) and Verschuyl et al. (2008) de-
monstrated different responses of bird species richness (positive, ne-
gative, and unimodal relationship) among different habitat types
(grasslands, savannas, or woodlands) and landscapes along a pro-
ductivity gradient. Stirnemann et al. (2015) demonstrated that bird
species richness revealed contrasting responses to shrub heterogeneity
due to varying amounts of tall tree cover. A challenge with using
structural heterogeneity and productivity in forests as determinants of
biodiversity is the correlation between them (see Fig. S5). Such a cor-
relation made studies about the relationship between vertical structural
heterogeneity and species diversity difficult, regardless of long-held
concerns since MacArthur and MacArthur (1961). However, by separ-
ating the effects of vertical variability on bird diversity using boosted
generalized additive models (see details in Section 2.4. Data analyses),
we showed negative effects of vertical structural heterogeneity when
the effects of vegetation biomass or productivity (available energy for
birds) were excluded.

Contrary to taxonomic diversity, the vertical variability of vegeta-
tion (HSD) had a positive relationship with functional richness, phylo-
genetic richness, and phylogenetic entropy, which concurred with the
habitat heterogeneity hypothesis. The result indicated that bird species
having unique traits or phylogenetically distinct lineages may pre-
ferentially inhabit vertically variable forests. Consequently, fewer spe-
cies could exist in vertically highly variable forest, but they cover a
wider range of functional traits and phylogenetic lineages, since the
functional traits and phylogenetic lineages of the few existing species
can be very different from each other. On the contrary, more species
could exist having similar function in ecosystem and could be phylo-
genetically closely related in vertically less variable forest.

We can find the mechanism of such results from the area-hetero-
geneity trade-off (Allouche et al., 2012). Allouche et al. (2012) sug-
gested that the narrower the niche width of a species, the more rapidly
the amount of effective niche area decreases with increasing habitat

S. Bae et al. Remote Sensing of Environment 215 (2018) 145–156

153



heterogeneity. Hence, relationships between species richness and ha-
bitat heterogeneity vary from negative to positive, including bell-
shaped relationships, promoted by stochastic extinction of narrow
niche species in very heterogeneous habitats (Allouche et al., 2012). In
our cases, high vertical variability may create high niche diversity with
smaller niche size compared to the amount of suitable area for each
species (see the T2_76 plot in Bavaria in Fig. S14), which results in
increasing competition within similar functional groups (i.e. limiting
similarity). Therefore, species at high values of the heterogeneity gra-
dient may be more specialized (i.e., functionally unique), but fewer
species can survive. For instance in multilayered stands even though
there are shrubs, the area for a shrub species might be too small to cover
the territory of songbird with 0.5–1.0 ha. Our study could give initial
insights to answer the effects of vertical structural heterogeneity on
local bird diversity of not only taxonomic, but also functional and
phylogenetic aspects excluding the effects of productivity.

The NDVI variability (NDVISD) showed a bell-shaped relationship
with taxonomic richness/entropy supporting the area-heterogeneity
trade-off. The decrease in taxonomic diversity but increase in func-
tional/phylogenetic diversity at higher values of NDVISD (i.e.,
NDVISD > 0.05) can be caused by the shortage of sufficient niche area
which promotes competition and limits similarity. From the increase of
functional/phylogenetic diversity but decrease of taxonomic diversity
in horizontally and vertically heterogeneous forest (i.e., very high
NDVISD and HSD, respectively), we assumed that extinction in very
heterogeneous habitat could be caused by competitive exclusions of
functionally similar species, rather than stochastic extinctions.

Although our four productivity and heterogeneity predictors were
associated with the multiple measures of bird diversity tested in this
study, the distinct dependent variables (i.e. taxonomic, functional, and
phylogenetic diversity) showed varying responses. Functional and
phylogenetic measures were congruent, while functional/phylogenetic
measures were dissimilar to taxonomic measures, in particular to
richness and entropy. Previous studies found only the difference in the
extent of effects of environmental factors on various measures of di-
versity (de Bello et al., 2013; Dehling et al., 2014; Grass et al., 2015;
Sitters et al., 2016), while a few studies found contrasting response
patterns between taxonomic diversity and functional diversity (Gerisch
et al., 2012). Our results matched the results on ground beetle diversity
of Gerisch et al. (2012), who reported that taxonomic and functional
diversity were affected by environmental factors in contrasting ways.
Our result suggests that functional and phylogenetic diversity of
breeding birds may be fueled by very open and dense forest stands, in
contrast to taxonomic diversity that may be fostered by medium density
stands. Regarding the NDVI analysis, taxonomic richness and entropy
were the highest in highly productive forests, while all three measures
of functional diversity were highest in the least productive forests. The
deviation between the different facets of biodiversity of birds in forests
underlines the importance of considering a wide range of measures of
biodiversity when exploring forest structure-biodiversity relationships.
This finding is similar to recent findings that demonstrated that in-
cluding goals for functional diversity led to the selection of a wider
range of protected areas for coral fish species (Stuart-Smith et al.,
2013).

Spatial grain size can influence the strength, shape, and underlying
mechanism of productivity-diversity and habitat-heterogeneity re-
lationships (Stein et al., 2014; Whittaker et al., 2001). Varying spatial
grain might change the relative importance of independent variables,
since the effect of environmental heterogeneity on species diversity
could increase with the increase of spatial grain (Stein et al., 2014). In
our study, we set the spatial grain of environmental variables equiva-
lent to the resolution of the bird surveys (i.e., a radius of 75m) to in-
vestigate effects of productivity and heterogeneity on multiple facets of
bird diversity at a local scale. We used a spatial grain comparable to a
forest management unit (i.e., a forest stand scale), rather than a land-
scape scale, to help address local forest management strategies aimed at

conserving facets of biodiversity.

5. Conclusion

Combining standardized measures of taxonomic, functional, and
phylogenetic diversity with derivatives from active and passive remote
sensing provided new perspectives and tools for managing temperate
forests for biodiversity conservation. Additionally, the contrary effects
of environmental gradients on taxonomic, functional, and phylogenetic
diversity affirm the necessity to consider multiple facets of biodiversity
in local conservation management. The contrasting responses of dif-
ferent facets of biodiversity supports forest management that promotes
a high variety of canopy densities and vertical variability across forest
stands; for example, at very low or high levels of canopy density, bird
assemblages displayed more functions despite being comprised of re-
latively fewer species, with very regular distributions and highly
abundant, functionally distinct species. Such a strategy might mimic
natural forests in which different successional stages co-exist alongside
nearby disturbance-created open patches (Bormann and Likens, 1979).
This strategy may be more important in areas such as the temperate
deciduous forest in Europe and East Asia, where canopy density has
become more homogeneous due to decreased levels of natural dis-
turbance and increased growing stocks (Schelhaas et al., 2003). Our
results only partly matched our expectations, based on the productivity-
diversity and habitat-heterogeneity-hypotheses, but observed dis-
crepancies could be explained by area-heterogeneity trade-offs and
limiting similarity. Future research is needed to reveal whether these
relationships hold in other temperate forest types and for other spatial
grain and extent.
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