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Abstract A relatively small number of broad-scale
patterns describe the distribution of biodiversity across
the earth. All of them explore biodiversity focusing on
a mono or bi-dimensional space. Conversely, the
volume of the forests is rarely considered. In the
present work, we tested a global correlation between
vascular plant species richness (S) and average forest
canopy height (H), the latter regarded as a proxy of
volume, using the NASA product of Global Forest
Canopy Height map and the global map of plant
species diversity. We found a significant correlation
between H and S both at global and macro-climate
scales, with strongest confidence in the tropics. Hence,
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two different regression models were compared and
discussed to provide a possible pattern of the H-S
relation. We suggested that the volume of forest
ecosystems should be considered in ecological studies
as well as in planning and managing natural sites,
although in this first attempt, we cannot definitively
prove our hypothesis. Again, high-resolution spatial
data could be highly important to confirm the H-S
relation, even at different scales.

Keywords Biodiversity - Biospace - Canopy height -
Ecosystem volume - Species richness

Introduction

A relatively small number of broad-scale ecological
patterns describe the distribution of biodiversity
across the earth (Watson et al. 1995; Gaston 1996),
such as the species—area relationship (Connor and
McCoy 1979; Rosenzweig 1995), the latitudinal
(Stevens 1989; Willig et al. 2003) and altitudinal
gradient (Korner 2000), the local-regional rule
(Cornell and Lawton 1992), and the species—
precipitation relationship (O’Brien et al. 2000).
These patterns in species richness are not mutually
exclusive but rather could differently explain
species diversity variation, depending on the spatial
scale, region, or taxonomy (Roll et al. 2015; Willig
et al. 2003). In particular, the latitudinal gradient in
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species richness and the species—area relationship
are among the most widely recognized patterns in
ecology (Gaston 1996; Watson et al. 1995), and
their implications are relevant for many ecological,
evolutionary, conservation, and biogeographic stud-
ies (Brose et al. 2004; MacArthur and Wilson
1967).

All these patterns consider that biodiversity is
distributed in a mono or bi-dimensional space. Con-
versely, studies on species—volume relationship are
rare. Again, a great deal of studies on species diversity
and canopy height explain biodiversity as a function of
vertical stratification.

(Begon et al. 1986; Gouveia et al. 2014;
Kohyama 1993; Kreft and Jetz 2007; Neumann
and Starlinger 2001; Wolf et al. 2012; Zenner 2000).
Indeed, stands containing a variety of tree heights
are also likely to contain a variety of tree ages and
species, which in turn, provide a diversity of micro-
habitats for wildlife (Zenner 2000). Similarly, a
large volume may hold a heterogeneous environ-
ment, providing a high number of niches that could
be filled by different species: in (1986), Susmel
developed the ecological concept of biospace and
identified the volume, measured by the average
height of the dominant trees, as the most appropriate
parameter of the system for describing it. However,
there is a lack of a comprehensive knowledge about
the global relationship between forest volume and
species richness, where it mostly occurs, and the
eco-evolutionary reasons that drive it, despite the
potential relevance that forest volume could play in
determining vegetation biodiversity. To date, major
limitations to better explore this relationship at a
global scale were the difficulty in detecting tree’s
height from the ground and the lack of a compre-
hensive global flora census. Only the recent devel-
opments of new powerful technologies, such as light
detection and ranging (LiDAR), allowed for the
possibility to map the forest vertical structure
globally (Simard et al. 2011). The availability of
new accurate data, such as the NASA Global Forest
Canopy Height, is a novelty in satellite information
combined with field analyses, which opens new
opportunities in global ecological analysis.

The aim of the present work was to test the
hypothesis of a global relationship between plant
species richness (S) and forest canopy height (H), the
latter considered as proxy of forest volume. This was
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achieved using the two global datasets: the Global
Forest Canopy Height of NASA and the vascular plant
diversity of Barthlott et al. (2007).

To strengthen our analysis, we also explored and
discussed (i) the H-S relation within single macro-
climate regions (tropical, temperate, and boreal
zones), and (ii) the relations between plant diversity
and both the vertical variability and the spatial
heterogeneity of canopy height. Since we found a
significant correlation between H and S, we also
proposed a possible pattern of the H-S relation by
comparing two different regression models, despite a
few shortcomings that prevented us from definitively
validating our hypothesis.

Methods
Data sources

The global map of plant species diversity (shapefile
shared by personal communication from Dr. Barthlott)
reports the species richness of vascular plants on
sampling units of 10,000 km> on a global scale
(Barthlott et al. 1996, 2007). This map has been
created on the basis of 3270 species richness data for
more than 2460 different operational geographical
units (i.e. countries, provinces, mountains, islands,
national parks, and others), and currently, it represents
the unique available global dataset for plant richness.
The final product provides the species richness
grouped in 10 classes of diversity, namely, diversity
zones (DZ): DZ = 1 (<100 spp.); DZ = 2 (100-200
spp.); DZ = 3 (200-500 spp.); DZ = 4 (500-1000
spp.); DZ =5 (1000-1500 spp.); DZ =6
(1500-2000 spp.); DZ =7 (2000-3000); DZ = 8
(30004000 spp.); DZ =9 (4000-5000 spp.);
DZ = 10 (>5000 spp.).

The NASA Global Forest Canopy Height map
(0.00833° x 0.00833°, referred to WGS84) is an
estimate of the maximum canopy height produced by
NASA (Simard et al. 2011) using 2005 data from the
geoscience laser altimeter system (GLAS) aboard
ICESat (ice, cloud, and land elevation satellite)
covering the globe from 60°S to 60°N. The limits of
this map may reside in the ability of capturing canopy
heights taller than 40 m, whilst the reported root mean
square error of data is 6.1 m. Data are provided in
tagged image file format (TIFF) available on the
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official website of the NASA Jet Propulsion Labora-
tory—nhttps://landscape.jpl.nasa.gov/. A plant species
diversity dataset and the NASA product have the same
reference system (i.e. WGS84).

Lastly, we used the world map (0.5° x 0.5°) of the
Koppen—Geiger climate classification (according to
Kottek et al. 2006), updated by Santini and Di Paola
(2015) with the Climate Research Unit dataset (CRU
3.22) as an ancillary dataset to identify the data points
of canopy height and plant species diversity belonging
to single macro-climate types.

Statistical analysis

To compare the two global maps of plant diversity and
canopy height, we resampled the latter to a
0.9° x 0.9° resolution (Fig. 1a), considering the geo-
graphical extent between 60°S—60°N and 180°W-
180°E; at the equator, the extent of a grid cell of
0.9° x 0.9° equals the extent of the sampling unit of
10,000 km? of the plant species diversity map
(Fig. 1b). The resampling was carried out through
the weighted mean function expressed in Eq. (1).

Let (h;, hy, ..., hy) be a set of data of the canopy map
falling into the cell H(i,j) of the new grid of size (I, J).
The value assigned to the cell H (i,j) is given by.

s Wi
Zk:l Wik

where w; represents the areas (km?) of the kth
spherical rectangle at 0.00833° x 0.00833°. We
introduced the weight w; to take into account the
decreasing extent of the cell-grid with increasing
latitude. The weights were calculated according to
Santini et al. (2010) as.

H(i.j) = ; (1)

wp = R*(Ja — 21)(sin @, — sin @, ), (2)

where R is the radius of the Earth (6371.0 km), (¢, 1)
pairs are the latitude and longitude values defining the
spherical rectangle centred on /.

A product, such as the NASA Global Forest Canopy
Height (relatively high resolution with global cover-
age), allows to carry out additional statistical param-
eters that could be useful to strengthen our analyses.
Here, we reported the coefficient of variation (Stdy)
as a proxy of vertical variability and the Moran’s index
(Goodchild 1986; Moran 1950) as a proxy of spatial
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Fig. 1 Global correlation between vascular plant richness and
canopy height. a Global plant diversity map by Barthlott et al.
(2007). In the native dataset, diversity is restricted to 10 classes
of Diversity Zone (DZ) representing the number of species per
10,000 Km?; b NASA canopy height global map resampled on
the new grid (0.9° x 0.9°, equal to 10,000 Km? at the equator).
Both maps are shown using the matching colour table and
projection (i.e. Gall-Peters); ¢ Boxplots of canopy height within
each DZ. Classes of diversity are expressed here as the average
number of species per 10,000 km?>. In each box, the central line
is the median, the edges of the box are the 25th and 75th
percentiles, the whiskers extend to the 10th and 90th percentile.
The brackets report the number of data points. 7 is the Kendall
rank coefficient. The asterisk (*) denotes the case where the
MW-test accept the null hypothesis, namely, that the central
tendency of H within the DZ is significantly larger than the
central tendency of H within the DZ reported into brackets (0.05
level of confidence). In DZ = 1 and DZ = 2 (<300 species),
there are no data of H with percentage of land cover >60%;
hence, the analysis is reduced to the classes from 3 to 10
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heterogeneity. The Std;; is the standard deviation
(Std) of the sample (h;, hy ..., hg), split to the
sample’s average H. The Std/y was estimated and
mapped (Figure S1) according to the following
equation:

B \/Zle wilh — Hi)*

i

The Global Moran’s Index (Ig) of canopy height
allows checking whether spatial autocorrelation of this
variable (i.e. pattern of data aggregation of canopy
height) could affect plants richness. We computed the
I for canopy height with the threshold distance of
0.9°, consistently with the resolution adopted for the
present work (see SI for further details).

To study the H-S correlation considering only
forested ecosystems, the NASA product of canopy
height was also used to derive a forest cover map. This
was based on the assumption that missing values
indicate non-forested areas. Thus, we counted the
fraction of data points of the original canopy map
falling into new coarser grid cells (Figure S2). In the
resampled dataset, we excluded pixels with less than
60% of forest. We selected such threshold as a
reasonable compromise to consider the forested areas’
cover (according to Sexton et al. 2016) with sufficient
data points in each diversity zone.

Since the climatic latitudinal gradients of biodiver-
sity could hide the correlation between H and S, we
also analysed the H-S relationship within the macro-
climate type A (tropical/megathermal), C (temperate/
mesothermal), and D (continental/microthermal cli-
mates) according to the Koppen—Geiger climate
classification (Kottek et al. 2006) in order to check
whether the H-S relation might be the result of a
spurious correlation.

The use of the Koppen—Geiger climate classifica-
tion has the advantage of reflecting a well-known
distribution of the forest macro-categories across the
planet (tropical, temperate, and boreal). Moreover, the
Koppen—Geiger climate classification combines many
climatic factors, such as mean annual temperature,
mean annual precipitation, seasonality and dryness
criteria, providing reliable climatic perspectives. We
did not analyse climate types B (arid and semiarid) and
E (polar and alpine) where the data points with forest
cover over 60% were insufficient to make any
statistical tests. Lastly, the updated Koppen—Geiger
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climate classification of Santini and Di Paola (2015)
was resampled to a 0.9° x 0.9° resolution (the nearest
neighbour algorithm).

Once all the datasets were harmonized, we tested
the correlations between the average species richness
S, which is the mean number of plants corresponding
to the diversity zones reported in Barthlott et al.
(2007, 1996) and (i) the average canopy height, H; (ii)
Std/y and Ig; (iii) H within single macro-climate types
(A, C, and D).

Correlation analysis between S and both H and the
H-related indices were carried out through the non-
parametric Kendall Rank test (7). We opted for a non-
parametric correlation coefficient to account for the
unknown/non-normal data distribution and possible
non-linear correlations, providing more appropriate
results for our case study than the well-known Spear-
man coefficient (Spearman 1904). We also performed
the one-tailed Mann—Whitney U test (MW) to carry out
a pairwise comparison between the distributions of
canopy height within single diversity zones. The null
hypothesis of the one-tailed MW test assumes that the
central tendency of canopy height within each diversity
zone is larger than the central tendency of canopy
height in the higher diversity zones (e.g. Hin DZ1 > H
in DZ2; Hin DZ2 > H in DZ3; etc.). The MN test is a
more thorough verification due to the fact that classes
of biodiversity are few. It gives no information on the
type of correlation, confidence, and strength. It simply
allows checking the ascending order of H with increas-
ing S. For each test, we reported the U statistic and the
associated p value. Sample sizes (i.e. number of data
points within DZ) and the cases where the null
hypothesis was rejected at 0.05 level of confidence
were reported in the upper part of the boxplot diagrams.

Having found a positive global correlation between
canopy height and plant richness, we also explored
two simple regression models that account for linear
and non-linear relations. Since we assumed that
canopy height represents a proxy of volume, we
decided to use a power function of H as a non-linear
model. Formally, linear and non-linear regressions
used to fit the data (i.e. the medians of canopy height
vs. average plant richness) are expressed as

S:Cl1 +b1H (4)

S:azl:lbz, (5)
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where H stands for the median. The parameters a; »
and b;, were estimated through the ordinary last
square technique. The coefficient of determination
(R?) and the root mean square error (RMSE) were also
estimated.

Results

A global correlation (Fig. 1) between canopy height
and plant richness was statistically significant
(t = 0.38, p < 0.01). Despite the very wide distribu-
tions of H, characterized by large interquartile ranges,
the results show that more the canopy increases in
height, the higher is the number of plant species in a
forest ecosystem. At mean values of H > 30 m, the
mean number of vascular plant species reaches 4500
per 10,000 km?. This number decreases gradually
reaching a minimum of 200-500 species per
10,000 km? at mean values of H < 15 m. The global
trend of increasing S with increasing H is also well
supported by the results of the one-tailed MW test
(Table 1). According to them, the central tendency of

canopy height into a DZ is significantly smaller than
those in the upper DZs, with few exceptions reported
in Fig. 1c and Table 1.

We reported the best regressions that may explain
linear and non-linear relations between canopy height
and plant richness (Fig. 2). The performance of the
regression models was quite similar (R* = 0.92 and
0.96, respectively; RMSE = 464 and 328 species per
10,000 km?, respectively). Overall, the linear model
fits better the canopy height-richness relationship in
their lower range (i.e. when richness and canopy
height are less than the approximately 2000 species
per 10,000 km* and 20 m, respectively), whilst at
higher values of them, the non-linear model becomes
more fitting.

The distribution of Std; along the increase of
species richness (Figure S3 in SI) did not show any
correlation (p > 0.05) with respect to S, confirming
that at 10,000 km? of resolution, the vertical variabil-
ity of canopy height did not significantly affect
vascular plant diversity. Similarly, at 0.9°, no mean-
ingful correlation (p > 0.05) was found between I of
canopy height and species richness (see SI for further
details).

Table 1 Results of the one-tailed Mann—Whitney U test comparing data distributions of H between diversity zones (DZ)

Diversity Zone (DZ) 3 4 5 6 7 8 9 10
3 —
U=1010" -
p <0.07I
5 U=1110" U=1010* -
p <0.01
6 U=1210"* U=1210* U=1.110* -
p < 0.01 p <0.01 p <0.01
7 U=1310* U=1310* U=1310* U=1.110* -
p <0.01 p <0.01 p <0.01 p < 0.01
8 U=1410" U=1410* U=1410* U=1210" U=1010" -
p <001 p <001 p <001 p <001
9 U=1410" U=1410"* U=1410" U=1310"* U=1010* U=1.010" -
p < 0.01 p < 0.01 p < 0.01 p < 0.01 p <0.01 p = <0.05
10 U=1410* U=1410* U=1410* U=1310* U=1110* U=1110* U=1010" -
p <0.01 p <0.01 p <0.01 p < 0.01 p < 0.01 p < 0.01

The null hypothesis assumes that the central tendency of H within each DZ reported in the columns of the table is significantly larger
than the central tendency of H within the DZ reported in the row. For each test, we report the statistic U and the associated p value
when the null hypothesis is rejected. Italic values of U are those, who accept the null hypothesis with a limit of confidence of 5%

Solid line: power model of equation S = 0.53 x H*% (R* = 0.96; RMSE = 328)
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Fig. 2 Best regression models of H-S relation through least
square technique. Red points are the medians of canopy height
versus average number of species per 10,000 km?. The error
bars show the ranges of each diversity class. Dotted line linear
model of equation S = —2886 + 240 x H (R* = 0.92;
RMSE = 464). Solid line power model of equation S = 0.53
x H2.65 (R* = 0.96; RMSE = 328)

The correlation between S and H was found also
within single macro-climates areas (Fig. 3). The
strongest correlation (t = 0.44, p < 0.01), clearly
non-linear with a saturation of canopy height around
ca. 32 m, was found within the macro-climate A
(which comprises tropical forests). Within macro-
climate C (temperate forests), the same relationship is
weaker (t = 0.26, p < 0.01) and almost linear. The
medians of canopy height in this macro-climate type
were relatively lower (not higher than ~27 m) than
those in macro-climate A, while data in diversity
classes DZ1, DZ2, and DZ10 are scarce. Macro-
climate D (boreal forests) is the climate type with
lowest diversity (due to the lack of the high diversity
zones DZ9 and DZ10) and canopy heights (medians
lower than ~21 m). However, the H-S relationship
within this macro-climate showed a significant posi-
tive correlation (tr = 0.21, p < 0.01), mostly driven
by data at the lower ranges of canopy richness (below
DZ6). The one-tailed MW test confirmed an overall
general trend of increasing richness with increasing
canopy height, with few exceptions (shown in Fig. 3).

Discussion
In the present work, we aimed at exploring the
hypothesis of a global correlation between biodiver-

sity in terms of vascular plants richness and canopy
height, as a proxy of the forest volume. Overall, at a
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global scale and at the spatial resolution of ca
10,000 kmz, plant diversity tends to increase with
increasing canopy height. Both the Kendall and the
one-tailed Mann—Whitney U tests reported a signifi-
cant relationship.

On a global scale, we can describe a general pattern
of the canopy height—species richness relation, in the
form of a linear relationship at lower values of canopy
height, and a non-linear one (power function) at higher
values. The non-linear relationship could be explained
by the physiological impossibility of forests to grow
beyond a certain height threshold, whilst the contin-
uous increase in diversity could be explained in terms
of volume (~ H°). Surprisingly, the best non-linear fit
was close to depict the canopy height—species richness
relations as a function close to third-order power (i.e.
S ~ H>9),

We argue that the larger the volume of a forest
system determines, the more layers and the ecological
conditions (light, humidity, food resources, water
availability, climbing opportunity for lianas, presence
of epiphytes, ferns, etc.) that diversify the environ-
ment: there is a third dimension fully exploitable by
the species. In this way, the higher number of available
niches could be filled by different species (Cazzolla
Gatti 2011; Silvertown 2004; Gatti et al. 2017b).

However, the restriction of biodiversity in merely
10 diversity zones and the consequent wide distribu-
tions of canopy height within each diversity zones
showed too coarse results to definitively validate our
hypothesis and achieve robust regressions, calling for
further investigations.

Species richness did not show any meaningful
correlation with the vertical variability of H, neither
with the spatial autocorrelation (Ig), apparently in
contrast to what was suggested by previous works
(Begon et al. 1986; Neumann and Starlinger 2001;
Kreft and Jetz 2007; Zenner 2000). However, it is
widely recognized that statistical significant relations
are scale dependent; hence, our broad-scale findings
on the diversity—volume relationship are not in
contrast with other well-established patterns of species
richness distribution, evident at smaller spatial scales
(see e.g. Willig et al. 2003; Korner 2000; Rosenzweig
1995; Cornell and Lawton 1992; O’Brien et al. 2000;
Kreft and Jetz 2007).

Nevertheless, our analysis had some limitations that
call for further investigations: (i) the low number of
diversity classes in the native dataset of the Plants
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Fig. 3 Global correlation between S and H within three major climate types. a Climate type A; b climate type C; ¢ climate type D;
d map of the major Koppen—Geiger climate types. Symbols and colours as Fig. 1c

Diversity Map (Barthlott et al. 2007) was too coarse to
validate our hypothesis, as discussed above, and also
prevented us from analysing the H-S relationship at
smaller scales. A more detailed dataset is required to
validate our hypothesis. Meanwhile, available dataset
like the Botanical Information and Ecology Network
BIEN [http://bien.nceas.ucsb.edu/bien/] could help to
increase the understanding of the H-S relation on a
regional scale; (ii) the selection of data points with
forest land cover >60% did not allow to completely
exclude the possible influence of open-land ecosys-
tems on species diversity. However, it is likely that the
presence of other lands (up to 40%) should not sig-
nificantly affect our results, except for particular
ecological cases, such as estuaries and ecotones; (iii)
we were not able to entirely discern the effect of

canopy height (volume) from other explanatory vari-
ables also affecting species diversity, such as natural
and anthropogenic perturbations, land management
and climate (Valentini et al. 2014; Battipaglia et al.
2015, 2016; Vaglio Laurin et al. 2016). Indeed, it is
widely recognized that even low-intensity forest
damages (e.g. through selective logging, see Cazzolla
Gatti et al. 2015, 2017a) could reduce biodiversity,
and even affect seedling patterns (Dupuy and Chazdon
1998) when extended over centuries. However, the
removal of anthropogenic noises from the analysed
pattern is a gruelling attempt, because man started to
influence world forests thousands of years ago (Van
Gemerden et al. 2003). Instead, we tried to partially
overcome the climate superimposition by analysing
the H-S relationship within single macro-climate
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regions that, on a large scale, correspond to the trop-
ical, temperate, and boreal forests. Even within single
macro-climate regions, the correlations proved to be
significant. The strongest relation was found in tropi-
cal regions where climate allows canopy height
reaching its physiological saturation, whilst in the
boreal forests, the relationship is weaker, albeit still
significant. Our results and hypothesis are also con-
sistent with the latitudinal gradient theory (Connor and
McCoy 1979; Rosenzweig 1995) according to which
tropical rainforests are, on average, taller than tem-
perate ones, and therefore, offer more space for
physiological, biological, and evolutionary processes
of the community than temperate and boreal, respec-
tively. In tropical forests, vascular plants that use the
three-dimensional space could be those from below-
canopy layers (such as shrubs and grasses), which take
advantage of the shading created by the canopy, and
vicariate epiphytes and lianas that are the typical plant
forms in tropical forests that benefit from the volume
created by the canopy height. The presence of epi-
phytes and lianas in the tropics, and shrubs and grasses
in the temperate/boreal forests is ensured, in both
cases, only when a certain canopy height is reached.
Thus, it could be the actual three-dimensional devel-
opment of the canopy trees that ensures the occurrence
of other layers and plant groups.

Again, the latitudinal profiles of H and S follow
similar patterns (Fig. 4), showing peaks at the equator,
at the Tropic of Cancer, and at the level of north
temperate areas, with a mismatch over 40° N where a
drop in biodiversity is not followed by canopy height.
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This exception might be due to two potential ecolog-
ical drivers at those latitudes: the glaciation periods
during the Pleistocene and the Last Glacial Period
(Rull 2011) and the fire-prone forests living in taiga
ecosystems (Wirth 2005), which could explain, at least
partially, the weak relation on boreal macro-climate.
We argue that further demonstration of the rela-
tionship between forest canopy height and biodiver-
sity, considering both plant and animal species (see,
for instance, Scheffers et al. 2013; Lopatin et al. 2016)
and different scales of analysis, could confirm a
fundamental pattern in ecology and may be relevant
for many different ecological features (Cazzolla Gatti
2016a, b; Rosenzweig 1995) and applications, such as
minimum viable populations (Shaffer 1981), species
ranges (Sagarin et al. 2006) and protected areas
management (Woodroffe and Ginsberg 1998).

Conclusion

Despite the significant role that volume could play in
forest ecology, its relationship with biodiversity has
been poorly considered to date. Here, we proposed a
new way to look at the ecosystems: the vertical
dimension as a proxy of the volume. At a global scale,
our findings suggested that higher canopies account
for more plant species, i.e. there is a third dimension
fully exploitable by them.

We suggest that the biospace should be considered
in ecological studies as well as in planning and
managing natural sites, in order to better evaluate
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minimum viable populations, species ranges, analyse
biodiversity patterns, understand evolutionary pro-
cesses, and define the dimension of protected areas
(for instance, including a more representative set of
higher, and, thus, old-growth forests). These possibil-
ities inevitably call for further investigations aimed at
verifying, describing, and comparing the pattern of a
volume—diversity relation at different scales, different
locations, and with respect to different species (plant
and animal). For instance, the next generation of
space-borne LiDAR sensor could shed more light on
the species—volume relationship. Moreover, a future
approach could be to test our results using Ecoregions
instead of Koppen’s Map. Finally, the “High-Resolu-
tion Global Maps of 2l1st-Century Forest Cover
Change” (Hansen et al. 2013) at 30 m of resolution,
or the BIEN dataset, when expanded to a global scale,
might represent the future step to carefully analyse the
relationship between plant diversity and forest height
at a worldwide high resolution.
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