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Abstract

The tendency of trees to grow taller with increasing water availability is common knowledge. Yet
a robust, universal relationship between the spatial distribution of water availability and forest
canopy height (H) is lacking. Here, we created a global water availability map by calculating an
annual budget as the difference between precipitation (P) and potential evapotranspiration (PET)
at a 1-km spatial resolution, and in turn correlated it with a global H map of the same resolution.
Across forested areas over the globe, Hmean increased with P-PET, roughly: Hmean

(m) = 19.3 + 0.077*(P-PET). Maximum forest canopy height also increased gradually from ~ 5 to
~ 50 m, saturating at ~ 45 m for P-PET > 500 mm. Forests were far from their maximum height
potential in cold, boreal regions and in disturbed areas. The strong association between forest
height and P-PET provides a useful tool when studying future forest dynamics under climate
change, and in quantifying anthropogenic forest disturbance.
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INTRODUCTION

A balance between tree structural strength and wind shearing
forces sets an upper limit to tree height. But aside from these
biomechanical constraints, it is counter-gravitational water trans-
port that is considered the primary limit to tree height. In tran-
spiring trees, the hydrostatic pressure is accompanied by
hydrodynamic frictional resistances, also scaling with path
length. With increasing height, the difficulty in hydrating leaves
increases: leaves at treetops struggle to maintain turgor and have
lower water potential (Ψleaf) than leaves at lower position in the
canopy (Koch et al. 2004). Evidently, among factors affecting
Ψleaf (solute concentration, xylem tension, matrix effects, etc.),
only the height-related gravitational component exerts a constant
effect, equal to �0.1 MPa per 10 m increase in tree height.
The decline in Ψleaf with increased height is a common pat-

tern across all trees, but can vary among species due to differ-
ences in stomatal regulation and xylem architecture. Ψleaf

decline was observed in twigs of redwoods (Sequoia semper-
virens, among the tallest trees on earth) in the very humid
temperate coastal forest of northern California, USA (Koch
et al. 2004). In late summer, Ψleaf was reported to decrease
from �1.2 MPa at 40 m to �1.9 MPa at 90 m, an evidence
of increasing hydraulic limitation (Friend 1993; Ryan &
Yoder 1997; Givnish et al. 2014). The critical biological action
of this hydraulic limitation on tree height can be twofold:
reduced stomatal conductance, and thus, reduced CO2 uptake
(C-limitation) or direct impact of turgor loss on tissue forma-
tion (growth limitation). Several studies, motivated by the
question of the theoretical maximum tree height, have pro-
posed a direct hydraulic limitation (Koch et al. 2004; Niklas
& Spatz 2004; Pennisi 2005; Domec et al. 2008; Sala & Hoch
2009). Xylem cavitation risk can explain limitations in conifer
height, as the pit aperture diameter of tracheids decreases
steadily with height, thereby diminishing the water transport

across the pits (Domec et al. 2008). From an ecological per-
spective, water input (mostly as rainfall) was shown to govern
global plant height distributions (Moles et al. 2009; although
not tested exclusively for trees). In their study of maximum
plant height data from 7048 plant species x site combinations,
precipitation during the wettest month was the best explana-
tory determinant of global plant height patterns among
environmental variables. Precipitation was also the first com-
ponent of a predictive global forest canopy height model,
which was applied successfully at the continental scale over
USA (Choi et al. 2013; Shi et al. 2013).
Recent years have seen the application of advanced remote

sensing techniques in ecology (e.g. airborne LiDAR and satel-
lite laser altimetry). This facilitated global maps of forest
canopy height on the one hand (Lefsky 2010; Simard et al.
2011), and water availability patterns on the other (Zomer
et al. 2006, 2008). Here, we take advantage of these global
datasets and relate, at a 1-km spatial resolution, forest canopy
height to a proxy of water availability (the difference between
annual precipitation and potential evapotranspiration, P-
PET). Furthermore, the relationship between forest canopy
height and P-PET was used to test the extent to which forest
height could be locally predicted from P-PET. We hypothe-
sized that: (1) both the mean and maximum forest canopy
height should increase with increasing P-PET up to an upper
threshold, and (2) the predictability of tree height from P-PET
should be generally high and decrease at higher latitudes and
elevations, presumably due to temperature limitations.

MATERIAL AND METHODS

Approach

An equation was calibrated with maximum and mean forest
canopy height (H) as response variables, P-PET as a predicting
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variable and a Gaussian error distribution. Here, we used the
global map of canopy height at a 0.00833-degree (30 arc-
seconds and ~ 1 km) spatial resolution (http://lidarradar.jpl.
nasa.gov/; last accessed: December 17, 2013) developed by
Simard et al. (2011) and based on 2005 data from the Geo-
science Laser Altimeter System (GLAS) aboard ICESat (Ice,
Cloud and land Elevation Satellite). Simard et al. (2011) com-
plemented the GLAS-derived canopy height values at a mean
coverage of 121 data points degree�2 by modelling down to 1-
km pixel resolution, using forest type, tree cover, elevation and
climatology maps. The resulting map was validated with in situ
canopy heights measured at 66 Fluxnet sites (RMSE = 6.1 m,
r2 = 0.5; or, RMSE = 4.4, r2 = 0.7 without seven outliers).
Evidently, annual precipitation was one of seven ancillary vari-
ables used in the smoothing process of the map. But since (1)
evapotranspiration (potential or actual) was not used in the
production of the final map, (2) the independent contribution
and the importance of precipitation alone in the model used
for smoothing was most likely low with six other explanatory
variables, (3) the model was used mostly to estimate canopy
height values for areas not covered by GLAS waveforms and,
overall, (4) the core of the dataset was based on direct satellite
observations, the level of inescapable circularity in our analysis
was likely very low to negligible.
P-PET was the best integrative proxy for more complex

hydrological processes available with the same extents and
resolution as the map of canopy height and was calculated
from global climate layers and remote sensing data (Hijmans
et al. 2005; Zomer et al. 2006, 2008; Trabucco & Zomer 2010)
further filtered to include forest land cover exclusively (Arino
et al. 2008). Data sources and spatial resolutions for the vari-
ables used in the analysis are summarized in Table 1.

Water availability index

We generated a global map of the difference between annual
precipitation and potential evapotranspiration (P-PET). This
layer was computed as the sum of the monthly difference
between actual water inputs from precipitation and the atmo-
spheric forcing from potential evapotranspiration (PET).
Maps of monthly P (mm/month) were obtained from World-
Clim (Hijmans et al. 2005) and monthly average PET (mm/
month; Hargreaves method) from the CGIAR-CSI consor-
tium (Zomer et al. 2008; http://www.cgiar-csi.org/data; last
accessed December 17 2013) at a spatial resolution of 0.00833
degree (30 arc-seconds) and for the 1950–2000 reference per-
iod. Note that under conditions of increased atmospheric
demand to water vapour, PET increases and typically diverges
from actual evapotranspiration to such extent that P-PET can
decrease to as low as �2000 mm year�1. The Hargreaves PET
was tested against four other techniques (Holland, Thornth-
waite, Modified Hargreaves and Penman-Monteith, used by
the UN Food and Agriculture Organization, FAO), when
generating the CGIAR-CSI dataset. It was validated with
observations in Africa (January: Mean difference = 22.3 mm
SD = 16.1; July: Mean difference = 20.0 mm SD = 19.3) and
South America (January: Mean difference = 38.2 mm
SD = 19.2; July: Mean difference = 27.2 mm SD = 14.0). The
Hargreaves PET overestimates the FAO Penman-Monteith

PET by up to 101 mm year�1 at PET < 942 mm year�1, and
underestimates it at higher values (e.g. by 113 mm year�1 at
PET = 2000 mm year�1), but generally they correlate well
(r2 = 0.99; Xu & Singh 2002). It has recently been shown that
proxies such as P-PET were outperformed by soil water bal-
ance indices when representing available water for trees (Pie-
dallu et al. 2013). However, P-PET is so far the best proxy
available for global analysis since comprehensive global soil
databases and the corresponding soil water holding capacities
are not yet available at the global scale.

Spatial analysis

The global map of remotely sensed forest canopy height was
filtered to remove land cover categories that would have
biased the analysis. First, we only considered canopy height
>2 m. Second, we used the global land cover geo-dataset Glo-
beCover 2009 from the European Space Agency (Arino et al.
2008; http://due.esrin.esa.int/globcover/; version 2.3, last
accessed December 17, 2013) to extract forested areas at the
global scale at a 0.00277-degree (~ 300 m) spatial resolution.
The categories considered in our analysis are listed in
Table S1. This spatial layer was resampled to match the spa-
tial resolution of the climate layers and the map of canopy
height. Corresponding values of P-PET were extracted for
each filtered pixel of canopy height and the mean and maxi-
mum values of canopy height were then extracted for each
1-mm increment of P-PET with R custom code (R Develop-
ment Core Team, 2011).
A second filtration step was performed to produce the mean

forest canopy height in Fig. 1c using the global human foot-
print map as an additional layer, by filtering all data to
human footprint < 5% (http://sedac.ciesin.columbia.edu/data/
set/wildareas-v2-human-footprint-geographical/maps). As rep-
orted in Sanderson et al. (2002), human footprint values are
produced through an overlay of a number of global data
layers that represent the location of various factors presumed

Table 1 Data sources and spatial resolutions for the variables used in the

analysis

Variable Dataset Year

Resolution

(Decimal deg) References

Forest canopy

height

Forest

canopy

height

2005 0.00833 Simard

et al. (2011)

Monthly

mean P

WorldClim 1950–2000 0.00833 Hijmans

et al. (2005)

Monthly mean

PET

CGIAR-CSI 1950–2000 0.00833 Zomer

et al. (2008)

Monthly mean

T, TD

WorldClim 1950–2000 0.00833 Hijmans

et al. (2005)

Yearly AET FAO 1961–1990 0.00833

Forest land

cover

GlobeCover 2009 0.00277 Arino

et al. (2008)

Human

footprint

SEDAC 2000 0.00833 Sanderson

et al. (2002)

P, precipitation; PET, potential evapotranspiration; T, temperature; TD,

daily temperature range; AET, actual evapotranspiration; ESA, European

Space Agency.
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to exert an influence on ecosystems: human population distri-
bution, urban areas, roads, navigable rivers and various agri-
cultural land uses. The combined influence of these factors
yields the human influence index. The Human Influence
Index, in turn, is normalized by global biomes to create the
human footprint values, ranging from 1 to 100. Here, we used
the version of the human footprint map of the year 2000 at a
resolution of 0.00833 degree.
Maximum forest canopy heights were still lower than

reported maximum canopy heights in undisturbed, protected
areas (Koch et al. 2004; Domec et al. 2008), hinting at an over-
arching effect of anthropogenic perturbation (Toniato & de
Oliveira-Filho 2004). Unfortunately, the size of such plots was
smaller than the 1-km spatial resolution in this study. To cor-
rect for this anthropogenic perturbation, we applied two
approaches: (1) Mean forest height was recalculated, using the
global human footprint map (Sanderson et al. 2002) as an
additional layer, by filtering all data to a human footprint
< 5%; and (2) Using a statistical approach, by smoothing the
maximum H around the highest value within P-PET moving
windows of 250 mm, yielding an additional equation, termed
here absolute maximum. Different parameterizations were

tested for the three equations of H as function of P-PET (abso-
lute maximum, maximum and mean), from a simple linear rela-
tionship with polynomial function of order 4. Equations with
the best fit were the ones with polynomial functions of order 4
for P-PET. In search for a simple, elegant saturation curve, a
Michaelis–Menten type model was additionally fitted to the
observed maximum H by P-PET. For this purpose, all P-PET
values were made positive by adding 2000; the overall maxi-
mum was determined as the observed 69 m; and the P-PET
value at half the overall maximum (34.5 m) was calculated as
the mean of 40 observed values at H = 34 m and 67 observed
values at H = 35 m, yielding a normalized P-PET of 852 mm.

Additional parameters of water availability

Obviously, P-PET is an over-simplification of more complex
hydrological and plant processes, which jointly determine the
water availability of forest stands. At best, P-PET should
approximate the balance between water inputs (as precipita-
tion and infiltration) and water losses through evapotranspira-
tion, i.e. the soil water content integrated over a a month or a
year. We additionally calculated water availability from the

(a) (b)

(c)

Figure 1 The worldwide maximum (black lines) and mean � SD (blue lines and grey surface, respectively) observed forest canopy height reached for each

value of the difference between precipitation and potential evapotranspiration (P-PET; (a)). The red curve is a polynomial fit of order 4 (adjusted R2: 0.89;

P < 0.001; Table 2); The purple curve is a Michaelis–Menten type model H = Hmax/((P-PET)Hmax/2 + (P-PET)) (R2: 0.89; P < 0.001). (b) Maximum and

mean forest height for the difference between precipitation and actual evapotranspiration (P-AET). The red curve is Hmax = �1 9 10�12 9 P-AET4 –
2 9 10�9 9 P-AET3 �8 9 10�6 9 P-AET2 + 1.5 9 10�2 9 P-AET + 38.3 (adjusted R2: 0.92; P < 0.001). (c) Maximum forest height yielded by smoothing

the maximum height in (a) around the highest value within 250-mm moving windows; Mean forest height yielded by filtering all data to human footprint

< 5%.
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difference between precipitation (P) and actual evapotranspi-
ration (AET). The global map of yearly actual evapotranspi-
ration from FAO (http://data.fao.org/map?entryId=750d56
ca-f92a-405e-8bbc-302221d55917) was used for AET at a
0.0833-degree (5 arc-minutes) spatial resolution for the period
1961–1990. Monthly layers of precipitation were extracted
from the CRU CL 2.0 Global Climate Dataset prepared by
the Climate Research Unit of the University of East Anglia
(http://www.cru.uea.ac.uk/� timm/grid/CRU_CL_2_0.html) to
match both the spatial resolution and the reference period.
In our analysis, we preferred the potential evapotranspira-

tion rather than the actual evaporation to also account for
the atmospheric evaporative demand and for more homoge-
neous global coverage. At the leaf scale, this evaporative
demand is often measured as vapour pressure deficit (VPD),
and, together with stomatal conductance, it controls the rate
of transpiration. We therefore checked to what extent changes
in PET were proportional to changes in VPD (see below).
Summing monthly P-PET differences on an annual time

scale, we also lost information about the seasonal patterns at
each site, and specifically the intra-annual temporal distribu-
tion of precipitation. For this purpose, a seasonality index
(SI) was used (Walsh & Lawler 1981):

SI ¼ 1

P
�
X12

1
MP� P

12

����
���� ð1Þ

where P is the mean annual precipitation and MP is the
observed mean monthly precipitation. To test the effects of
seasonality and VPD, we took advantage of the BIGFOOT
dataset (Turner et al. 2012) with micrometeorological mea-
surements from nine flux-tower sites across the Americas. This
dataset was disproportionally smaller than our global map,
but included contrasting forest types, deciduous and ever-
green, from wet and dry biomes, making it a good subset of
test conditions for seasonality and VPD effects.

Height growth potential based on P-PET

The three equations (absolute maximum, maximum and
mean) were then projected back on the geographical dataset
at the global scale to obtain a spatial layer of the potential
forest canopy height as a function of P-PET. To test the
extent to which height growth potential was realized across all
forest stands around the globe, a ratio between the actual
observed forest canopy height (H) and the absolute maximum
H, maximum H and mean H (eqns 2–4) predicted by the three
respective equations was calculated from the spatial layers
and represented at the global scale. This ratio, expressed as
percentage, is hereafter defined as the per cent of hydrologi-
cally predicted height, PHH:

PHHmax� ¼ Hx=Hmax� ðP-PETxÞ ð2Þ

PHHmax ¼ Hx=HmaxðP-PETxÞ ð3Þ
PHHmean ¼ Hx=HmeanðP-PETxÞ ð4Þ

where Hx is the local forest canopy height at pixel x, and
Hmax*(P-PETx), Hmax(P-PETx) and Hmean(P-PETx) are the
derived global absolute maximum, maximum and mean forest

canopy height for the P-PET measured at pixel 9 (from the
empiric functions). Values of PHHmax* and PHHmax theoreti-
cally ranged between 0 and 1 (0–100% in graphic presenta-
tions), for entirely suppressed H and fully hydrologically
predicted H respectively. In contrast, the range of PHHmean

inherently included values > 1, for forests exceeding the mean
H predicted by their local water availability.
Finally, we assessed the variation of PHHmax across latitu-

dinal gradients on six continents, namely North and South
America, Europe, Africa, Asia and Australia. For this, we cal-
culated the highest PHHmax value reached for each latitudinal
increment of 0.25° from 0° to 90°N and 0° to 90°S. Here, we
hypothesized that PHHmax should decrease when moving
poleward because of the increasing importance of temperature
over hydrological control.

RESULTS

Forest canopy height and P-PET

There was a quasilinear increase in remotely sensed maximum
forest height from 6 m at P-PET = �2000 mm to 40 m at P-
PET = �1000 mm (Fig. 1a). The sensitivity of maximum
height to P-PET was lower at P-PET greater than �800 mm,
stabilizing on 45 m at P-PET > 500 mm. A maximum func-
tion Hmax(P-PET) was empirically constructed from the data
in Fig. 1a. This fourth order polynomial function had a
highly significant correlation even after adjusting r2 to the
number of observations for each P-PET (eqn 5 in Table 2). A
third order polynomial function fitted well too, but eqn 5 was
more accurate, and fitted better than a Michaelis–Menten type
model. Some observations were above the curve, e.g. up to
56 m and 69 m at P-PET = �850 mm and 380 mm respec-
tively. The first spike can be related to runoff fed tropical for-
est (e.g. in Bolivia and NW Mexico), whereas the second
spike, representing the global maximum, is associated with
tropical rain forests in Amazonia and Congo, and coastal for-
ests in higher latitudes (Fig. S1). Notably, the highest cano-
pies (68 and 69 m), were identified in Congo at P-PET of 467
and 381 mm, respectively, whereas the single tallest trees in
California and Eastern Australia were not detected (Fig. S2).
The mean forest height increased quasilinearly up to P-

PET = 700 mm, where it saturated at 30 m (Fig. 1a). Nota-
bly, the linear function Hmean = 19.3 + 0.077*(P-PET) was
still a valid simplification. A decrease at �400 < P-PET less
than �200 mm is explained by the high fraction of tempera-
ture limited boreal forest in this water availability range
(Fig. S1). Comparing the two curves showed that while the
maximum height was sensitive to P-PET mostly at the dry
part of the moisture range (P-PET less than �800 mm), the
mean height maintained high sensitivity to P-PET across a
wider range of forests. The difference between the mean and
the maximum curves increased with moisture levels, reaching
more than 40 m difference at �800 mm and stabilizing at ca.
20 m difference for P-PET > 500 mm. This suggested that
while the variance of height tended to increase with P-PET in
dry areas, it was relatively stable, or even decreased, in wet
areas. Substituting PET with actual evapotranspiration (AET)
produced a relatively similar relationship, albeit with 2–4 fold
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higher variance in forest height, mostly at P-AET < 0
(Fig. 1b). The increase in maximum forest height with P-AET
was more gradual than with P-PET, with maximum heights of
40 m around P-AET = 0, but the mean forest height behaved
similarly with both water availability proxies. To reduce the
effect of the human footprint on forest height, an absolute
maximum curve was created considering only the tallest
forests in the analysis (Fig. 1c; termed absolute maximum).
Filtering all forest areas for a human footprint < 5%
increased the mean forest height by 3–4 m at P-PET
> 700 mm (Fig. 1c). The decrease at �400 < P-PET less than
�200 mm was more pronounced than in Fig. 1a due to an
increase in the relative share of undisturbed, temperature
limited and boreal forest (Fig. S1).

Relationship between PET and VPD and the role of precipitation

seasonality

Additional water availability parameters were tested on a sub-
set of forest sites offering more detailed information. Monthly
mean values of PET and VPD from each of nine examination
sites were correlated and yielded linear fits of various slopes
and r2 of 0.55–0.89. Higher monthly PET always meant
higher monthly mean VPD at all sites. But overall, at VPD
> 1200 Pa, PET seemed to saturate around 150–200 mm
month�1, possibly due to stomatal control of water loss in
transpiration.
Remotely sensed forest canopy heights of the nine sites cor-

related well with P-PET (H = 0.05 9 P-PET + 15.8; r2 =
0.92), in agreement with the global trend of mean height
(Fig. 1). To test whether tree height decreases with the
increase in precipitation seasonality, canopy heights were plot-
ted against the site-specific seasonality index (SI, 0 for equally
distributed precipitation amounts across the twelve months of
the year), which yielded poor correlation (r2 = 0.03). For
example, trees in the moderately seasonal (0.50 < SI < 0.59)
tropical forest in Santarem, Brazil (SI = 0.58, H = 36 m),
were considerably taller than trees in the consistently wet
(SI = 0.06, H = 23 m) temperate Harvard forest. The height
difference was explained by the P-PET in Santarem and Har-
vard: 366 mm and 208 mm respectively. Likewise, a moder-
ately seasonal temperate forest in western Oregon, USA
(SI = 0.53, H = 18 m) was higher than a mildly seasonal

(0.40 < SI < 0.49) boreal forest site in Manitoba, Canada
(SI = 0.45, H = 12 m). Again, height differences between the
two sites were consistent with differences in P-PET: 89 mm
and �84 mm in Oregon and Manitoba respectively. Interest-
ingly, among forests of the same biome, height was well
correlated with the seasonality index. For example, among
temperate forests, there was a trend of decreasing canopy
heights between Harvard, Wisconsin and Oregon (23, 19 and
18 m) along an increasing seasonality gradient (SI of 0.06,
0.39 and 0.53).

Height growth potential based on P-PET

The extent to which forest canopies realized their height
growth potential as predicted by water availability alone was
calculated for all forest sites globally (Fig. 2). The three large
tropical forest areas of South America, Central Africa and
South-East Asia stood out with absolute maximum height
predictability > 50% and maximum height predictability
> 60% (Fig. 2a and b). Among these three areas, forests in
South-East Asia and specifically in Borneo and New Guinea,
made up the largest area where absolute maximum height pre-
dictability was > 70%. Temperate forests, mostly in North
America, East Asia and along Australia’s East coast, also
reached canopy heights approaching the maximum height pre-
dicted by hydrology. On the contrary, large areas of boreal
forest (in North Asia and North America) and sub-tropical
forest (mainly in South America and Africa) had maximum
height predictability < 40%. The high predictability in wet
and tall forests, and low predictability in dry and short for-
ests, indicated the involvement of additional limiting factors
(e.g. temperature, radiation, etc.; discussed below), which was
probably more pronounced in the drier, shorter and forests.
The dichotomy between the two groups of forests (tropical
and temperate vs. boreal and sub-tropical) was also observed,
albeit with variations, in the mean height predictability map
(Fig. 2c). Globally, many canopy heights were at, or above,
their hydrologically predicted mean. Yet, some boreal and
sub-tropical forests showed mean height predictability < 70%.
Comparing the maps in Fig. 2b and c, forests with low

maximum height predictability (PHHmax < 40%) had either
low mean height predictability (PHHmean < 40%, e.g. in
Labrador, Canada; the Kamchatka peninsula in East Siberia;

Table 2 Equations of forest canopy height as function of P-PET from the global forest dataset correlations in Fig. 1

Equation

R2

(adjusted) P

Eqn 5.

Maximum

height

Hmax ¼ �3:3� 10�14 � P-PET4 þ 6:3� 10�10 � P-PET3 � 3:9� 10�6 � P-PET2 þ 6:3� 10�3 � P-PETþ 44:4 ð5Þ
0.89 P < 0.001

Eqn 6.

Absolute

maximum

height

Hmax� ¼ �5:4� 10�14 � P-PET4 þ 9:4� 10�10 � P-PET3 � 4:9� 10�6 � P-PET2 þ 4:2� 10�3 � P-PETþ 58:1 ð6Þ
0.80 P < 0.001

Eqn 7.

Mean

height

Hmean ¼ 5:8� 10�14 � P-PET4 þ 7:2� 10�10 � P-PET31:3� 10�6 � P-PET2 þ 6:5� 10�3 � P-PETþ 20:1 ð7Þ
0.92 P < 0.001

Absolute maximum height was produced by smoothing the observed maximum height around the highest value within P-PET moving windows of 250 mm,

to correct for the limited spatial resolution and anthropogenic height suppression.
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(b)

(c)

(a)
5 – 10

11 – 20

21 – 30

31 – 40

41 – 50

51 – 60

61 – 70

71 – 80

81 – 90

91 – 100

> 100

Unforested areas

Figure 2 Spatial representation of the Percent of Hydrologically predicted Height (PHH) at the global scale, calculated as the ratio between the locally

observed forest canopy height and the absolute maximum (a), maximum (b) and mean (c) forest canopy height for the local P-PET value, based on the

equations developed in Fig. 1 (eqns 2–4, see text). PHH indicates the extent to which actual forest canopies realized their height growth potential as

predicted by water availability alone (WGS 84; 0.0083 degree).
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and Scotland’s highlands) or high mean height predictability
(PHHmean > 70%, e.g. in Bolivia; the Yucatan peninsula;
NW Mexico; Ethiopia’s highlands; and the Baikal region in
Siberia). Evidently, while the first group was characterized
by short canopies in wet areas (unexpectedly low H at high
P-PET, partly explained by mean wind speed > 8 m s�1 in
those areas), the second group was characterized by tall
canopies in dry areas (unexpectedly high H at low P-PET,
hinting to localized inflows of water from neighbouring
regions). Such pattern was not observed at the high end of
PHH values, as all forests with high maximum height pre-
dictability (PHHmax > 60%) had high predictability of mean
height (PHHmean > 100%). A global trend towards lower
maximum height predictability at high latitudes was observed
across all continents, in both northern and southern hemi-
spheres (Fig. 3). The decline typically started around the
edges of the tropics (23.5°N and 23.5°S), where PHHmax

> 80%, and continued monotonically towards the northern
and southern timberlines. Zooming in on specific geographi-
cal areas with steep PHHmax gradients seemed to demon-
strate the effect of anthropogenic disturbance (Fig. 4).
Relying on the robust relationships between forest height
and water availability, unexpected local decreases in PHH
were observed in suppressed forests close to populated areas,
compared to nearby protected or secluded areas, where for-
ests approached their full height potential.

DISCUSSION

The global analysis presented in this study provides quantita-
tive evidence for the control of water availability over forest
canopy height around the world. Although the relationships

between water availability and tree height have been assessed
locally in numerous studies (Williams et al. 1996; Eamus
et al. 2000; Albaugh et al. 2004; Koch et al. 2004; Givnish
et al. 2014), to the best of our knowledge we conducted here
the first global analysis. In forest research, maximum tree
height has been identified as indicator of ‘site quality’ for
even-aged forest stands (Burkhart & Tome 2012). Strong rela-
tionships between site conditions, maximum tree height and
the productive potential of stands exist (McDill & Amateis
1992; Burkhart & Tome 2012), but are complicated by an
age-related growth decline (Robichaud & Methven 1993). The
observed significant and positive correlations between forest
height and P-PET (Fig. 1) support the role of hydraulic limi-
tation on tree height (Friend 1993) i.e. that water availability
exerts a direct limitation on the maximum height trees can
assume (Sala & Hoch 2009). In turn, the mechanistic associa-
tion between tree height and water availability (Ryan &
Yoder 1997; Koch et al. 2004; Niklas & Spatz 2004; Ryan
et al. 2006; Domec et al. 2008) is essential for attributing
causality to the correlations we presented. Our results further
complement the well known hydraulic limitation on tree
height, by: (1) showing that the mean, and not only the maxi-
mum, canopy height also depends on moisture conditions;
and (2) providing evidence for the dominance of water limita-
tions over other limiting factors controlling tree height. The
second point rests on the fact that, using the observed rela-
tionships between mean height and P-PET (eqn 7), we were
able to reproduce the height of forest canopies around the
globe (green shades in Fig. 2c). Substituting PET with AET
yielded a similar correlation with forest canopy height, further
supporting our results. The higher variance in maximum for-
est height at P-AET < 0 (Fig. 1b) can be related to variations

Figure 3 Latitudinal trends in the predictability of maximum forest height based on water availability (PHHmax, %) across northern (N) and southern (S)

hemisphere sections of the six continents, overlaid on the global map of P-PET. Data points in the graphs are the maximum PHHmax (%) for each latitude

and continent; red curves have been adjusted with a loess function to show the latitudinal trend. NA, North America; SA, South America; EU, Europe;

AF, Africa; AS, Asia; AUS, Australia (WGS 84; 0.0083 degree).
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Figure 4 Five examples of human-induced forest decline from around the globe: Borneo (a); Myanmar (b); Mozambique (c); Vancouver, Canada (d) and

Columbia-Panama border region (e). Each example shows a gradient in maximum forest height predictability (PHHmax; left column) from canopies close to

the maximum height permitted by their local water availability (PHHmax > 60%, open arrows) to suppressed canopies (PHHmax < 40%, open-bold arrows).

These suppressed canopies are at similar P-PET (middle panels) as the tall canopies, but at dramatically higher human footprint index (right panels) (WGS

84; 0.0083 degree).
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in evapotranspiration and the level of canopy conductance to
water vapour (e.g. via stomatal control of water loss in tran-
spiration and via boundary layer effects) compared to the
physical nature of PET. Such variations are expected more in
dry than in wet sites. The higher sensitivity to P-PET of
Hmean than Hmax in wet areas might be related to their higher
biodiversity compared with drier areas (Gaston 2000) i.e. that
in wet forests many species grow taller, whereas in dry forests
specialization or local adaptation may give advantage to only
a few species.
The PET term was important to capture the atmospheric

evaporative demand. If tree height is limited hydraulically,
then water potential must be sensed in terminal shoots, where
it is co-governed by the vapour pressure deficit, VPD. The
good correlation between PET and VPD, though not surpris-
ing, supports the use of P-PET as integrator of the water bal-
ance in soil, and the evaporative demand that acts on leaves.
However, using annual P-PET as a proxy for water availability
is not without its limitations. The world’s tallest trees thrive
only in consistently humid sites (Sequoia sempervirens in Cali-
fornia, USA and Eucalyptus regnans in Victoria, Australia),
while other wet sites with high P-PET can have dry periods.
Due to the limited spatial resolution, individual trees of
> 70 m height escaped the satellite observation. Seasonality
explained observed height differences among sites within the
same biome, but not across different biomes and large P-PET
differences. Hence, seasonality effects are probably overridden
by the larger differences in the annual water balance, and are
therefore less important at the global scale (Moles et al. 2009).
In addition, trees, having higher rooting depth than shrubs
and non-woody plants (Canadell et al. 1996) can also buffer
seasonality effects and thus integrate moisture signatures over
longer periods (Sarris et al. 2007).
Inconsistencies between forest height and P-PET were not

uncommon in our global analysis. Areas with low values of
predictability (Figs. 2–4) have a relatively low degree of asso-
ciation between height and P-PET, and therefore indicate an
increasing role of other growth limitations. These limitations
can be roughly divided into five categories: (1) Environmental
limitations, such as by low nutrients or temperature, maxi-
mum wind speed and biotic factors (e.g. inter- and intra-
specific competition and pathogens); (2) Genetic limitations,
such as tree species and provenances (setting height growth
potential) and tree age; (3) Interactions between environmen-
tal and genetic limitations, i.e. the ability of a certain tree spe-
cies to occupy a specific site, i.e. the ecological niche; (4) The
occurrence of natural disturbance, e.g. wildfire, climate
extreme, insect outbreak, etc. and (v) Anthropogenic distur-
bance, either directly through logging, or indirectly through
climate change. Strong latitudinal trends of maximum height
predictability across all continents (Fig. 3) extend on the
observation of a sharp decrease in the height of herbs and
shrubs at the edge of the tropics (Moles et al. 2009) and indi-
cate the limiting role of temperature. Low temperature limits
tree growth even at low latitudes, i.e. with elevation. The
montane thermal belt covers 5.29% of the global terrestrial
area outside Antarctica (K€orner et al. 2011). Assuming half
of it as forested, and considering the global forest area frac-
tion (Table S1), 8.65% of the world forests are montane and

hence might be of lower height than predicted by hydrology
alone. Evidence for the role of anthropogenic disturbance
comes from comparing the extent of height predictability in
the temperate forests (40°N–60°N) east and west from the
North Atlantic. The suppressed forests of Europe reached
80% of their maximum height (predicted by P-PET), while
North-American forests started at 95% in 40°N, gradually
decreasing to 80% at 60°N (Fig. 3). Similarly, the absolute
maximum function (eqn 6) peaked at 57 m, much above the
Hmax function peak at 45 m. Our local examples from a vari-
ety of forest biomes (Fig. 4) further highlight the negative
impact of human footprint on actual forest heights relative to
their potential. This effect was more pronounced in wet sites,
since considering only less-disturbed forests increased the
mean forest height mostly at P-PET > 700 mm (Fig. 1c).
The combination of a strong association between forest

height and P-PET (Fig. 1), and the degree to which hydrol-
ogy can explain observed variations in height (Fig. 2) makes
an appealing case for their application in various modelling
purposes. For example, our results can be useful for: (1) pre-
dictions of forest distribution and changes in biomass under
climate change scenarios, e.g. by creating a climate change
scenario-driven global P-PET map, which, in turn, can be
used to predict canopy height distribution; (2) reconstruc-
tions of past forest dynamics using available estimates of
past climatic conditions; (3) studying the impact of anthro-
pogenic disturbance on height, e.g. using case studies in for-
ests that are highly controlled by water availability and (4)
quantifying the anthropogenic control over tree turnover
(harvest cycles) from differences between potential and actual
forest heights.
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