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Abstract

Transpiration at the stand level is often estimated from water use measurements on
a limited number of plants and then scaled up by predicting the remaining plants of
a stand by plant size-related variables. Today, drone-based methods offer new
opportunities for plant size assessments. We tested crown variables derived from
drone-based photogrammetry for predicting and scaling plant water use. In an oil
palm agroforest and an oil palm monoculture plantation in lowland Sumatra,
Indonesia, tree and oil palm water use rates were measured by sap flux techniques.
Simultaneously, aerial images were taken from an octocopter equipped with an Red
Green Blue (RGB) camera. We used the structure from motion approach to compute

several crown variables such as crown length, width, and volume. Crown volumes
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and B11 for both palms (69%) and trees (81%) explained much of the observed spatial vari-

ability in water use; however, the specific crown volume model differed between
palms and trees and there was no single linear model fitting for both. Among the
trees, crown volume explained more of the observed variability than stem diameter,
and in consequence, uncertainties in stand level estimates resulting from scaling
were largely reduced. For oil palms, an appropriate whole-plant size-related predic-
tor variable was thus far not available. Stand level transpiration estimates in the
studied oil palm agroforest were lower than those in the oil palm monoculture,
which is probably due to the small-statured trees. In conclusion, we consider
drone-derived crown metrics very useful for the scaling from single plant water

use to stand-level transpiration.
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1 | INTRODUCTION 1985; Wullschleger, Meinzer, & Vertessy, 1998). In most studies, the

number of plants directly analysed for water use is lower than the num-
Transpiration is a central flux in the ecosystem water cycle. In forests or ber of plants in the stand. The individual plant water use rates are then
similar vegetation types, it is often estimated from individual plant scaled to stand-level transpiration by biometric variables. Scaling is
water use assessments, for example, with sap flux techniques (Granier, thus a critical issue that needs to be optimized in order to improve tran-
spiration estimates and to reduce associated uncertainties (Hatton &
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Ecohydrology. 2019;e2115.
https://doi.org/10.1002/eco0.2115

wileyonlinelibrary.com/journal/eco © 2019 John Wiley & Sons, Ltd. 1 of 18


https://orcid.org/0000-0002-2678-6879
https://doi.org/10.1002/eco.2115
https://doi.org/10.1002/eco.2115
http://wileyonlinelibrary.com/journal/eco

20118 | \WiLEY

AHONGSHANGBAM ET AL.

Candidate variables for scaling include tree diameter, crown met-
rics, and leaf area. Among these, tree diameter and the number of
trees (stand density) are often used, as they are easy to assess and
often available from forest inventories. The relationships between
tree water use and tree diameter often have R? values around 0.66
(Schiller, Cohen, Ungar, Moshe, & Herr, 2007; Yue et al., 2008), but
closer (Wang, Xing, Ma, & Sun, 2006), and less close correlations
(Kume et al., 2009) have also been observed. Stem diameter has some
limitations that include a potentially slow response to concurrent
dynamics in the stand such as crown damages or crown expansions
into gaps. In addition, recently increasingly monocot species such
as bamboos and palms came into the focus of transpiration studies
(Mei et al., 2016; Roll et al., 2015), in which intraspecific diameter
variation may be low but nonetheless variation in water use occurs.
Leaf area index can be a very powerful variable for scaling (Hatton &
Wu, 1995; Medhurst, Battaglia, & Beadle, 2002; Vertessy, Benyon,
O'Sullivan, & Gribben, 1995), but it is often only available at the stand
level and not at the tree level. In contrast, crown dimensions are easier
to measure and thus more commonly available and yielded good
results in mature oak (Quercus robur) forest (Cermak, 1989). Similarly,
in Taxodium distichum forest and olive orchard, crown structure
correlated closely with tree water use (Lépez-Bernal, Alcantara, Testi,
& Villalobos, 2010; Oren, Phillips, Ewers, Pataki, & Megonigal, 1999).
Crown exposure also indirectly affected transpiration by influencing
leaf wetness and dryness in a premontane forest of Costa Rica
(Aparecido, Miller, Cahill, & Moore, 2016).

Despite the long-recognized potential of crown variables for scal-
ing up from tree water use to stand transpiration, diameter-based
approaches remain popular, as crown variables are more difficult and
time consuming to assess in ground-based stand inventories. With
the recent development of drone technologies and their application
in ecological studies, this might change. Drones equipped with optical
detectors such as cameras capturing specific light wave lengths or
laser-based approaches offer new opportunities for crown and canopy
assessments (Barnes et al., 2017; Diaz-Varela, de la Rosa, Ledn, &
Zarco-Tejada, 2015; Thiel & Schmullius, 2016). Crown variables such
as crown length (Kallimani, 2016), crown diameter (Lim et al., 2015;
Panagiotidis, Abdollahnejad, Surovy, & Chiteculo, 2016), or crown vol-
ume (Torres-Sanchez, Lépez-Granados, Serrano, Arquero, & Pefa,
2015) were calculated using photogrammetric techniques. Even
though drone technologies have previously been applied in
ecohydrological studies (Vivoni et al., 2014), the applicability of
drone-based photogrammetry for scaling up tree water use to stand-
level transpiration has to our knowledge not yet been explored.

Uncertainties associated with sap flux measurements and stand
level estimates of transpiration are manifold and include the
assessment of sap flux variation in a given tree, the number of trees
sampled, and the scaling (Peters et al., 2018). For a better understanding
of ecohydrological consequences with land-use and land-cover change,
it will be important to produce stand-level transpiration estimates with a
high accuracy and, thus, a low associated uncertainty. The basis for this
is the further optimization of current sampling and scaling schemes,

potentially also by employing innovative drone-based methods.

In our study, we assessed relationships between crown metrics
and the water use of oil palms and trees in lowland Sumatra, Indone-
sia. In this region, natural forests have largely been converted and
monoculture oil palm plantations are widespread (Drescher et al.,
2016). The land cover change and the expansion of oil palm planta-
tions are associated with losses of biodiversity and impaired ecosys-
tem functions (Barnes et al., 2014; Clough et al., 2016; Dislich et al.,
2017). Transpiration rates from commercial oil palm plantations can
be high and may exceed those of remaining forests (Meijide et al.,
2018; Roll et al., 2015). To test possibilities of alleviating the ecolog-
ical impacts of oil palm cultivation, a biodiversity enrichment experi-
ment, EFForTS-BEE, was set up in a commercial oil palm plantation
by planting native tree species and establishing oil palm agroforests
(Teuscher et al., 2016). Within EFForTS-BEE, we conducted our study
on plant water use and scaling by crown variables. The objectives
were (a) to test drone-derived crown variables for the prediction of
tree and palm water use, (b) to analyse uncertainties resulting from
scaling plant water use to stand-level transpiration, and (c) to com-
pare transpiration rates of an oil palm monoculture with an oil palm

agroforest.

2 | METHODS

2.1 | Study area and sites

The study was conducted in Jambi province, Sumatra, Indonesia. The
region is tropical humid, with mean annual precipitation of
2,235 mm year ! and average annual temperature of 26.7° C (Drescher
et al,, 2016). The study sites were located just south of the equator
(01.95°S and 103.25°E), within the commercial oil palm plantation PT
Humusindo, near Bungku Village. Mean elevation is 47 m asl. The biodi-
versity enrichment experiment (EFForts-BEE) was established in mono-
culture oil palm plantations. Oil palms were planted in a 9 x 9 m?
triangular grid resulting in approximately 143 oil palms per hectare;
the age of the oil palms at the time of study was approximately 9-
15 years (Teuscher et al., 2016). The broad age range refers to the entire
experiment with 56 plots that covers an area of about 150 ha. After
thinning of oil palms, six native tree species were planted in a 2 x 2 m?
grid. The tree species were mixed in a way to maximize the number of
hetero-specific neighbours (i.e., no conspecific rows or groups;
Teuscher et al., 2016). There are 52 experimental plots varying in plot
size and in tree species diversity level. In addition, there are also four
control plots with oil palm management as usual and no enrichment
planting. Our main study site was at a 40 x 40 m? plot with six tree spe-
cies planted (Figure 1) and a nearby monoculture control plot of the
same size. The agroforest plot was selected based on the criteria plot
size (as big as possible, ie, 40 x 40 m?) and highest tree diversity level
(six tree species). The monoculture control plot was located approxi-
mately 60 m away from the agroforest plot. At the selected agroforest
and monoculture study plot, oil palms were of similar age. In the
agroforest, the studied oil palms had an average meristem height of

6.8 +0.2 m(mean * SD), whereas the sample trees had an average height
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FIGURE 1 Aerial view of a studied oil palm
agroforestry plot. Three years prior to the
study, the stand was thinned with reduction in
oil palm stems by 40% and six tree species
were planted

of 4.7 + 0.6 m (Appendix A). The reported measurements were con-
ducted between September and November 2016, which was the begin-
ning of the rainy season.

2.2 | Sap flux measurements

Eight palms and 16 trees were equipped with sap flux sensors.
Selected tree species were Archidendron pauciflorum, Parkia speciosa,
Peronema canescens, and Shorea leprosula. As S. leprosula did not per-
form well on the multispecies plot, it was measured on a nearby single
tree species enrichment plot, under otherwise very similar conditions.
One further tree species, Dyera polyphylla, was not included in the
measurements because almost all individuals had died on the muilti-
species plot and no plot with well performing D. polyphylla trees were
available nearby. A. pauciflorum, P. speciosa, and P. canescens are early
successional and light demanding species (Aumeeruddy, 1994; Law-
rence, 2001; Lee, Wickneswari, Clyde, & Zakri, 2002; Orwa, Mutua,
Kindt, Jamnadass, & Simons, 2009); S. leprosula is considered a gap
opportunist (Adjers, Hadengganan, Kuusipalo, Nuryanto, & Vesa,
1995; Bebber, Brown, Speight, Moura-Costa, & Wai, 2002). Sap flux
sensors were installed in four trees for each tree species and on four
oil palms in an oil palm agroforest and additionally on four oil palms
in the oil palm monoculture.

For trees, we used heat ratio method sensors (Burgess et al., 2001;
ICT International, Australia). One heat ratio method sensor per tree
was installed radially into the xylem at breast height. To process raw
data we used the software Sap Flow Tool, version 1.4.1 (ICT Interna-
tional, Australia). The mean sap velocity output data was converted
into “sap flow” (cm® hr™%) by multiplying it with the cross-sectional
water conductive area A. (cm?). As the studied trees were rather small
(diameter at breast height, DBH < 11 cm), we considered A, to be
equal to the cross-sectional area at breast height. Estimation errors
associated with assuming fully conductive cross-sectional areas of
the relatively small trees for the up-scaling to tree water use are likely

to be small; for similar sized trees, Delzon, Sartore, Granier, and

[ Trees ] Oil palms

Plot boundary

Loustau (2004) found a difference of approximately 4% with this
assumption.

For oil palms, we used thermal dissipation probes (Granier, 1985)
as this method had previously been tested on oil palm and a sampling
scheme had been developed (Niu et al., 2015), which we followed
closely. Like Niu et al. (2015), we installed the thermal dissipation
probes sensors in leaf petioles rather than the stem of oil palms due
to presumably higher vessel density and homogeneity in vascular bun-
dle distribution (Madurapperuma, Bleby, & Burgess, 2009; Renninger,
Phillips, & Hodel, 2009). Niu et al. (2015) also tested the influence of
leaf characteristics such as leaf orientation, inclination, and horizontal
shading on leaf water use for 56 oil palm leaves, but no statistically
significant effects were observed. The authors argued that the exam-
ined factors partly counteract (Niu et al., 2015). We followed their
suggested scheme in our study and selected four leaves per palm in
the cardinal directions. Sap flux density J; (g cm™2 hr™?) was calculated
using the equation derived by Granier (1985), but with oil palm spe-
cific, calibrated equation parameters (Niu et al., 2015). Zero-flux con-
ditions were examined following Oishi, Oren, and Stoy (2008); it was
found that zero-flux conditions were met during the early morning
hours during our entire sap flux measurement period. Individual leaf
water use rates (kg day™1) were calculated by multiplying J; day sums
by A, of the according leaf petioles. Those were derived from a previ-
ously presented linear relationship between petiole baseline length
(which was measured with a calliper) and A, at the location of the sen-
sor (Niu et al., 2015). Individual daily leaf water use rates were aver-
aged for each palm and multiplied by the number of leaves per palm
to derive palm water use rates (kg day™1). Water use rates were based
on averages of three sunny days on which soil moisture was
nonlimiting in order to minimize the effects of varying environmental
conditions; this approach is in accordance with previous research on
oil palm water use (e.g., Hardanto et al., 2017; Niu et al., 2015;
Roll et al., 2015). In the nomenclature across the applied sap flux
methods, we follow Edwards, Becker, and Cermak (1997) in express-
ing individual tree and oil palm water use as mass per time (kg day ™)

and stand-scale transpiration in “mm day .
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2.3 | Drone image acquisition and processing

At the time of the sap flux measurements, drone flights were
conducted using an octocopter (MikroKopter OktoXL, HiSystems
GmbH, Germany) equipped with a digital RGB camera (Nikon
D5100, Japan). Flight routes were planned with MikroKopter-Tool
V2.14b. Flight altitude was 39 m above ground, flight speed was
7.2 km hr™%, and one picture was taken per second (Appendix B).

The flight missions were performed in circular and grid pathways to
get different perspectives and an overlap of 70% for the construction of
3D maps. After eliminating blurry pictures, 3D point clouds were cre-
ated from an average of 600 geo-referenced images per study site with
Agisoft Photoscan Professional 1.2.6 software (Agisoft LLC, Russia).
The achieved point cloud density was 3 points cm™2. In the analysis,
we used the pictures from one single flight to construct the 3D models.

The workflow included image alignment, georeferencing, building
dense point clouds, the generation of digital elevation models (DEM),
and orthomosaic generation. Ground-control points printed as 8-bit
barcodes and laid out during the flight campaigns were used to
determine the overall positional accuracy of orthomosaic images.
The 3D point clouds were generated using the Structure from Motion
technique (Lowe, 2004; Westoby, Brasington, Glasser, Hambrey, &
Reynolds, 2012). Orthomosaic and DEM were created for each plot
for further visualization and interpretation.

In order to create canopy height models (CHM), digital terrain
models (DTM) were generated from the point cloud data. For this,
the three main parameters (maximum angle, maximum distance, and
cell size) were defined with Agisoft's ground point classifier tool and
used to differentiate ground and nonground points. The classified
ground points were converted to raster format as DTM. Further, we
overlaid the DEM and DTM and applied smooth filters to derive the
canopy height model. Subsequently, crown polygons were delineated
for target trees and oil palms through visual interpretation and tree
location information. One major challenge of using aerial imagery for
delineating individual tree canopies is the overlapping of crowns. It
was not major issues in our study as the studied trees are young and
located in gaps created by the previous thinning of oil palms. The
3D crown models of the studied palms and trees (extracted from the
Structure from Motion point clouds) were derived from multiple shots
at different angles and positions, thus allowing to delineate even over-
lapping canopies. Additionally, the very high point cloud density of
3 points cm ™2 allowed modelling the crown structures in great detail.
However, for some sample trees, we experienced difficulties with
automatic 3D segmentation, for example, when branches from
different trees connect (Tao et al., 2015). In such a case, we performed
additional manual segmentation and processing and added clusters for
the automatic approach (Trochta, Kruéek, Vrska, & Kraal, 2017).
The individual canopy height of trees and meristem height of oil palms
were obtained by overlaying individual crown polygons with the CHM.
For trees, the highest point in CHM within the individual crown
polygon was considered as the canopy height of trees (Birdal, Avdan,
& Turk, 2017), whereas the lowest point was taken as the meristem
height of oil palms. As a ground-based reference, canopy height of

each individual was measured using a pole, and canopy width and pro-
jection area were established with the vertical sighting method
(Preuhsler, 1979, also see Pretzsch et al., 2015) in the eight cardinal
directions. The heights obtained by the drone-based and the ground-
based methods were well correlated along a 1:1 line (R? = 0.69,
p < 0.001; Appendix C). Also, the canopy diameter obtained by
terrestrial measurements and drone based analyses were highly corre-
lated along a 1:1 line (R? = 0.95, p < 0.001), suggesting the applicability
of the drone-based approach. The PolyClip function in Fusion soft-
ware v3.6 (USDA, USA) was used to extract individual point clouds
for each tree and oil palm crown. Crown variables of each individual
were obtained using measurement marker functions in the same soft-
ware. For crown volume and planar area, the point clouds were inter-
polated in R software v3.4.3 (R Development Core team, 2016) using
the Alphashape3D (Lafarge & Pateiro-Lopez, 2014) and rLiDAR
(chullLiDAR2D, Silva et al., 2017) packages, respectively.

There are several different ways to compute crown volumes
including convex hull and alpha shape algorithms (Colaco, Trevisan,
Molin, Rosell-Polo, & Escola, 2017). In convex hull, it constructs an
envelope by considering the number of input points belongs to the
convex hull to represent the outward curving shape of tree crowns.
In the alpha-shape approach, a predefined and reduced alpha value
serves as size criterion to construct more details, thus shrinking the
corresponding convex hull closer down to the 3D point cloud (Colaco
et al., 2017; Pateiro-Lépez & Rodriguez-Casal, 2010). In our study, we
calculated the crown volumes for both trees and oil palms with a con-
vex hull algorithm and alpha-shape algorithms, the latter using the
alpha values 0.75, 0.50, and 0.25 (Appendix D). Two contrasting
models (convex hull and alpha shape 0.25) are illustrated in Figure 2

for a studied oil palm and a studied tree.

2.4 | Statistical analyses

To test for differences in tree water use among species, and for
differences in oil palm water use between oil palm agroforest and oil
palm monoculture, we used ANOVAs, followed by post hoc Tukey's
HSD; differences were assumed as significant at p < 0.05.

Plant size related variables such as crown volumes as predictor of
plant water use were tested by linear regressions. We tested the
variance of residuals for normal distribution by the Shapiro-Wilk test
and homoscedasticity with residual plot analysis. The null hypothesis
of normality was rejected at p < 0.05.

The linear regressions served as the basis for subsequent scaling of
tree- and palm-level water use to stand-level transpiration. To com-
pare the uncertainties associated with different scaling variables, we
performed parametric bootstrapping with the linear relationships
between water use and the predictor variables with 50,000 iterations
using the R package “boot” (Canty & Ripley, 2017; Davison & Hinkley,
1997). This yielded estimates of means and corresponding standard
deviations as measures of uncertainty.

All statistical analyses and plotting were performed with R version
3.4.3 (R Development Core Team, 2016).
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Tree: Shorea leprosula

Convex hull

Convex hull

Alpha 0.25

Alpha 0.25

FIGURE 2 Canopy of an oil palm and a tree (Shorea leprosula) using point clouds from the drone missions and convex hull and alpha shape

algorithms. Other tree species are shown in Appendix D

3 | RESULTS

3.1 | Plant water use

On sunny days, the daily water use per palm ranged between 158 and
249 kg day* and on average was by 32% higher in the agroforest than
in the monoculture (ANOVA, p < 0.01). Daily water use of the
interplanted trees was much lower and per tree ranged from 1.1 to
19.8 kg day™t. There were species-specific differences among the
trees (p < 0.001; Appendix A).

3.2 | Drone-derived crown metrics and their relation
with plant water use

Crown volumes (convex hull) for the eight oil palms with sap flux mea-
surements ranged between 332 and 831 m® and on average were by
79% higher in the agroforest than in the monoculture. Crown volumes
(convex hull) of the trees were much lower and ranged between 0.95
and 81.0 m®. There were species-specific differences among the trees
(Appendix A).

Crown metrics were highly correlated with tree and palm water
use (Table 1). For oil palm, crown volume convex hull explained 69%
of the observed palm-to-palm variability in daily water use (0.01).
For trees, crown volume models with an alpha level 0.25 (see
Appendix D) explained 81% of tree-to-tree variability (p < 0.001;
Figure 3) across the studied species. Due to violated quality criteria
(Shapiro-Wilk test, 0.000042), there was however no single linear
crown volume model that fit both oil palms and trees. Nonetheless,
the single linear relationship crown volume alpha 0.75 to tree/palm
water use is depicted in Appendix E.

For trees, stem diameter as measured in ground-based inventories
explained 65% of the variability observed in daily tree water use
(p < 0.01), whereas for oil palms, no significant ground-based explana-
tory variables were available for comparison.

3.3 | Transpiration estimates and uncertainties

On the basis of scaling with crown volumes, the stand-level transpira-
tion estimate in the oil palm agroforest is 1.9 mm day! and
3.0 mm day ! in the oil palm monoculture (Table 2). Scaling with

ground-based DBH measurements in trees resulted in only minor
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TABLE 1 Linear regressions between daily water use (kg day™) and different aerial and ground based variables of oil palms (n = 8) and trees
(n = 15). Only those linear regressions that satisfy normality and homoscedasticity conditions are presented

bo—water use P
b,—variables value R?
Drone based
Crown volume (m®) Qil palms convex hull bo = 0.14 by + 122 .010 .69
alpha 0.75 bo=0.74 by +49.1 .038 .53
Trees alpha 0.75 by = 0.39 by +2.12 <.001 .73
alpha 0.5 bo =0.51 by + 1.84 <.001 77
alpha 0.25 bo = 0.82 b; + 1.70 <.001 .81
Ground based
Diameter at breast height (cm) Oil palms = = =
Trees bo = 2.46 b;-8.42 <.01 .65
Oil palms Trees
° 25
20 { R'=069, P=0.01 R*=0.81, P<0.001
[ ] 20
TA 220 ® TA Archidendron pauciflorum
é "§ 15 4
f‘,’ 200 - %
2 & g
= 165 $ = Peronema canescens
5 F Parkia speciosa
160 - °
° . . . . . § Aj > Shorea eorosile; : : FIGURE 3 Daily water use of (a) oil palms
300 400 500 600 700 800 0 5 10 15 20 25 and (b) trees versus crown volumes. Note the

3
Crown volume, convex hull (m”)

TABLE 2 Transpiration of the oil palm agroforest and monoculture
plot with uncertainties for the scaling from individual plants to the plot
level by bootstrapping linear relationships. For uncertainty estimates
from ground-based scaling in oil palm we used an approach by Niu
et al. (2015), which is based on the number of leaves that measure-
ments were performed on and the resulting cumulative coefficient of
variation (marked with an *)

Transpiration
(mm day™?) Estimate
+ uncertainty

Drone-based

Agroforest Trees 0.28 + 0.08
Qil palms 1.61 + 0.61
Total 1.89 + 0.69
Monoculture Qil palms 3.04 £ 1.05
Ground-based
Agroforest Trees 0.38 + 0.38
Qil palms 1.67 + 0.88*
Total 2.05 + 1.26
Monoculture Qil palms 2.96 + 0.78*

differences in stand transpiration estimates. For trees, bootstrapping
suggests that the estimate based on crown volume is associated with

an uncertainty due to scaling of 28%. In contrast, using diameter for

Crown volume, alpha = 0.25 (ma)

different crown volume models and scales

scaling results in an uncertainty of 100%. For the oil palms in the
agroforest and the monoculture, the uncertainty estimates associated

with crown volume scaling were 37% and 35%, respectively.

4 | DISCUSSION

In our study, we found that drone-based assessments of oil palm and
tree crowns predicted individual plant water use quite well and better
than, for example, diameter in trees, and thus led to reduced uncer-
tainties in spatial scaling and stand-level estimates of transpiration.

A popular variable for the prediction of plant water use is stem
diameter. In our study, DBH yielded an R? of 0.65, which is quite sim-
ilar to several recent studies (Granier, Biron, & Lemoine, 2000; Schiller
et al., 2007; Yue et al., 2008). In our study as in many others, the rela-
tionship between DBH and tree water use was found to hold across
species. In contrast, in a premontane forest in Costa Rica the correla-
tion of water use to DBH showed differences among species (Moore
et al., 2017). Likewise, species-specific trajectories were suggested
from reforestations in the Philippines (Dierick & Holscher, 2009).
There are further general concerns in using diameter for scaling. As
such, diameter integrates over large time spans and a tree may have
achieved its diameter under conditions that no longer prevail at the

time of study. Cases in point are damages by storm or lightning, or
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in the other direction crown expansion into a gap that was formed by
the dieback of a neighbour.

Our study also included oil palm, a monocot plant that lacks
secondary diameter growth. Consequently, significant correlations
between stem diameter and water use can hardly be expected. Thus
far, to our knowledge, no scaling scheme from an individual oil palm
to the stand level had been established. On the basis of leaf level
measurements in 56 oil palm leaves, Niu et al. (2015) tested for rela-
tionships between leaf characteristics (e.g., orientation, inclination,
and horizontal shading) and leaf water use but did not find significant
relationships. In contrast, the approach of our study with crown volume
and whole plant water use resulted in an R? of 0.69 (0.01). On the basis
of their results, Niu et al. (2015) suggested a nonstratified sampling
scheme. Our results would suggest that a sampling scheme in oil palm
would benefit from representing different crown dimensions.

For trees and palms the best fitting (as based on high R? and low p)
crown volume model differed with alpha 0.25 for trees and convex hull
for palms. There was however one single intermediate crown volume
model, alpha 0.75, that appears suitable for both trees and palms
(Table 1). However, applying this model for the pooled dataset of all
trees and palms resulted in nonnormality and too high heteroscedascity
to be accepted (Shapiro-Wilk test, 0.000042), even though R? was very
high and the p value was low (Appendix E). Our dataset certainly lacks
values in the mid-range of crown volume and water use for a further
examination of this “universal” crown model. Also, it can be seen that
crown alpha 0.75 is not the best predictor for oil palm water use. How-
ever, the universal model may indicate that trees and oil palms do not
differ significantly in water use per crown volume, even though more
and more equally distributed data will be needed to further test this
contention. On the other hand, it may also well be that a universal
crown volume to plant water use relationship does not exist. As such,
across (tree) species, eg, when comparing early successional and late
successional species, substantial differences regarding crown shape,
the occurrence of sun and shade leaves and leaf stomatal
conductance exist (Bazzaz, 1979; Poorter, Bongers, & Bongers, 2006).

Sap flux measurements and subsequent scaling up to the stand
level are associated with a multitude of uncertainties, including the
positioning and number of a sensor in a given plant, methods of
zero-flow conditions and sensor calibration (Peters et al., 2018), and
the number of plants studied. Our study addresses the spatial scaling
from the individual plant to the stand. The uncertainty estimates as
the result of the applied bootstrapping are directly related to the
explained variance in the linear relationships with water use. They sug-
gest that for trees, the uncertainty of the stand-level estimate is 28%
with drone-based imagery, whereas it is 100% with ground-based
diameter measurements. The drone-based approach thus has at least
one clear advantage. For oil palms, our reported uncertainty of 37%
is the first estimate that to our knowledge addresses whole-plant to
stand scaling. However, Niu et al. (2015) estimated that counting
leaves per oil palm and oil palms per stand, and scaling based on sap
flux measurements in 12 leaves, would result in uncertainty of
stand-level transpiration of 14%. For oil palms, it thus seems that

the previously proposed ground-based method has an advantage.

Nonetheless, the crown dimension approach is still valuable, as it
may also allow to estimate water use across different conditions. For
example, in our case, an oil palm stand was thinned and trees were
interplanted in gaps 3 years prior to the study (agroforest), whereas
the control stand remained untreated (monoculture). We found
significant differences in crown volume and water use of the studied
oil palms, but the two variables were significantly related to each other
across treatments. The ground-based leaf-count approach, on the
other hand, was previously only tested in one single stand with
homogenous conditions. Their applicability will have to be tested
further in follow-up studies focusing on how to best assess (and
reduce) such estimation uncertainties.

The crown volumes in our study were derived from RGB images
and a photogrammetric approach. Other drone-derived structural var-
iables such as height and projected crown area show a high correlation
with ground-based reference measurements along a 1:1 line, suggest-
ing the applicability of the aerial method. The point cloud density in
our study was 3 points cm ™2, which can be regarded as quite high
and compares with or is even higher than those that result from laser
scanning (Vauhkonen, Naesset, & Gobakken, 2014). Drone-based
imagery performs particularly well for the upper part of the canopy,
which is also where a large part of the transpiration takes place. So
far, we only tested this method in a relatively simply structured mono-
culture and an oil palm agroforest with relatively young trees. As we
regard the results as promising, it will be interesting to test it in more
heterogeneous stands in next step.

Oil palm water use in the studied monoculture and the agroforest
ranged between 158 and 249 kg day 1. The studied monoculture is
relatively intensively managed, with fertilizer application including
230 kg N ha™! year™® (Teuscher et al., 2016). The observed water
use rates exceed those of small-holder plantations of similar age
(108 + 8 kg day™!, mean = SE among eight sites) and compare with
values from another intensively managed, commercial oil palm
monoculture plantation in the region (178 + 5 kg day™; Meijide et al.,
2018; Réll et al., 2015). Thus, our data indicates that intensive oil palm
management leads to high water use rates.

The water use per oil palm in the agroforest was 31% higher than
in the monoculture. This is likely due to the reduction of oil palm stand
density by previous thinning in the agroforest, which leads to
increases in light, soil water, and nutrient availability for the remaining
oil palms in the stand. This is also in line with a previous study showing
36% higher per-palm fruit yield in thinned agroforests than in
untreated monocultures (Gérard et al.,, 2017). The mean individual
tree water use in agroforest, on the other hand, was very low
(1.1-19.8 kg day™) compared with the water use of the surrounding
oil palms. The large difference in tree water use is likely due to the
substantial differences in tree size (4.2 vs. 11 cm) and canopy volume
(1.1 vs. 24 m®). However, tree size also coincides with species identity
in our case, so “ultimate reasons” cannot be disentangled. However,
these low absolute rates of the interplanted trees of relatively small
diameter (DBH range 4.2-11.0 cm) compare well with values provided
for rubber trees of similarly small diameter in a previous study in the

lowlands of Sumatra (Niu, Réll, Meijide, Hendrayanto, & Holscher,
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2017). The general observation of high water use per palm also
corresponds with data from Amazonian fruit plantations, where it
was found that palms consumed 3.5 times more water than trees
(Kunert, Aparecido, Barros, & Higuchi, 2015).

Scaled to the stand-level based on our aerial approach, stand
transpiration of the oil palm agroforest (1.9 mm day™*) was 37% lower
than in the oil palm monoculture (3.0 mm day ™). The higher per-palm
water use in the oil palm agroforest thus did not compensate for the
reduction in oil palm stand density when scaled to the stand level.
The 3-year-old, comparably small interplanted trees in the agrofor-
estry plot contributed rather little to overall stand transpiration
(15%). The oil palm agroforestry experiment EFForTS-BEE was
designed and established to test possibilities of reducing the impact
of oil palm cultivation on biodiversity and ecosystem functioning. Oil
palm monocultures are associated with ecohydrological problems
arising from high transpiration rates and low soil water infiltration
capacities (Merten et al., 2016). At the time of study, transpiration
rates from the agroforest were substantially reduced in comparison
with the commercial monoculture, which may help to alleviate some
of the ecohydrological problems. However, restoring the integrity of
the local hydrological cycle by means of oil palm agroforestry will also
largely depend on whether soil infiltration capacities will increase due

to the presence of the interplanted trees.

5 | CONCLUSIONS

Crown volumes derived from drone-based imagery predicted tree
and palm water use quite well. For oil palms, such a scaling variable
at the whole-plant level was previously not available. For predicting
individual water use, tree crown volumes performed better than the
more conventionally used variable stem diameter. In consequence,
stand-level transpiration estimates based on crown volumes were
associated with reduced uncertainties. We therefore see great
potential for future applications of our aerial method in studies scaling
plant water use from individual plants to the stand level.

ACKNOWLEDGEMENTS

This study was financially supported by the Deutsche
Forschungsgemeinschaft (DFG) in the framework of a collaborative
German-Indonesian research project (CRC 990 “EFForTS” project:
sub-projects AO2 and B11). Watit Khokthong was supported by a
PhD-fellowship grant given by the Development and Promotion of Sci-
ence and Technology Talents Project (DPST) from the Royal Govern-
ment of Thailand. We would like to thank the Ministry of Research,
Technology and Higher Education, Indonesia, for providing the research
permit for field work (No. 285/SIP/FRP/E5/Dit.KI/VIII/2016). We
would further like to thank our field assistant Erwin Pranata for great
support during the field campaigns. Thanks to all EFForTS colleagues

and friends in Indonesia, Germany, and around the world.

ORCID

Joyson Ahongshangbam & https://orcid.org/0000-0002-2678-6879

REFERENCES

Adjers, G., Hadengganan, S., Kuusipalo, J., Nuryanto, K., & Vesa, L. (1995).
Enrichment planting of dipterocarps in logged-over secondary forests:
Effect of width, direction and maintenance method of planting line
on selected Shorea species. Forest Ecology and Management, 73(1),
259-270. https://doi.org/10.1016/0378-1127(94)03488-I

Aparecido, L. M. T., Miller, G. R, Cahill, A. T., & Moore, G. W. (2016).
Comparison of tree transpiration under wet and dry canopy conditions
in a Costa Rican premontane tropical forest. Hydrological Processes,
30(26), 5000-5011. https://doi.org/10.1002/hyp.10960

Aumeeruddy, Y. (1994). Local representations and management of
agroforests on the periphery of Kerinci Seblat national park, Sumatra,
Indonesia. People and Plants working paper 3. The United Nations Edu-
cational, Scientific and Cultural Organization, Paris.

Barnes, A. D., Jochum, M., Mumme, S., Haneda, N. F., Farajallah, A,
Widarto, T. H., & Brose, U. (2014). Consequences of tropical land use
for multitrophic biodiversity and ecosystem functioning. Nature Com-
munications, 5, 5351. https://doi.org/10.1038/ncomms6351

Barnes, C., Balzter, H., Barrett, K., Eddy, J., Milner, S., & Suarez, J. C. (2017).
Individual tree crown delineation from airborne laser scanning for dis-
eased larch forest stands. Remote Sensing, 9(3), 1-20. https://doi.org/
10.3390/rs9030231

Bazzaz, F. A. (1979). The physiological ecology of plant succession. Annual
Review of Ecology and Systematics, 10(1), 351-371. https://doi.org/
10.1146/annurev.es.10.110179.002031

Bebber, D., Brown, N., Speight, M., Moura-Costa, P, & Wai, Y. S. (2002).
Spatial structure of light and dipterocarp seedling growth in a tropical
secondary forest. Forest Ecology and Management, 157(1), 65-75.
https://doi.org/10.1016/50378-1127(00)00659-9

Birdal, A. C., Avdan, U., & Turk, T. (2017). Estimating tree heights with
images from an unmanned aerial vehicle. Geomatics, Natural Hazards
and Risk, 8(2), 1144-1156. https://doi.org/10.1080/19475705.
2017.1300608

Burgess, S. S., Adams, M. A, Turner, N. C., Beverly, C. R., Ong, C. K., Khan, A.
A., & Bleby, T. M. (2001). An improved heat pulse method to measure low
and reverse rates of sap flow in woody plants. Tree Physiology, 21(9),
589-598. https://doi.org/10.1093/treephys/21.9.589

Canty, A. and Ripley, B. (2017). boot: Bootstrap R (S-Plus) Functions. R pack-
age version 1.3-20.

Cermak, J. (1989). Solar equivalent leaf area: An efficient biometrical
parameter of individual leaves, trees and stands. Tree Physiology, 5(3),
269-289. https://doi.org/10.1093/treephys/5.3.269

Clough, Y., Krishna, V. V., Corre, M. D., Darras, K., Denmead, L. H., Meijide,
A., ... Scheu, S. (2016). Land-use choices follow profitability at the
expense of ecological functions in Indonesian smallholder landscapes.
Nature Communications, 7. https://doi.org/10.1038/ncomms13137

Colaco, A. F., Trevisan, R. G., Molin, J. P,, Rosell-Polo, J. R., & Escola, A.
(2017). A method to obtain orange crop geometry information using
a mobile terrestrial laser scanner and 3D modeling. Remote Sensing,
9(8), 10-13. https://doi.org/10.3390/rs9080763

Davison, A. C., & Hinkley, D. V. (1997). Bootstrap methods and their applica-
tions. Cambridge. ISBN 0-521-57391-2: Cambridge University Press.
https://doi.org/10.1017/CB0O9780511802843

Delzon, S., Sartore, M., Granier, A., & Loustau, D. (2004). Radial profiles of
sap flow with increasing tree size in maritime pine. Tree Physiology,
24(11), 1285-1293. https://doi.org/10.1093/treephys/24.11.1285

Diaz-Varela, R. A, de la Rosa, R, Ledn, L., & Zarco-Tejada, P. J. (2015).
High-resolution airborne UAV imagery to assess olive tree crown
parameters using 3D photo reconstruction: Application in breeding tri-
als. Remote Sensing, 7(4), 4213-4232. https://doi.org/10.3390/
rs70404213


https://orcid.org/0000-0002-2678-6879
https://doi.org/10.1016/0378-1127(94)03488-I
https://doi.org/10.1002/hyp.10960
https://doi.org/10.1038/ncomms6351
https://doi.org/10.3390/rs9030231
https://doi.org/10.3390/rs9030231
https://doi.org/10.1146/annurev.es.10.110179.002031
https://doi.org/10.1146/annurev.es.10.110179.002031
https://doi.org/10.1016/S0378-1127(00)00659-9
https://doi.org/10.1080/19475705.2017.1300608
https://doi.org/10.1080/19475705.2017.1300608
https://doi.org/10.1093/treephys/21.9.589
https://doi.org/10.1093/treephys/5.3.269
https://doi.org/10.1038/ncomms13137
https://doi.org/10.3390/rs9080763
https://doi.org/10.1017/CBO9780511802843
https://doi.org/10.1093/treephys/24.11.1285
https://doi.org/10.3390/rs70404213
https://doi.org/10.3390/rs70404213

AHONGSHANGBAM ET AL

Dierick, D., & Hélscher, D. (2009). Species-specific tree water use charac-
teristics in reforestation stands in the Philippines. Agricultural and
Forest Meteorology, 149(8), 1317-1326. https://doi.org/10.1016/j.
agrformet.2009.03.003

Dislich, C., Keyel, A. C., Salecker, J., Kisel, Y., Meyer, K. M., Auliya, M,, ...
Hess, B. (2017). A review of the ecosystem functions in oil palm plan-
tations, using forests as a reference system. Biological Reviews, 92(3),
1539-1569. https://doi.org/10.1111/brv.12295

Drescher, J., Rembold, K., Allen, K., Beckschafer, P., Buchori, D., Clough, Y.,
... Scheu, S. (2016). Ecological and socio-economic functions across
tropical land use systems after rainforest conversion. Philosophical
Transactions of the Royal Society B, 371(1694), 20150275. https://doi.
org/10.1098/rsth.2015.0275

Edwards, W. R., Becker, P., & Cermak, J. (1997). A unified nomenclature for
sap flow measurements. Tree Physiology, 17(1), 65-67. https://doi.org/
10.1093/treephys/17.1.65

Gérard, A., Wollni, M., Hélscher, D., Irawan, B., Sundawati, L., Teuscher, M.,
& Kreft, H. (2017). Qil-palm vyields in diversified plantations: Initial
results from a biodiversity enrichment experiment in Sumatra, Indone-
sia. Agriculture, Ecosystems & Environment, 240, 253-260. https://doi.
org/10.1016/j.agee.2017.02.026

Granier, A., (1985). Une nouvelle methode pour la measure du flux de seve
brute dans letronc des arbres. Annales des Sciences forestiéres, 42(2),
193-200. https://doi.org/10.1051/forest:19850204

Granier, A., Biron, P., & Lemoine, D. (2000). Water balance, transpiration
and canopy conductance in two beech stands. Agricultural and Forest
Meteorology, 100(4), 291-308. https://doi.org/10.1016/S0168-
1923(99)00151-3

Hatton, T. J., & Wu, H.-I. (1995). Scaling theory to extrapolate individual
tree water use to stand water use. Hydrological Processes, 9(5-6),
527-540. https://doi.org/10.1002/hyp.3360090505

Jarvis, P. G. (1995). Scaling processes and problems. Plant, Cell & Environ-
ment, 18(10), 1079-1089. https://doi.org/10.1111/j.1365-3040.
1995.th00620.x

Kallimani, C. (2016). Tree crown shape parameter extraction from airborne
photogrammetric point cloud. Master Thesis, Wageningen University
and Research Centre.

Kume, T., Tsuruta, K., Komatsu, H., Kumagai, T., Higashi, N., Shinohara, Y.,
& Otsuki, K. (2009). Effects of sample size on sap flux-based stand-
scale transpiration estimates. Tree Physiology, 30(1), 129-138. https://
doi.org/10.1093/treephys/tpp074

Kunert, N., Aparecido, L. M. T., Barros, P., & Higuchi, N. (2015). Modeling
potential impacts of planting palms or tree in small holder fruit planta-
tions on ecohydrological processes in the Central Amazon. Forests, 6(8),
2530-2544. https://doi.org/10.3390/f6082530

Lafarge, T., & Pateiro-Lopez, B. (2014). Alphashape3d: Implementation of
the 3D alpha-shape for the reconstruction of 3D sets from a point
cloud. R package version.

Lawrence, D. (2001). Nitrogen and phosphorus enhance growth and luxury
consumption of four secondary forest tree species in Borneo. Journal of
Tropical Ecology, 17(6), 859-869. https://doi.org/10.1017/S02664
67401001638

Lee, C. T., Wickneswari, R., Clyde, M. M., & Zakri, A. H. (2002). Mainte-
nance of genetic diversity in Parkia Speciosa in logged-over forests.
Journal of Tropical Forest Science, 14(2), 163-178.

Lim,Y.S., La, P. H., Park, J. S., Lee, M. H., Pyeon, M. W., & Kim, J.-1. (2015).
Calculation of tree height and canopy crown from drone images using
segmentation. Journal of the Korean Society of Surveying, Geodesy, Pho-
togrammetry and Cartography, 33(6), 605-614. https://doi.org/
10.7848/ksgpc.2015.33.6.605

WILEY—2°8

Lépez-Bernal, A., Alcantara, E., Testi, L., & Villalobos, F. J. (2010). Spatial
sap flow and xylem anatomical characteristics in olive trees under dif-
ferent irrigation regimes. Tree Physiology, 30(12), 1536-1544. https://
doi.org/10.1093/treephys/tpq095

Lowe, D. G. (2004). Distinctive image features from scale-invariant
keypoints. International Journal of Computer Vision, 60(2), 91-110.
https://doi.org/10.1023/B:VISI.0000029664.99615.94

Madurapperuma, W. S., Bleby, T. M., & Burgess, S. S. O. (2009). Evaluation
of sap flow methods to determine water use by cultivated palms. Envi-
ronmental and Experimental Botany, 66(3), 372-380. https://doi.org/
10.1016/j.envexpbot.2009.04.002

Medhurst, J. L., Battaglia, M., & Beadle, C. L. (2002). Measured and pre-
dicted changes in tree and stand water use following high-intensity
thinning of an 8-year-old Eucalyptus nitens plantation. Tree Physiology,
22(11), 775-784. https://doi.org/10.1093/treephys/22.11.775

Mei, T., Fang, D., Rall, A, Niu, F., Hendrayanto, & Hdlscher, D. (2016).
Water use patterns of four tropical bamboo species assessed with
sap flux measurements. Frontiers in Plant Science, 6, 1202. https://doi.
org/10.3389/fpls.2015.01202

Meijide, A., Badu, C. S., Moyano, F., Tiralla, N., Gunawan, D., & Knohl, A.
(2018). Impact of forest conversion to oil palm and rubber plantations
on microclimate and the role of the 2015 ENSO event. Agricultural
and Forest Meteorology, 252, 208-219. https://doi.org/10.1016/j.
agrformet.2018.01.013

Merten, J., Roll, A, Guillaume, T., Meijide, A., Tarigan, S., Agusta, H., ...
Hoélscher, D. (2016). Water scarcity and oil palm expansion: Social
views and environmental processes. Ecology and Society, 21(2).
https://doi.org/10.5751/ES-08214-210205

Moore, G. W., Orozco, G., Aparecido, L. M. T., & Miller, G. R. (2017).
Upscaling transpiration in diverse forests: Insights from a tropical
premontane site. Ecohydrology, 11, €1920. https://doi.org/10.1002/
eco.1920

Niu, F., Roll, A., Hardanto, A., Meijide, A., Kéhler, M., & Hélscher, D. (2015).
Qil palm water use: calibration of a sap flux method and a field mea-
surement scheme. Tree Physiology, 35(5), 563-573. https://doi.org/
10.1093/treephys/tpv013

Niu, F., Roll, A., Meijide, A., Hendrayanto, & Hélscher, D. (2017). Rubber
tree transpiration in the lowlands of Sumatra. Ecohydrology, 10(7),
e1882. https://doi.org/10.1002/eco.1882

Qishi, A. C., Oren, R., & Stoy, P. C. (2008). Estimating components of forest
evapotranspiration: A footprint approach for scaling sap flux measure-
ments. Agricultural and Forest Meteorology, 148(11), 1719-1732.
https://doi.org/10.1016/j.agrformet.2008.06.013

Oren, R,, Phillips, N., Ewers, B. E., Pataki, D. E., & Megonigal, J. P. (1999).
Sap-flux-scaled transpiration responses to light, vapor pressure deficit,
and leaf area reduction in a flooded Taxodium distichum forest. Tree Phys-
iology, 19(6), 337-347. https://doi.org/10.1093/treephys/19.6.337

Orwa, C., Mutua, A, Kindt, R., Jamnadass, R., &Simons, A. (2009). Agroforest
tree database: A tree reference and selection guide version 4.0. Available
at: http://www.worldagroforestry.org/output/agroforestree-database
(Accessed June 11, 2018).

Panagiotidis, D., Abdollahnejad, A., Surovy, P, & Chiteculo, V. (2016).
Determining tree height and crown diameter from high-resolution
UAV imagery. International Journal of Remote Sensing, 38(8-10),
2392-2410. https://doi.org/10.1080/01431161.2016.1264028

Pateiro-Lopez, B., & Rodriguez-Casal, A. (2010). Generalizing the convex
hull of a sample: The R package alphahull. Journal of Statistical Software,
34(5), 1-28.

Peters, R. L., Fonti, P, Frank, D. C., Poyatos, R., Pappas, C., Kahmen, A, ...
Steppe, K. (2018). Quantification of uncertainties in conifer sap flow


https://doi.org/10.1016/j.agrformet.2009.03.003
https://doi.org/10.1016/j.agrformet.2009.03.003
https://doi.org/10.1111/brv.12295
https://doi.org/10.1098/rstb.2015.0275
https://doi.org/10.1098/rstb.2015.0275
https://doi.org/10.1093/treephys/17.1.65
https://doi.org/10.1093/treephys/17.1.65
https://doi.org/10.1016/j.agee.2017.02.026
https://doi.org/10.1016/j.agee.2017.02.026
https://doi.org/10.1051/forest:19850204
https://doi.org/10.1016/S0168-1923(99)00151-3
https://doi.org/10.1016/S0168-1923(99)00151-3
https://doi.org/10.1002/hyp.3360090505
https://doi.org/10.1111/j.1365-3040.1995.tb00620.x
https://doi.org/10.1111/j.1365-3040.1995.tb00620.x
https://doi.org/10.1093/treephys/tpp074
https://doi.org/10.1093/treephys/tpp074
https://doi.org/10.3390/f6082530
https://doi.org/10.1017/S0266467401001638
https://doi.org/10.1017/S0266467401001638
https://doi.org/10.7848/ksgpc.2015.33.6.605
https://doi.org/10.7848/ksgpc.2015.33.6.605
https://doi.org/10.1093/treephys/tpq095
https://doi.org/10.1093/treephys/tpq095
https://doi.org/10.1023/B:VISI.0000029664.99615.94
https://doi.org/10.1016/j.envexpbot.2009.04.002
https://doi.org/10.1016/j.envexpbot.2009.04.002
https://doi.org/10.1093/treephys/22.11.775
https://doi.org/10.3389/fpls.2015.01202
https://doi.org/10.3389/fpls.2015.01202
https://doi.org/10.1016/j.agrformet.2018.01.013
https://doi.org/10.1016/j.agrformet.2018.01.013
https://doi.org/10.5751/ES-08214-210205
https://doi.org/10.1002/eco.1920
https://doi.org/10.1002/eco.1920
https://doi.org/10.1093/treephys/tpv013
https://doi.org/10.1093/treephys/tpv013
https://doi.org/10.1002/eco.1882
https://doi.org/10.1016/j.agrformet.2008.06.013
https://doi.org/10.1093/treephys/19.6.337
http://www.worldagroforestry.org/output/agroforestree-database
https://doi.org/10.1080/01431161.2016.1264028

10 of 18 WI LEY

AHONGSHANGBAM ET AL.

measured with the thermal dissipation method. New Phytologist,
219(4), 1283-1299. https://doi.org/10.1111/nph.15241

Poorter, L., Bongers, L., & Bongers, F. (2006). Architecture of 54 moist-
forest tree species: Traits, trade-Offs, and functional groups. Ecol-
ogy, 87(5), 1289-1301. https://doi.org/10.1890/0012-9658(2006)87
[1289:AOMTST]2.0.CO;2

Pretzsch, H., Biber, P, Uhl, E., Dahlhausen, J., Rétzer, T., Caldentey, J., ...
Pauleit, S. (2015). Crown size and growing space requirement of com-
mon tree species in urban centres, parks, and forests. Urban Forestry
and Urban Greening, 14(3), 466-479. https://doi.org/10.1016/j.
ufug.2015.04.006

Preuhsler, T. (1979). Ertragskundliche Merkmale oberbayerischer
Bergmischwald-Verjiingungsbestéande auf kalkalpinen Standorten im
Forstamt Kreuth. Forstwissenschaftliches  Centralblatt,  100(1),
313-345. https://doi.org/10.1007/BF02640650

R Development Core Team (2016). R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing.

Renninger, H. J., Phillips, N., & Hodel, D. R. (2009). Comparative hydraulic
and anatomic properties in palm trees (Washingtonia robusta) of varying
heights: Implications for hydraulic limitation to increased height growth.
Trees, 23(5), 911-921. https://doi.org/10.1007/s00468-009-0333-0

Roll, A., Niu, F., Meijide, A., Hardanto, A., Hendrayanto, Knohl, A., &
Hélscher, D. (2015). Transpiration in an oil palm landscape: Effects of
palm age. Biogeosciences, 12(19), 5619-5633. https://doi.org/
10.5194/bg-12-5619-2015

Schiller, G., Cohen, S., Ungar, E. D., Moshe, Y., & Herr, N. (2007). Estimating
water use of Sclerophyllous species under East-Mediterranean climate:
Il. Tabor oak forest sap flow distribution and transpiration. Forest Ecol-
ogy and Management, 238(1), 147-155. https://doi.org/10.1016/j.
foreco.2006.10.007

Silva, C. A., Crookston, N. L., Hudak, A. T., Vierling, L. A., Klauberg, C., &
Silva, M. C. A. (2017). Package TLiDAR'.

Tao, S., Wu, F., Guo, Q.,, Wang, Y., Li, W., Xue, B,, ... Fang, J. (2015).
Segmenting tree crowns from terrestrial and mobile LiDAR data by
exploring ecological theories. ISPRS Journal of Photogrammetry and
Remote Sensing, 110, 66-76. https://doi.org/10.1016/].isprsjprs.
2015.10.007

Teuscher, M., Gérard, A., Brose, U., Buchori, D., Clough, Y., Ehbrecht, M,, ...
Kreft, H. (2016). Experimental biodiversity enrichment in oil-palm-
dominated landscapes in Indonesia. Frontiers in Plant Science, 7, 1538.
https://doi.org/10.3389/fpls.2016.01538

Thiel, C., & Schmullius, C. (2016). Derivation of forest parameters from
stereographic uav data a comparison with airborne lidar data. In
L. Ouwehand (Ed.), Living Planet Symposium, Proceedings of the confer-
ence held 9-13 May 2016 in Prague (p. 189). Czech Republic. ESA-SP
Volume 740. ISBN: 978-92-9221-305-3.

Torres-Sanchez, J., Lopez-Granados, F., Serrano, N., Arquero, O., & Pefia, J.
M. (2015). High-Throughput 3-D monitoring of agricultural-tree planta-
tions with unmanned aerial vehicle (UAV) technology. PLoS ONE, 10(6),
e0130479. https://doi.org/10.1371/journal.pone.0130479

Trochta, J., Kruc¢ek, M., Vr3ka, T., & Kraal, K. (2017). 3D Forest: An applica-
tion for descriptions of three-dimensional forest structures using
terrestrial LiDAR. PLoS ONE, 12(5), 1-17. https://doi.org/10.1371/
journal.pone.0176871

Vauhkonen, J., Naesset, E., & Gobakken, T. (2014). Deriving airborne laser
scanning based computational canopy volume for forest biomass and
allometry studies. ISPRS Journal of Photogrammetry and Remote Sensing,
96, 57-66. https://doi.org/10.1016/].isprsjprs.2014.07.001

Vertessy, R. A, Benyon, R. G., O'Sullivan, S. K., & Gribben, P. R. (1995).
Relationships between stem diameter, sapwood area, leaf area and
transpiration in a young mountain ash forest. Tree Physiology, 15(9),
559-567. https://doi.org/10.1093/treephys/15.9.559

Vivoni, E. R., Rango, A., Anderson, C. A,, Pierini, N. A., Schreiner-McGraw,
A. P, Saripalli, S., & Laliberte, A. S. (2014). Ecohydrology with
unmanned aerial vehicles. Ecosphere, 5(10), 1-14. https://doi.org/
10.1890/ES14-00217.1

Wang, H., Xing, L., Ma, L., & Sun, P. (2006). Scaling-up method for stand
water consumption of Quercus variabilis water conservation forest.
Frontiers of Forestry in China, 1(3), 292-297. https://doi.org/10.1007/
s11461-006-0033-5

Westoby, M. J,, Brasington, J., Glasser, N. F., Hambrey, M. J., & Reynolds, J.
M. (2012). Structure-from-Motion’ photogrammetry: A low-cost, effec-
tive tool for geoscience applications. Geomorphology, 179 (Supplement
C, 300-314. https://doi.org/10.1016/j.geomorph.2012.08.021

Woullschleger, S. D., Meinzer, F. C., & Vertessy, R. A. (1998). A review of
whole-plant water use studies in tree. Tree Physiology, 18(8-9),
499-512. https://doi.org/10.1093/treephys/18.8-9.499

Yue, G., Zhao, H., Zhang, T., Zhao, X., Niu, L., & Drake, S. (2008). Evaluation
of water use of Caragana microphylla with the stem heat-balance
method in Horgin Sandy Land, Inner Mongolia, China. Agricultural and
Forest Meteorology, 148(11), 1668-1678. https://doi.org/10.1016/j.
agrformet.2008.05.019

How to cite this article: Ahongshangbam J, Khokthong W,
EllsiaBer F, Hendrayanto H, Holscher D, Roll A. Drone-based
photogrammetry-derived crown metrics for predicting tree
and oil palm water use. Ecohydrology. 2019;e2115. https://
doi.org/10.1002/ec0.2115



https://doi.org/10.1111/nph.15241
https://doi.org/10.1890/0012-9658(2006)87%5b1289:AOMTST%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5b1289:AOMTST%5d2.0.CO;2
https://doi.org/10.1016/j.ufug.2015.04.006
https://doi.org/10.1016/j.ufug.2015.04.006
https://doi.org/10.1007/BF02640650
https://doi.org/10.1007/s00468-009-0333-0
https://doi.org/10.5194/bg-12-5619-2015
https://doi.org/10.5194/bg-12-5619-2015
https://doi.org/10.1016/j.foreco.2006.10.007
https://doi.org/10.1016/j.foreco.2006.10.007
https://doi.org/10.1016/j.isprsjprs.2015.10.007
https://doi.org/10.1016/j.isprsjprs.2015.10.007
https://doi.org/10.3389/fpls.2016.01538
https://doi.org/10.1371/journal.pone.0130479
https://doi.org/10.1371/journal.pone.0176871
https://doi.org/10.1371/journal.pone.0176871
https://doi.org/10.1016/j.isprsjprs.2014.07.001
https://doi.org/10.1093/treephys/15.9.559
https://doi.org/10.1890/ES14-00217.1
https://doi.org/10.1890/ES14-00217.1
https://doi.org/10.1007/s11461-006-0033-5
https://doi.org/10.1007/s11461-006-0033-5
https://doi.org/10.1016/j.geomorph.2012.08.021
https://doi.org/10.1093/treephys/18.8-9.499
https://doi.org/10.1016/j.agrformet.2008.05.019
https://doi.org/10.1016/j.agrformet.2008.05.019
https://doi.org/10.1002/eco.2115
https://doi.org/10.1002/eco.2115

AHONGSHANGBAM ET AL 11 of 18
WILEY

APPENDIX A

Drone-derived crown metrics for oil palm and four studied tree species. Tree height as derived from the canopy height model and diameters as
measured at breast height are further provided. Means + standard deviations of the palms and trees where sap flux measurements were done,

sample size n = 4 for all groups. Crown volume was derived using convex hull and alpha shape algorithm for oil palms and trees, respectively

Diameter at breast Height Crown Crown Crown Crown projection Crown surface  Daily water use
height (cm) (m) length (m) diameter (m) volume (m®  area (m?) area (m?) (kg day™?)
Qil palms 90.1 + 8.6 68+02 47+02 11.3+1.1 665.7 +162.8 923 +14.4 392.2 + 65.0 223.0 + 20.0
(agroforest)
Qil palms 852 +73 59+06 38+03 10.2 + 0.8 371.1+£332 77.5+120 2740 + 18.4 168.9 + 154
(monoculture)
Trees
Archidendron 8812 79+10 55+1.2 42 £ 0.6 155+55 120+ 3.2 65.2 £21.5 162 +29
pauciflorum
Parkia speciosa 7.2 + 1.6 75+10 4008 4.0+ 0.9 6.6 +3.4 8.8+ 35 52.6 + 28.3 6.6 +4.3
Peronema 92+11 71109 49+0.6 38+0.3 99 +26 9.6+13 56.5 + 8.1 150+ 6.3
canescens
Shorea 51+06 19+03 1.7+03 1.8+1.0 22+10 21.6+59 24+1.1 4.2 + 0.6
leprosula
APPENDIX B

Equipment and flight details

Camera Nikon D5100

Drone MikroKopter OktoXL
Flight altitude 39 m

Image overlap 70%

Number of images 995 ha™t

Focal length 35 mm

Ground resolution 5 mm/pixel

Point density 3 points cm2
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APPENDIX C

Validation of drone-derived canopy heights and widths with ground reference measurements (n = 99 trees and palms)
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3D visualization of oil palm and tree (four tree species) crowns derived from different crown volume models (convex hull and different alpha levels)

Qil palm (Elaeis guineensis Jacq.)
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Parkia speciosa

convexhull alpha 0.75
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Peronema canescens

conveshull

alpha 0.75

alpha 025
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Shorea leprosula

convexhull alpha 0.75

alphe 030 alpha 0.25
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APPENDIX E

Daily water use across trees and oil palms versus crown volumes alpha shape 0.75. The quality criterion of normality and homeoscedascity was

however violated (Shapiro Wilk test, 0.000042)
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