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Abstract

Tropical rainforests are rich in tree species and comprise complex canopy structures.

Transpiration by forest trees is a major hydrological flux which contributes to climate

regulation. We explored the role of forest canopy structure on tree transpiration in a

tropical rainforest on Sumatra, Indonesia. Drone-based photogrammetry and the

structure from motion technique were used to compute high-resolution 3D point

clouds and derive forest and tree structural variables. Transpiration of differently

sized and vertically positioned trees was assessed with sap flux measurements. Per-

tree transpiration rates increased linearly with several variables related to crown

dimension and were further enhanced by top-heavy crown shape, dense leafage and

increasing canopy openness as assessed with the gap light index. Under given envi-

ronmental conditions, the two variables crown volume and top-heaviness explained

74% of the observed variance in per-tree transpiration. Transpiration rates per unit

crown dimension were highest for small crowns, decreased non-linearly with increas-

ing crown dimension and were little affected by other analysed structural variables.

Our study underlines the potential of 3D point cloud analyses for accurately deter-

mining the structure of complex forest canopies and thus better understanding and

predicting transpiration rates of differently positioned trees.
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1 | INTRODUCTION

Tropical rainforests provide key ecosystem services such as (evapo)tran-

spiration, which contributes to atmospheric cooling, cloud formation and

turbulence (Ellison et al., 2017; Fisher et al., 2009). Trees are the main

agents of transpiration in tropical rainforests. The individual rainforest

trees are highly variable regarding crown dimension, architecture, leaf

density and canopy position, which likely influences their transpiration

rates. Due to the overall high structural complexity and diversity, studying

the spatial controls of transpiration in tropical rainforests is challenging.

In general, per-tree transpiration often scales with tree size. Vari-

ations among trees are thus often explained by biometric variables,
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among which stem diameter is often applied (Dierick &

Hölscher, 2009; Kotowska et al., 2021; Meinzer et al., 2001; Vertessy

et al., 1995; Wang et al., 2019; Yue et al., 2008). However, crown

dimension-related metrics such as crown projection area were

reported to perform better than stem diameter for predicting transpi-

ration, for example, across 32 study sites in lowland Sumatra (Röll

et al., 2019). Aerial close-surface photography with drones provides

new ways to assess canopy structures (Wallace et al., 2016). With the

structure from motion technique (SfM, Lowe, 2004), Red-Green-Blue

(RGB) images acquired with an Uncrewed Aerial Vehicle (UAV) can be

used to construct high-density point clouds, which allow for a detailed

analysis of the canopy (Dietmaier et al., 2019; Iglhaut et al., 2019;

Khokthong et al., 2019). Previous studies from drones over a tropical

agroforest and a tropical rainforest showed that crown dimension var-

iables derived from 3D point clouds explained substantially more of

the variance in per-tree transpiration than the classic variable stem

diameter (Ahongshangbam et al., 2019, 2020). However, a consider-

able amount of unexplained variability remained.

Variations in per-tree transpiration that are not explained by

crown dimension alone may be related to differences in crown shape,

crown leaf density or crown exposure. Considering potential interac-

tive effects of such canopy variables with crown dimension-related

variables may further improve our understanding of tropical rainforest

transpiration. Trees show high plasticity in crown shapes in response

to exposure to light and other factors (Harja et al., 2012), which likely

affects their transpiration. However, studies investigating effects of

crown shape on transpiration are rare. We found only one previous

study, which reported higher per-tree transpiration when crown het-

erogeneity was maximized within a given space compared to more

uniformly shaped crowns (Bauerle et al., 2004).

For estimating the crown leaf density-related variables leaf area

index (LAI) or leaf area density (LAD), several previous studies applied

point cloud methods, typically derived from light detection and rang-

ing (LiDAR) methods (e.g., de Almeida et al., 2019; Richardson

et al., 2009; Zhao & Popescu, 2009). More recently,

photogrammetrically-derived point clouds based on aerial imagery

were reported to also produce reliable LAI estimates (Comba

et al., 2020). LAI is often incorporated into water flux models at the

stand-scale, wherein up to a certain threshold higher LAI leads to

higher (evapo)transpiration (e.g., Birhanu et al., 2019; Farid

et al., 2008; Wang et al., 2014). The total leaf area per tree, which can

be estimated as the product of LAI and crown projection area (or the

product of LAD and crown volume), was found to be positively corre-

lated with per-tree transpiration in several previous studies (Palmer

et al., 2009; Radersma et al., 2006; Sala et al., 1996; Vertessy

et al., 1997). However, to our knowledge such assessments have not

yet been carried out in complex tropical forest canopies.

Tree transpiration is further controlled by environmental factors

such as light availability (Jarvis, 1976). Temporal variations in transpi-

ration are commonly explained well by micrometeorological fluctua-

tions, given that soil moisture remains above critical thresholds

(Dierick & Hölscher, 2009; Hardanto et al., 2017; McJannet

et al., 2007; Röll et al., 2019; Wallace & McJannet, 2010). Small-scale

spatial variations in environmental factors as for example, induced by

canopy gaps have only rarely been connected to tree transpiration

(e.g., Zhang et al., 2019). One might expect that per-tree

transpiration increases with increasing crown exposure, that is,

increasing light availability. However, for some shade tolerant under-

story species, previous studies reported decreasing per-tree transpira-

tion with increasing canopy openness (Köhler et al., 2009; van

Kanten & Vaast, 2006). For assessing light availability at different can-

opy positions, hemispherical photographs can be used (Roxburgh &

Kelly, 1995). A method of generating synthetic (virtual) hemispherical

photographs (SHPs) from 3D point clouds was established by Moeser

et al. (2014); the SHPs produced accurate estimates of canopy closure

and LAI compared to actual hemispherical photographs. SHPs taken at

the top of a given tree within a point cloud can be used to estimate

light availability (Cifuentes et al., 2017; Van der Zande et al., 2011),

for example, via the gap light index (GLI, Canham, 1988). A recent

study concluded that SHPs generated from photogrammetry-based

point clouds work very well for estimating light transmission

(Brüllhardt et al., 2020).

In addition to studies on per-tree transpiration, transpiration rates

of (rainforest) trees per unit crown dimension are of particular ecohy-

drological interest (Wullschleger et al., 1998). Therein, a commonly

studied variable is the transpiration per unit ground projection area,

commonly expressed in mm time�1. However, many (tropical) transpi-

ration studies focus on stand transpiration rates rather than tree-level

analysis (e.g., Aparecido et al., 2016; Kunert et al., 2015; McJannet

et al., 2007; Röll et al., 2019). In previous tree-level studies including

one in a tropical rainforest, up to 15-fold differences in transpiration

per unit ground area were reported among trees of different species

and of different sizes (Dawson, 1996; Ewers et al., 2002; Jordan &

Kline, 1977). Similarly, previous studies assessing transpiration per

unit leaf area reported substantial differences among tree species as

well as intra-specific differences among provenances, fertilization

levels, tree ages and sites (Deans & Munro, 2004; Hubbard

et al., 1999; Radersma et al., 2006; Santiago et al., 2000). To our

knowledge, transpiration rates per unit crown dimension have only

rarely been assessed comprehensively for tropical rainforest trees

(e.g., Kunert et al., 2017).

In our study, we used point clouds derived from drone-based

photogrammetry for canopy and tree crown analyses and performed

sap flux measurements for estimating per-tree transpiration of 42 rain-

forest trees in lowland Sumatra, Indonesia. The objective of our study

was to assess the spatial, tree-level controls of transpiration, with

emphasis on variables of crown dimension, shape, leaf density and

light exposure.

2 | MATERIALS AND METHODS

2.1 | Study region and sites

The study was conducted in the Harapan rainforest in Jambi province,

Sumatra, Indonesia, on five 50 m � 50 m plots (plot codes: HF2,
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HFr1, HFr2, HFr3, HFr4; Figure 1) which are core plots of the

EFForTS project (Drescher et al., 2016). The average annual tempera-

ture is 26.7�C and mean annual precipitation is 2390 mm. There is no

pronounced dry season, with all months typically receiving more than

100 mm of precipitation (Drescher et al., 2016). The terrain is undulat-

ing, dividing the forest into upland and riparian sites (Ahongshangbam

et al., 2020). The forest is rich in tree species (Rembold et al., 2017)

but has a history of logging (Harrison & Swinfield, 2015).

2.2 | Tree transpiration

To derive tree transpiration rates, sap flux measurements were suc-

cessively conducted across the five plots between August and

December 2016. Twelve trees were studied in plot HF2 and 15 trees

each in the other plots, adding up to a total of 72 sap flux trees. The

crowns of all sap flux trees had access to the upper canopy layers and

where thus (mostly) visible from above (Figure 2, Figure S1); therein,

the trees relatively evenly encompassed smaller to larger diameters at

breast height (DBH, min. 14 cm, max. 57 cm), tree height (min. 14 m,

max. 41 m) and crown dimension (min. 36 m3 crown volume; max.

1604 m3) (Tables S1 and S2). On these trees, we measured sap flux

density (JS, g cm�2 h�1) with thermal dissipation probes

(Granier, 1985). The original Granier equation parameters were

reported to yield good estimates of JS for forests in the same region

(Röll et al., 2019) and were therefore applied in the present study. To

estimate water conductive areas (cm2) for each tree, we used a rela-

tionship between DBH and water conductive area as presented for

forest trees in lowland Sumatra based on radial JS measurements with

heat field deformation sensors (Röll et al., 2019). Per-tree

transpiration rates (kg day�1) were calculated by multiplying daily

accumulated sap flux by the respective water conductive areas. For

each sample tree, several days to several weeks of transpiration data

were available, from which the day with the highest transpiration rate

was selected for this study, thus focusing on maximum observed per-

tree transpiration. Transpiration rates per unit crown dimension were

calculated by dividing daily per-tree transpiration by crown volume,

surface area, projection area or total leaf area, respectively; addition-

ally, the transpiration per unit leaf area density was calculated (see

Table S1).

2.3 | Point cloud analysis

2.3.1 | Drone imaging and tree identification

Point clouds of the study plots were acquired based on drone-

recorded RGB imagery and the structure from motion (SfM) technique

(Lowe, 2004). One drone flight was conducted per study plot, always

in parallel to the sap flux measurements, using a multirotor UAV

(MikroKopter EASY Okto V3, HiSystems) equipped with an RGB cam-

era (Sony Alpha 5000 with Sony E PZ lens fixed to 16 mm). The drone

travelled along a circular route in a superposing manner at a flight alti-

tude between 63 and 82 m above ground (Table 1). Drone GPS data

logged along with the images was used for georeferencing, blurry

images and images of low quality were removed. The images were

aligned and dense point clouds were created using Agisoft Photoscan

Professional 1.2.6 (Agisoft LLC, 2019) with standard settings, that is,

without automatic gap filling or further corrections. Based on the

point cloud data, 2D orthomosaics of the study plots and their

F IGURE 1 Overview of the lowland study region and the five study plots (HF2, HFr1, HFr2, HFr3, HFr4) in the Harapan rainforest, Jambi
province, Sumatra, Indonesia. The plots are 50 m � 50 m in size.
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surroundings were created (Figure 2, Figure S1). On average 195 RGB

images per plot were used to create the point clouds with densities

from 610 to 990 points m�2 and a ground resolution of 1.62 to

2.07 cm pixel�1 (Table 1).

The stem base locations of the sap flux trees and neighbouring

trees within all plots were recorded on a tree location map with Carte-

sian coordinates during the field work. The GPS coordinates of the

plot corners were recorded and used to georeference the tree loca-

tion maps in UTM WGS 84 using QGIS 3.10 (QGIS, 2020, http://

www.qgis.org/). The georeferenced tree location maps were superim-

posed over the RGB orthomosaics to identify the sap flux trees. Infor-

mation on stem position and basic characteristics (stem diameters,

tree heights) as available from a ground inventory along with a close

visual examination of RGB orthomosaics, canopy height models and

3D point clouds were used for the tree identification. However, iden-

tifying the sap flux trees was challenging due to the high density of

tree crowns and multi-layered structure of the canopy. In total, 42 out

of 72 sap flux trees were clearly identified in the aerial images and

thus used as the sample in our study (Figure S1, Table S2). For each of

the 42 identified trees, the crowns were subsequently manually delin-

eated in the 2D orthomosaics as a polygon using QGIS. The corre-

sponding 3D point clouds within each polygon were then clipped

using the lasclip function of the lidR R package (Roussel & Auty, 2018).

The individual crown point clouds were manually segmented from

neighbouring crowns and refined using the software Cloud Compare

v.2.9 (CloudCompare, 2019), including the removal of outliers, as the

basis for calculating canopy metrics (Figure 2, Figure S2).

2.3.2 | Crown dimension metrics

For the calculation of different crown dimension variables, we used

the rLIDAR R package (Silva et al., 2015). As a baseline variable we

used the crown volume (m3) as derived from a convex hull algo-

rithm (in the following referred to as ‘crown volume’), which was

reported to be a good predictor of per-tree transpiration in previ-

ous studies in the same region and partly on the same sample trees

(Ahongshangbam et al., 2019, 2020; note: crown volume of one

tree was corrected from the dataset of Ahongshangbam

et al., 2020). As additional crown dimension variables, we calcu-

lated crown width (m, average of a North–South and an East–West

measurement), the ground projection area (m2) of the convex hull

crown body into the 2D plane (in the following referred to as

‘ground projection area’, in other studies also called ‘crown projec-

tion area’; note: ground projection area of several trees were cor-

rected from the dataset of Ahongshangbam et al., 2020), the crown

surface area (m2) as derived from an alpha25-algorithm (in the fol-

lowing referred to as ‘crown surface area’; note: these values differ

from the convex hull surface areas as presented in Ahongshangbam

et al., 2020) and the crown volume of the upper crown half (m3,

convex hull) (Table S1). The total leaf area per tree, which was cal-

culated by multiplying the ground projection area by the leaf-

related variable leaf area index (see description in Section 2.3.4), is

listed as a variable of crown dimension in our study due to its close

correlation with other dimension-related metrics (R ≥ 0.77,

Figures S3 and S4).

F IGURE 2 Example of the 3D point cloud workflow for one sample tree (ID 3634) in one study plot (HF2). In the processed RGB orthomosaic
(left panel), the plot boundaries are delineated (red line) and a given sap flux sample tree is located manually based on data from ground
assessments. The crown of each clearly identified sap flux sample tree is then delineated manually (differently coloured shapes). The according
crowns (right panel) are extracted from the plot 3D point clouds, are refined manually and are subsequently subjected to different algorithms
(e.g., convex hull, alpha25) as the basis for calculating diverse crown metrics (see overview in Table S1). The plot orthomosaics of all study plots
can be found in Figure S1, the crowns of all sample trees in Figure S2.
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2.3.3 | Crown shape-related variables

At any given dimension (see Section 2.3.2), similar-sized crowns may

still differ vastly in appearance and functioning due to differences in

crown shape. From the refined crown point clouds, the height of each

crown was calculated by subtracting the minimum observed z-value

within each crown from the respective maximum z-value (the

z-value characterizes the elevation of a given voxel within a 3D point

cloud, see Figure 2). Then, the crown width-to-height ratio as an indi-

cator of crown shape was calculated by dividing crown height by the

formerly derived crown width. Crown top-heaviness was calculated as

the ratio of crown volume of the upper crown half to total crown vol-

ume. Crown roughness length (m2 m�2) was calculated as the crown

surface area divided by the ground projection area. An overview of

the crown shape-related variables and their calculation can be found

in Table S1.

2.3.4 | Crown leaf density-related variables

The 42 individual crown point clouds were used as input for the leafR

R package (de Almeida et al., 2019) to derive estimates of leaf area

index (LAI, m2 m�2) for each sample tree. We further calculated leaf

area density (LAD, m2 m�3) by dividing the total leaf area per tree by

crown volume (see description in Section 2.3.1). An overview of the

leaf density-related variables and their calculation can be found in

Table S1.

2.3.5 | Exposure-related variables

The gap light index (GLI, Canham, 1988) is an indicator of understory

light levels in forests based on a very strong correlation observed

between light transmission expressed in percentage and GLI

(r = 0.93) (Canham, 1988). GLI ranges from 0, when there is no clearly

visible gap in the canopy, to 1 for a completely open area without any

crown cover (Hu & Zhu, 2008) and is calculated as follows:

GLI¼ TdiffusePdiffuseþTbeamPbeam,

where Pdiffuse and Pbeam are the proportions of incoming photosyn-

thetically active radiation received at the top of the canopy in the

form of diffuse sky radiation and direct beam radiation respectively,

and Tdiffuse and Tbeam are the proportions of diffuse and beam

radiation that are transmitted through the canopy to a certain point in

the vertical canopy profile. In the present study, GLI was used as a

measure of light transmission. To estimate the GLI for each sap flux

tree, a synthetic hemispherical photograph (SHP) was generated at

the respective crown centre and at the respective maximum tree

height. For this analysis, the entire point clouds of the study plots

including their surroundings were used. We applied the method by

Moeser et al. (2014) for producing SHPs from point clouds, therein

closely following Brüllhardt et al. (2020) in deriving the point clouds

photogrammetrically from the SfM technique. A searching radius of

100 m as suggested by Moeser et al. (2014) was chosen, that is, all

points within a horizontal distance of less than 100 m to the origin

(i.e., the position of the virtual camera) were considered. After running

exemplary tests with different configurations, satisfactory results

(as compared to visual assessments) were achieved with the size of

2 pixels for the nearest point and 0.2 pixels for the most distant ele-

ment. The SHPs were then used to estimate gap light index above

every target tree, wherein errors were produced for three trees, lead-

ing to a reduced sample size of 39 trees for the GLI analysis. The cal-

culation of the GLI based on SHPs was carried out using Hemisfer 2.2

(Schleppi et al., 2007; Thimonier et al., 2010), which was designed for

estimating light regime from SHPs. For this analysis, the input SHP

has to be transformed into a black-and-white picture by classifying

each pixel as sky or canopy element based on a brightness threshold;

therein, Hemisfer 2.2 allows the automatic calculation of the optimal

threshold using an algorithm for separating canopy and sky by edge

detection (Nobis & Hunziker, 2005). The obtained black-and-white

picture is then used as a mask that determines the amount of incident

light transmitted through canopy elements. Following the default set-

ting of Hemisfer 2.2, atmospheric transmissions of 40% and 20% were

used for direct radiation and diffuse radiation, respectively.

As another variable related to crown exposure and light availabil-

ity of single trees, we calculated the relative tree height of all sap flux

trees. Therein, the maximum z-value within a given crown was divided

by the maximum z-value within the plot point cloud. An overview of

the exposure-related variables and their calculation can be found in

Table S1.

2.4 | Statistical analysis

For an initial examination of potential relationships between the

21 variables in our dataset (six target variables related to transpiration

and 15 potential predictors, see Table S1), we calculated a correlation

TABLE 1 Characteristics of the drone missions and the derived point clouds.

Plot Flight altitude (m) Aligned aerial photos (images plot�1) Point density (points m�2) Ground resolution (cm pixel�1)

HF2 75 181 941 1.83

HFr1 80 214 708 1.95

HFr2 82 207 610 2.07

HFr3 67 203 929 1.69

HFr4 63 170 990 1.62

RÖLL ET AL. 5 of 14
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matrix (Figure S3) using the corrplot library (Wei & Simko, 2021). To

account for potential non-linear relationships, we also calculated a

correlation matrix after natural log transformation of all variables

(Figure S4).

Linear regressions were applied to analyse the relationships

between per-tree transpiration and variables in the categories crown

dimension, crown shape, crown leaf density and crown exposure

(Table S1). Where more than one model was significant (P < 0.05)

within a given category, R2, Akaike's Information Criteria (AIC) and

Bayesian Information Criteria (BIC) were compared, and the best per-

forming models were presented. Residual plot analysis with visual

examinations for normality and homoscedasticity gave no indications

of non-linearity for per-tree transpiration and thus the data were not

transformed. In contrast, the examined transpiration rates per unit

crown dimension (or LAD) and the according predictors were natural

log transformed. On the scale of the raw data, fitting a log–log linear

regression model corresponds to a power-law relationship.

To further explain observed variance in per-tree transpiration

rates, we applied multiple linear regression models combining the best

performing crown dimension-related metrics with the best performing

variables within the categories crown shape, crown leaf density and

crown exposure. Due to the limited sample size of 42 sap flux trees, a

maximum of two predictors were used in the multiple regression

models. The correlation matrix and variance inflation factors were

used to check for multicollinearity (Vatcheva et al., 2016). Therein,

only variable pairs for which the correlation coefficient was below 0.6

were used in the multiple models. Each model was tested in two ver-

sions, first as an additive model (y � x1 + x2) and secondly including

interaction between variables (y � x1 � x2). In our study, we present

multiple models that fulfil the following criteria: (1) overall model sig-

nificance (P < 0.05), (2) variable significance (P < 0.05) for both vari-

ables in additive models and for at least the interaction term in

models with variable interaction and (3) more of the observed vari-

ance in transpiration rates explained than in the respective simple

regression models. Where more than one multiple model fulfilled all

criteria within a given category, the best performing model (in terms

of R2, AIC and BIC) was presented. To visualize the results of the mul-

tiple regression models, we computed partial predictions for selected

predictors along their respective observed ranges while keeping the

second predictor at its median, minimum and maximum value, respec-

tively. The analysis of transpiration per unit crown dimension (and per

unit LAD) with multiple regression models was carried out in analogy

to the analysis of per-tree transpiration, but with natural log trans-

formed target variables and predictors. For all statistical analyses and

graphing, R 4.0.0 (R Core Team, 2020) was used.

3 | RESULTS

3.1 | Per-tree transpiration

Among 15 potential predictors (Tables S1 and S2) variables of

crown dimension explained most (46%–68%) of the observed

variance in daily per-tree transpiration in linear regression models,

therein consistently indicating increasing transpiration with increas-

ing crown dimension (Table S3). The baseline predictor was crown

volume (R2 = 0.63, P < 0.001, Figure 3a) as presented in a previous

study (Ahongshangbam et al., 2020; note: value of one tree cor-

rected in the present study). Two crown dimension-related vari-

ables performed better than crown volume as single predictors,

crown surface area (R2 = 0.64, P < 0.001, Figure 3b) and crown vol-

ume of the upper crown half (R2 = 0.68, P < 0.001, Figure 3c). The

crown dimension-related metrics were correlated among each

other, while there were no close correlations (R < 0.6) between

crown dimension and any variables in the categories crown shape,

leaf density or exposure (Figure S3). The best performing predictors

in these three categories explained far less of the variance in per-

tree transpiration than crown dimension, 8% with crown top-

heaviness (P < 0.05, Figure 3d), 11% with leaf area index (LAI)

(P < 0.05, Figure 3e) and 20% with gap light index (GLI) (P < 0.01,

Figure 3f), respectively.

Multiple linear regressions explained more of the variance in

per-tree transpiration than the simple regression models when

using the crown dimension variable crown volume in interaction

with the respective best-performing variables of crown shape, leaf

density or exposure (Table S4). As such, 74% of variance were

explained by the interaction of crown volume with crown top-

heaviness (P < 0.001, Figure 4a), 69% by the interaction with LAI

(P < 0.001, Figure 4b) and 68% by the interaction with GLI

(P < 0.001, Figure 4c). All three models have a significant interac-

tion term which suggests that the positive effects of crown top-

heaviness, LAI and GLI on per-tree transpiration increase with

increasing crown dimension (Figure 4, Figure S5). At the maximum

crown volume in our study (approx. 1500 m3), variations between

the respective observed minima and maxima in top-heaviness, LAI

and GLI induce 2.3- to 3.3-fold differences in per-tree

transpiration.

3.2 | Transpiration per unit crown dimension

Transpiration rates per unit crown dimension were assessed with log–

log linear regression models using different variables (Tables S5 to S8).

All models suggest relatively low and almost constant transpiration

per unit crown dimension for medium-sized and large crowns, while

small crowns have higher transpiration rates. Crown volume of the

upper crown half performed best as a single predictor of transpiration

per unit crown dimension (R2 = 0.74, P < 0.001, Figure 5a), followed

by crown volume (R2 = 0.69, P < 0.001, Figure 5b). Applying multiple

linear regression models only slightly further increased the explained

variance, with crown volume of the upper crown half and stem diame-

ter as interacting predictors (R2 = 0.76, P < 0.001, Figure S6a).

We further assessed transpiration per unit leaf area density

(LAD, Table S9). The model suggests a similar pattern as for transpi-

ration per unit crown dimension, that is, higher transpiration per

unit LAD in crowns with low LAD and lower transpiration rates for

6 of 14 RÖLL ET AL.
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medium-density and high-density crowns (R2 = 0.62, P < 0.001,

Figure 5c). The considerable scatter observed among medium-

density crowns is largely explained when applying a multiple

regression model with the predictors LAD and crown volume

(R2 = 0.8, P < 0.001, Figure S6b,c). Therein, at a given LAD, the

transpiration predicted for large crowns is higher than for small

F IGURE 3 Per-tree transpiration of 42 clearly identified sap flux trees versus variables derived from 3D point cloud analyses. The depicted
predictors are the three best performing within the category crown-dimension related variables, with crown volume (a), crown surface area
(b) and crown volume in the upper crown half (c), and the best performing within the categories crown shape (crown top-heaviness, d), crown
leaf-density variables (leaf area index, e) and light exposure-related variables (gap light index, f). The lines are the predictions of linear regression
models.

F IGURE 4 Per-tree transpiration vs. crown volume (black dots) and predictions of multiple linear regression models using crown volume in
interaction with crown top-heaviness (a), leaf area index (LAI, b) and gap light index (GLI, c). The solid lines are partial predictions at median crown

top-heaviness (unitless), LAI (m2 m�2) and GLI (unitless), the dashed lines are partial predictions using the respective minimum and maximum
values of top-heaviness, LAI and GLI as observed among the 42 sap flux trees. Minimum, median and maximum values of top-heaviness (a), LAI
(b) and GLI (c) are depicted next to the prediction lines.
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crowns; the effects are additive, that is, no significant interaction

among the predictors was observed (Table S4).

4 | DISCUSSION

For the studied tropical rainforest, UAV imagery-derived canopy

structures well predicted tree transpiration rates. As a single variable

crown dimension was most influential, with further enhancing effects

of crown shape, leaf density and light exposure. Combinations of two

predictor variables explained up to 74% of the observed variance in

per-tree transpiration, up to 76% in transpiration per unit crown

dimension and up to 80% per unit leaf area density. To our best

knowledge, this is the first study using 3D point clouds in such a com-

plex vegetation type for predicting transpiration.

4.1 | Methodological considerations

We applied the TDP sap flux method for estimating tree transpiration.

The range in per-tree transpiration rates observed in our study falls

within the range reported in a global review study across 67 tree spe-

cies in 35 genera, where 90% of transpiration estimates were

between 10 and 200 kg day�1 (Wullschleger et al., 1998). The range

and our overall mean (28.9 kg day�1) also conform to more recent

studies in tropical rainforests (Dierick & Hölscher, 2009; Kotowska

et al., 2021; Röll et al., 2019).

From the simultaneously carried out drone RGB imaging cam-

paigns, dense point clouds were created with the well-established

SfM technique (Iglhaut et al., 2019; Lowe, 2004). The point clouds

represented the forest canopy in high detail and the derived orthomo-

saics allowed for the manual delineation of individual tree crowns, in

our case of the sap flux trees with known locations, characteristics

and surroundings. Even though only dominant and co-dominant trees

with access to the upper canopy layers had been chosen as sap flux

trees, less than 60% of the trees were clearly identified in the aerial

images due to the high density of tree crowns and multi-layered struc-

ture of the canopy. For future studies in equally dense and complex

(forest) ecosystems, pre-selecting the sap flux trees from the ortho-

mosaics, marking their canopies or applying high-precision georefer-

encing (e.g., via real time kinematics) for both drone imaging and

ground crown mapping is recommended.

For estimating crown leaf density variables of each sample tree

from the crown point clouds, we followed de Almeida et al. (2019) to

derive LAI estimates. The methodology is commonly applied for

LiDAR based point clouds (e.g., de Almeida et al., 2019; Richardson

et al., 2009; Zhao & Popescu, 2009), but is expected to work just as

well with any type of point cloud of sufficient density, for example,

derived from photogrammetry and the SfM technique (Comba

et al., 2020). Previous studies reported good agreement between

aerial RGB and LiDAR-derived point clouds for crown analyses

(Guerra-Hernández et al., 2018; Thiel & Schmullius, 2017). From the

variable LAI, we further calculated LAD and the total leaf area per tree

(Table S1). We further used the point clouds to generate synthetic

hemispherical photographs (SHPs), which were reported to produce

accurate estimates of canopy closure and plant area index compared

to actual hemispherical photographs in a previous study (Moeser

et al., 2014). SHPs taken at the top of a given tree via a virtual camera

can be used to estimate light availability (Cifuentes et al., 2017; Van

der Zande et al., 2011), for which we employed the gap light index

(GLI, Canham, 1988) in our study. We therein closely followed Brüll-

hardt et al. (2020), who had concluded that SHPs generated from

photogrammetry-based point clouds work very well for estimating

small-scale light transmission.

4.2 | Controls of per-tree transpiration

The crown dimension-related metrics crown volume, crown surface

area and crown volume in the upper crown half are the most

F IGURE 5 Transpiration rates per unit crown volume in the upper crown half (CV_upper), per unit total crown volume (CV) and per unit leaf
area density (LAD), plotted vs. crown volume in the upper crown half (a), crown volume (b) and leaf area density (c), respectively. The lines are the
predictions of log–log linear regression models.
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influential single structural variables on per-tree transpiration that

have been identified in the studied rainforest so far. Among the

42 studied trees, they explained 63% to 68% of the observed variance

in transpiration. Two commonly applied variables in previous studies,

ground projection area and total leaf area per tree, explained substan-

tially less (58% and 52%, respectively) of the observed variance in our

study (P < 0.001, see Figure S7a,b). Several of the studied crown

dimension metrics explained more of the variance than DBH (37%) as

a broadly applied baseline predictor for per-tree transpiration

(e.g., Dierick & Hölscher, 2009; Kotowska et al., 2021; Meinzer

et al., 2001, 2005; Vertessy et al., 1995; Wang et al., 2019; Yue

et al., 2008). Our results add to previous studies showing that per-tree

transpiration often scales linearly with crown dimension

(Ahongshangbam et al., 2019, 2020; Hatton et al., 1998; Palmer

et al., 2009; Radersma et al., 2006; Sala et al., 1996; Santiago

et al., 2000; Vertessy et al., 1997). Crown dimension to some extent

likely already integrates tree responses to different environmental

conditions and probably also to competition among trees.

The studied variables of crown shape, leaf density and exposure

explained less than 21% of the variance in per-tree transpiration when

applied as single predictors. The only variable of crown shape that had

a significant relationship with transpiration was crown top-heaviness.

The model, despite very low explanatory power, suggests that per-

tree transpiration is more than two-times higher for crowns with a

top-heavy shape than for bottom-heavy crowns. In general, studies

relating tree transpiration to the crown shape of single trees are rare.

One previous study reported higher per-tree transpiration rates when

intra-canopy heterogeneity was maximized within a given space com-

pared to uniform crowns (Bauerle et al., 2004). In contrast, in our

study we did not find a significant relationship between per-tree tran-

spiration and canopy roughness length, a variable that characterizes

the heterogeneity of the crown surface.

Regarding variables of leaf density, LAI had a significant relation-

ship with per-tree transpiration; the model suggests a doubling of

transpiration rates from approx. 20 to 40 kg day�1 as the LAI

increases four-fold from approx. 2 to 8 m2 m�2. Even though the

model has rather low explanatory power, it is within expectation. In

general, LAI is often incorporated into models at the stand-scale,

wherein up to a certain threshold higher LAI leads to higher (evapo)

transpiration (e.g., Birhanu et al., 2019; Farid et al., 2008; Wang

et al., 2014). At the scale of single trees, rather than LAI the total leaf

area per tree is often applied as a predictor of per-tree transpiration;

in our study, we considered the total leaf area per tree a variable of

crown dimension (see above) due to its dependence on ground pro-

jection area in its calculation, and due to its close correlation with the

other crown dimension metrics.

Regarding the variables of crown exposure, per-tree transpiration

significantly increased with increasing relative tree height and increas-

ing GLI. Therein, transpiration more than doubled from low to high

GLI. Direction and effect size were in line with our initial expectations,

but as for the crown shape and leaf density variables, the variance

explained by GLI as a single predictor was low. In line with our results,

previous studies also found significant effects of radiation-related var-

iables on tree transpiration (e.g., Dierick & Hölscher, 2009; Kunert

et al., 2010; Oren & Pataki, 2001). However, studies that quantify the

light availability of co-occurring trees with different canopy positions

within a stand are rare due to the complexity of assessing the light

availability at the top of crowns. One previous study from a subtropi-

cal mixed forest in Chongqing (Zhang et al., 2019) reported a negative

correlation between per-tree transpiration of reference trees and an

index characterizing the dominance of nearest neighbours, indicating

that large-sized trees with low competition pressure and high light

availability had the highest transpiration. Observations from coffee

and cacao agroforestry systems where the shade tolerant crops are

cultivated under varying tree cover revealed opposite patterns, that is,

increasing per-tree transpiration with decreasing canopy gap fraction

(Köhler et al., 2009; van Kanten & Vaast, 2006). The relatively low

explained variance by GLI in our study may be caused by the co-

existence of plants with different shade-tolerance. In the diverse

stands of the Harapan rainforest (201 tree species on four plots cov-

ering a total of 1 ha, Rembold et al., 2017), tree species that differ in

their transpiration responses to light likely co-occur, and GLI alone

therefore only has moderate power in explaining tree-to-tree varia-

tions in transpiration rates.

Even for the best performing crown dimension-related predictors,

we observed considerable scatter in the relationship with per-tree

transpiration at a given crown dimension. We applied multiple regres-

sion models to examine whether adding variables of crown shape, leaf

density or light exposure as predictors reduces unexplained variance

in transpiration. The three variables analysed more closely in our

study, crown topheaviness (crown shape), LAI (leaf density) and GLI

(light exposure) each interacted significantly with crown volume in

multiple linear regression models, explaining 68% to 74% of the vari-

ance in per-tree transpiration as compared to 63% when using crown

volume alone. The models indicate that the marginal effects of a top-

heavy crown shape, LAI and GLI increase with increasing crown

dimension, that is, crown dimension has a dominant role for predicting

per-tree transpiration of small- and medium-sized crowns, but shape,

leaf density and exposure of crowns induce substantial variability into

the transpiration rates of (very) large crowns. While trees with small

crowns mostly occur at lower positions in the canopy, trees that have

larger crowns generally take up higher strata. Differently positioned

crowns within the forest canopy experience varying environmental

conditions and adapt their crown shape, leaf density and light

response accordingly, which influences their individual transpiration

rates (e.g., Givnish, 1988; Lei & Lechowicz, 1990; Schulze et al., 2019).

Integrating such tree-level variables into the prediction of per-tree

transpiration helped to explain tree-to-tree variation that was not

explained by (crown) dimension-related variables alone. Likewise, a

previous study found that uncertainties in the scaling of crown dimen-

sions from simple biometric predictors such as tree diameter and

height were significantly reduced by including information on environ-

mental context such as local light and water availability (Shenkin

et al., 2020).
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4.3 | Transpiration per unit crown dimension

We found high transpiration rates per unit crown dimension for small

crowns, and relatively low and almost constant rates for medium-sized

and large crowns. Log–log linear regression models explained up to

74% of the variance in transpiration per unit crown dimension,

wherein variables related to crown volume performed best. To our

knowledge, no previous (rain)forest studies are available for a compar-

ison of observed magnitude and patterns of transpiration per unit

crown volume. Specifically at the stand-level, but also at the level of

single trees, transpiration is often expressed per unit ground (projec-

tion) area, commonly denoted in mm day�1. As for transpiration per

unit crown volume, transpiration per unit ground area tended to be

higher (0.3–1.5 mm day�1) for trees with small crowns than medium

and large-sized crowns (0.2–0.5 mm day�1), but the explanatory

power of the model was relatively low compared to other crown-

dimension variables (R2 = 0.32, P < 0.001, Figure S7c). While no stud-

ies from tropical rainforests are available for a comparison to our

results, previous studies in the tropics covered agroforests, a second-

ary forest patch and a reforestation stand, where crown projection

areas were generally smaller than in our study (min. 14 m2, mean

84 m2, max. 216 m2, Table S1). For the shade-tolerant understory

crop cacao (Theobroma cacao) and the light-demanding shade tree

species Gliricidia sepium in an agroforest in Indonesia, transpiration

per unit ground area was reported to be 0.5–0.6 mm day�1 (cacao)

and 0.2–0.5 mm day�1 (G. sepium) (Köhler et al., 2009), with average

crown projection areas of 20.2 m2 (cacao) and 40.4 m2 (G. sepium).

For young coffee agroforestry shade tree species in Costa Rica with

relatively small crowns, transpiration rates of 0.4 to 1.1 mm day�1

were reported for Eucalyptus deglupta, 0.7 to 2.1 mm day�1 for Termi-

nalia ivorensis and 0.1 to 0.8 mm day�1 for Erythrina poeppigiana (Van

Kanten and Vaast, 2006). In a secondary forest patch in Vietnam, tran-

spiration was between 0.4 and 1.5 mm day�1 for trees with relatively

small crowns (13–60 m2). Even smaller-crowned trees (13–32 m2) at

the edge of the forest patch generally had much higher transpiration

rates of up to 2.9 mm day�1 (Giambelluca et al., 2003). A study in

12-year old reforestation stands in the Philippines reported transpira-

tion rates between 0.6 and 1.9 mm day�1 across 10 different species

(Dierick & Hölscher, 2009), also with relatively small crown dimen-

sions (7–32 m2). For the range of crown dimensions covered in these

studies (<60 m2), we observed transpiration rates per unit ground area

between 0.3 and 1.5 mm day�1, that is, a comparable but overall

lower range with substantial tree-to-tree variation. This finding seems

reasonable in the context of the high structural and functional diver-

sity and the associated complex interactions in tropical rainforests. As

such, the high competition for light in the densely packed, multistoried

canopy layers, along with the generally high competition for space

and resources at the high stand densities observed in lowland rainfor-

ests in the study region (>500 trees ha�1 with a DBH of at least

10 cm), may result in on average lower transpiration per unit ground

area than in less complex ecosystems. In accordance with this line of

argument, minimizing competition experimentally in open-grown, iso-

lated Acer saccharum trees with permanent access to groundwater

(notably, in temperate North America) lead to very high transpiration

rates per unit ground area (2.5–7 mm day�1, Dawson, 1996); another

reason for these high values may be the long day length during north-

ern hemisphere summer.

Transpiration per unit leaf area has also been the subject of some

previous studies. In our study, the explanatory power of the model

was intermediate compared to other crown-dimension related vari-

ables (R2 = 0.62, P < 0.001, Figure S7d). In accordance with the previ-

ous results, the model predicts higher transpiration per unit leaf area

(>0.1 kg m�2 day�1) for small crowns (<100 m2 leaf area) and lower

and relatively constant rates for larger crowns (�0.1 kg m�2 day�1).

Our estimates for rainforest tree species are mostly much lower than

reported in a global review study for several fast growing (plantation)

species like Eucalyptus (0.1–8.5 kg m�2 day�1), Pinus (0.6–

1.2 kg m�2 day�1), Populus (4.2 kg m�2 day�1) and Salix (2.7 to

3.8 kg m�2 day�1) (Wullschleger et al., 1998). Much higher rates than

in our study were also reported for single standing Alnus and Tilia

street trees in Helsinki (0.8–1.1 kg m�2 day�1) (Riikonen et al., 2016).

For the previously mentioned agroforestry species in Sulawesi, cacao

and G. sepium, transpiration rates per unit leaf area were approx. 0.3

and 0.2 kg m2 day�1, at average total leaf areas of 34 and 57 m2,

respectively (Köhler et al., 2009). The reported rates correspond well

to our results, that is, when inputting the respective crown dimensions

into our model (Figure S7d) it predicts identical transpiration rates per

unit leaf area of 0.3 and 0.2 kg m2 day�1, respectively. For the shade

tolerant species coffee, it was found that sun-exposed plants had

higher transpiration rates per unit leaf area than coffee grown under

shade, but the reverse was observed when transpiration was

expressed per unit ground area (van Kanten & Vaast, 2006). For dif-

ferent dryland tree species in parklands in Senegal, more than four-

fold differences in transpiration per unit leaf area were reported for

relatively small trees (17 to 52 m2 leaf area), along with substantial

seasonal variability, with transpiration rates of approx. 1.0 to

2.0 kg m2 day�1 at the beginning and 0.3 to 1.0 kg m2 day�1 at the

end of the dry season (Deans & Munro, 2004). For similarly small trees

(1 to 28 m2 leaf area) of three species in tree lines in sub-humid

Kenya, rates between 0.3 and 1.0 kg m2 day�1 were reported,

wherein transpiration rates per unit leaf area were (slightly) enhanced

by phosphorus fertilization (Radersma et al., 2006). For 24 relatively

small Metrosideros polymorpha trees across six study sites in montane

cloud forest stands in Hawaii, transpiration per unit leaf area was

reported to be higher than in our study (>0.34 kg m�2 day�1) and

highly variable among sites, with on average 63% higher rates on

level, waterlogged, open-canopy sites (<1.3 m2 m�2 LAI) than

on sloped closed-canopy sites (>5.1 m2 m�2 LAI) (Santiago

et al., 2000). Overall, the range in transpiration per unit leaf area as

observed for trees with a small total leaf area in our study (�0.1–

1.2 kg m2 day�1) is comparable but lower than the values reported in

previous studies. To our knowledge, there are no studies on large

tropical (rainforest) trees for a comparison of magnitude and patterns

in transpiration rates per unit leaf area. However, one study on Pinus

ponderosa in North America reported 53% lower transpiration per unit

leaf area in old trees (250 years old, 30 m tall) compared to young
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trees (40 years old, 10 m tall) due to deceasing hydraulic conductance

with advancing tree age (Hubbard et al., 1999). In our study in a tropi-

cal rainforest, similar mechanisms may explain the observed decrease

in transpiration per unit leaf area with increasing crown dimension.

We further assessed transpiration per unit leaf area density

(LAD, Table S9), that is, transpiration normalized to one m2 of leaf

area per m3 of crown volume. The model suggests a similar pattern

as for transpiration per unit crown dimension, with high transpira-

tion per unit LAD in crowns with low LAD and much lower rates

for medium-density and high-density crowns (R2 = 0.62, P < 0.001,

Figure 5c). Therein, the considerable scatter observed in transpira-

tion rates of medium-density crowns was largely explained when

applying multiple regression with the predictors LAD and crown vol-

ume (R2 = 0.8, P < 0.001, Figure S6b,c, Table S4), wherein, at a

given LAD, the transpiration per unit LAD predicted for large

crowns was higher than for small crowns. To our knowledge, there

are no previous studies assessing transpiration per unit LAD for

comparison.

Transpiration rates per unit crown dimension (or per unit LAD)

had thus far not been assessed for tropical rainforest trees across mul-

tiple sites and involving variably sized and vertically positioned tree

crowns. Overall, there is a need for further studies untangling transpi-

ration rates of rainforest trees and their drivers, for example, regard-

ing the effects of competition, and thus close the gap in so far

unexplained variability of rainforest tree transpiration. We consider

our study a first step by contributing new insights on the dominant

role of crown dimension for predicting (rainforest) tree transpiration.

Our study demonstrates that 3D point cloud analysis is a very promis-

ing tool for better understanding (water) exchange processes of trees

and other plants variably structured and positioned in the forest can-

opy, thus allowing for research that would be extremely challenging

or impossible using conventional ground based methods. There is a

great potential of the method for better linking forest structure and

forest functions.
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