
geosciences

Article

Small Scale Rainfall Partitioning in a European Beech
Forest Ecosystem Reveals Heterogeneity of Leaf Area
Index and Its Connectivity to Hydro-and Atmosphere

Nico Frischbier 1,* , Katharina Tiebel 2 , Alexander Tischer 3 and Sven Wagner 2

1 ThüringenForst, Forestry Research and Competence Centre, Jägerstraße 1, 99867 Gotha, Germany
2 TU Dresden, Institute of Silviculture and Forest Protection, Chair of Silviculture, Postfach 1117,

01735 Tharandt, Germany
3 Faculty of Chemistry and Earth Sciences, Institute for Geography, Soil Science,

Friedrich-Schiller-University Jena, Loebdergraben 32, 07743 Jena, Germany
* Correspondence: nico.frischbier@forst.thueringen.de; Tel.: +49-03621-225-151

Received: 15 July 2019; Accepted: 7 September 2019; Published: 10 September 2019
����������
�������

Abstract: (1) Background: Leaf area index (LAI) is an essential structural property of plant canopies and
is functionally related to fluxes of energy, water, carbon, and light in ecosystems; coupling the biosphere
to the geo-, hydro-, and atmosphere. There is an increasing need for more accurate and traceable
measurements among several spatial scales of investigation and modelling. We hypothesize that the
spatial variability of LAI at the scale of crown sections of a single European beech (Fagus sylvatica L.)
tree in a highly structured, mixed European beech-Norway spruce stand can be determined by
simultaneous records of precipitation; (2) Methods: Spatially explicit measurements of throughfall
were conducted repeatedly below beech and in forest gaps for rain events in leafed and in leafless
periods. Subsequent analysis with a new regression approach resulted in estimating leaf and
twig water storage capacities (SCleaf/twig) at point level independent of within-crown lateral flow
mechanisms. Inverse modelling was used to estimate spatial litterfall (n = 99) distribution and
litter production (mass, area, numbers) for single trees, as a function of diameter at breast height;
(3) Results: As revealed by a linear mixed-effects model, SCleaf at the center of a beech canopies
amounts to 4.9 mm in average and significantly decreases in the direction of the crown edges to an
average value of 1.1 mm. Based on diameter-sensitive prediction of litter production, specific leaf area
wetting capacity amounts to 0.260 l·m−2. A linear within-canopy dynamic of LAI was found with a
mean of 17.6 m2

·m−2 in the center and 4.0 m2
·m−2 at the edges; and (4) Conclusions: The application

of the method provided plausible results and can be extended to further throughfall datasets and
tree species. Unravelling the causes and magnitude of spatial- and temporal heterogeneity of forest
ecosystem properties contribute to overall progress in geosciences by improving the understanding
how the biosphere relates to the hydro- and atmosphere.

Keywords: interception; canopy storage capacity; litter fall; inverse modelling; linear mixed-effects
model; forest stand structure

1. Introduction

In forest ecosystems, tree individuals modify the abundance and allocation of ecological resources
such as water and light due to their spatial and seasonal biomass distribution [1–3]. This is reflected
by substantial small-scale variation in resource patterns and ecological functioning of forests [4,5].
Thus, forests as parts of the biosphere interact on multiple scales with the hydro- and atmosphere.
The partitioning of rainfall into interception loss, stemflow, free throughfall, and canopy throughfall
depends on tree species, tree metrics, and vegetation patterns caused by clumping of leaves and the
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creation of canopy gaps [6]. Transmission, absorption, and reflection of light radiation are largely
modified by tree species-specific phenological rhythmic (e.g., foliated vs. leafless periods), as well
as the morphologies of leaves and crowns, the angles of leaves and twigs, and by effects on the
spatial arrangement of leaves [4,7,8]. For both, the abundance and distribution of water and light, the
biomass and area of leaves play pivotal roles and can be expressed for example as leaf area index (LAI),
as relevant property of the biosphere.

The LAI is defined as the cumulative one-sided area of leaves per unit stand area and is expressed
in m2 per m2 [9,10]. The same applies for the surface area of woody plant compartments, the woody
area index (WAI) and the sum of LAI and WAI, the plant area index (PAI). The LAI affects the
distribution and consumption of ecological resources in forest ecosystems and therefore is closely
linked to hydrological and atmospherical processes related to the cycles of water-, energy-, and carbon,
as well as gas fluxes at higher spatial scales. A variety of ecological processes in the forest and on
the forest floor are linked to the resource input at a particular location, among them germination and
germinant growth of trees [11–14], water uptake by plants [5], and organic matter decomposition
with subsequent nutrient release by soil microorganisms [15–17]. Despite ecological modelling today
resolves to the tree or at least cohort (groups of similar trees) level, the small-scale variability of LAI
and WAI are not explicitly considered. Research results were commonly reported at the spatial scale
of groups of trees or forest stands [18,19]. However, some studies indicated horizontal variability
of LAI within the crown of single trees in orchards, olive- and nut plantations, as well as in forest
ecosystems for juvenile alder and beech [9,20–24] and strong spatial autocorrelations in point-scale LAI
measurements with a range between ten and 15 m, which equals average crown dimensions [25,26].

The application of indirect ground based optical methods such as LAI-2000-series (plant canopy
analyzer), TRAC (Tracing Radiation and Architecture of Canopies), digital hemispherical photography,
line quantum sensors, imaging instruments, and terrestrial laser scanning that aims to generate estimates
of LAI for particular measurement points is partly restricted by the variability and complexity of canopy
and stand structures in forests [8,27–29]. In particular, in spatially heterogeneous stands with mixed
tree species and variable age composition, currently applied methodologies for LAI determination do
not provide reliable quantitative estimates on small-scale variability of leaf distribution and subsequent
effects on distribution of throughfall water and light radiation.

In contrast to the complex physics of light and subsequent restrictions on applicability of
ground-based light radiation measurements [14,27,30], we hypothesize that small-scale (<1 m)
measurements of water movement via throughfall in forests provide a reliable, causal and mathematical
sound attempt to quantify LAI and WAI at the spatial scale of the respective crown section above
the measurement point. In detail, we believe this is in particular the case for the causal relationship
between interception loss, as expressed by the respective canopy storage capacity: SCcanopy, and the
respective intercepting crown biomass [31–33]. In this context it is important to note that the specific
wetting capacity (SWC, l·m−2) of the single canopy compartment (e.g., leaves, bud, twig) is linearly
related to the respective wetted surface area [34]. The sum of all compartments at a given area results
in the cumulative storage capacity (SC) [11,35].

As an alternative method for small-scale horizontal LAI quantification, we propose an attempt that
is based on exact perpendicular measurements of throughfall below the canopy and the subsequent
calculation of SCcanopy, leaf storage capacity (SCleaf), and twig storage capacity (SCtwig). The general
idea is based on previous work [31,33,35,36], however, no attempts still exist for the specific application
of fine-scale LAI quantification. The reasons for that are diverse and partly relate to the spatial scale of
interest of the studies and the considered hydrological factors:

(1) At the level of the forest stand, the commonly applied calculation approach for the estimation
of SCcanopy is based on water balance approaches that integrate over larger spatial scales [6,37] than
required for small-scale LAI estimation.

(2) The tree species specific occurrence of stemflow or relative throughfall accumulation at dripping
points affect throughfall patterns. Depending on tree species, bark properties, and branch angel;
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the amount and spatial patterns of lateral flow must be determined using direct or indirect measurement
methods (e.g., stemflow or LIDAR observations). In such cases, the additional mathematical
consideration of lateral flow is mandatory, but was not included in previous studies [35,36,38–40].

(3) Many datasets suffer from the occurrence of strong wind, time dependent evaporation,
and spatially variable rainfall events in the course of explicit measurement campaigns. These factors
affect applicability of the LAI estimation approach in an unwanted manner.

The proposed approach relies on the methodological differentiation between SCleaf and SCtwig
obtained from throughfall data during foliated and leafless periods in order to separate interception
of leaves and twigs. Based on the investigation and quantification of beech leaf mass and
area [8,31,32,41–43] the relationship between leaf area and SCleaf can be established. Single tree
leaf amount can be derived by inverse modelling [44,45]. This method was established in seed dispersal
research [46–48] and can be used for spatially explicit modelling of single tree LAI based on SCleaf.

This study presents an approach to (i) detect and (ii) quantify the variability of leaf distribution
within single tree crowns of European beech (Fagus sylvatica L.). Both goals will be achieved by the
investigation of the redistribution of gross precipitation by measurements of net precipitation at specific
locations underneath beech tree crowns. The observations consider several rainfall events (n = 33)
and include foliated and leafless phenological phases. As field-data originate from a mixed stand
of European beech and Norway spruce (Picea abies (L.) Karst.), the approach was tested in a highly
structured case situation. For European beech, (iii) single tree leaf masses, leaf amounts and leaf
areas were predicted by using inverse modelling of litter dispersal based on spatially highly resoluted
litter fall measurements. Leaf predictions were compared to associated measurements of SCleaf at the
single-tree level (iv).

2. Materials and Methods

2.1. Study Site

The study site is located in the Tharandt Forest in Saxony, Germany, at an elevation of 360 m
a.s.l. at 50◦59′ N and 13◦30′ E. The climate at these low mountainous elevations is typically moist
(800 mm total annual precipitation) with a mean annual temperature of 7.2 ◦C. A squared study site
(0.75 ha) was established within a 111-year-old single-storey mixed stand of European beech and
Norway spruce in 2006 (Figure 1) [39]. The mixed stand had not been managed for at least 10 years.
The soil is a typical stagnic cambisol with mesotrophic, moderately moist conditions, originating from
quartz felsite overlaid by loess loam. Although the total basal area indicates a regular stand density
(Table 1), the spatial heterogeneity of the stand density was high due to the abundance of tree clusters
and gaps. The data in the Table 1, indicates a balanced mixture of beech and spruce and typically high
crown length for beech.

Beech trees at the study site showed a significant linear correlation of crown radius and diameter
at breast height (D) (with a slope of the linear relationship of 10.8 and an intercept of 0, R2 = 0.55,
p < 0.0001). For further information see [39].

Table 1. Characterisation of the studied mixed beech-spruce stand. For more information see [39].

Tree
Species

Tree Number
(ha−1)

Mean Tree
Height (m)

D (cm) Basal Area
(m2
·ha−1)

Growth Rate100
(m3
·ha−1·a−1) 1

Crown Length (% of
Tree Height)

Mean SD 2 Max. Min. Mean SD

Beech 139 34.5 44.2 10.8 75.4 21.2 22.8 8.0 66.6 ± 9.9
Stand total 227 35.8

1 Growth rate100, i.e., the average total timber growth normalized to a stand age of 100 years. It is considered as
an indicator for overall yield in forest growth research. 2 SD standard deviation. D is diameter at breast height.
Beech is Fagus sylvatica.
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Figure 1. Map of the study site, a mixed beech-spruce stand (one silver birch (Betula pendula) tree and 
one red oak (Quercus rubra) tree characterized by grey symbols), that is located at an elevation of 360 
m a.s.l. at 50°59’N and 13°30’E in the Tharandt Forest in Saxony, Germany. The map shows the interior 
study site, the selected throughfall measurement points under beech (beech plots = black dots) and in 
gaps (gap plots = grey dots) as well as the beech litter fall traps (□ & x). The size of the symbols for 
beech (○) and spruce (∆) trees are scaled relative to the respective D². 

2.2. Field Design for Throughfall and Litter Sampling 

Within the study site, 175 measurement points were randomly placed with irregular distance 
along pre-stratified transects among single trees, i.e., beech-spruce, beech-beech, and spruce-spruce 
(Figure 1); including small gaps (following [49,50]). Each measurement point was assigned to one out 
of four cover strata: i) beech, ii) spruce, iii) gap, or iv) mixed. For each measurement point, the 
distance from the bole of the nearest dominant tree, i.e., the tree providing vertical crown cover, was 
recorded. The relative distance (relDist) was calculated as the ratio of the distance to the bole and the 
crown radius of the respective dominant tree ranging between 0.1 and 1.0 [39,51]. In contrast to the 
study of [39], in the present account a reduced number of throughfall measurement points were 
considered (see section 2.4.1) with n = 76 for beech strata and n = 15 for the gap strata (Table 2). 
Detailed analyses of the full data set can be found in [39,52,53]. 

Overall, 17 beech trees were assigned to the selected throughfall measurement points under 
beech. The crown radii varied substantially between 2.1 and 6.4 m. The diameter at breast height 
ranged between 21.2 and 60.3 cm. 

In total, 99 out of 175 measurement points were randomly selected for placing the litter fall traps 
(see section 2.3.1). Some of the throughfall and litter fall measurement points were taken at the 

Figure 1. Map of the study site, a mixed beech-spruce stand (one silver birch (Betula pendula) tree and
one red oak (Quercus rubra) tree characterized by grey symbols), that is located at an elevation of 360 m
a.s.l. at 50◦59′ N and 13◦30′ E in the Tharandt Forest in Saxony, Germany. The map shows the interior
study site, the selected throughfall measurement points under beech (beech plots = black dots) and in
gaps (gap plots = grey dots) as well as the beech litter fall traps (� & x). The size of the symbols for
beech (#) and spruce (∆) trees are scaled relative to the respective D2.

2.2. Field Design for Throughfall and Litter Sampling

Within the study site, 175 measurement points were randomly placed with irregular distance
along pre-stratified transects among single trees, i.e., beech-spruce, beech-beech, and spruce-spruce
(Figure 1); including small gaps (following [49,50]). Each measurement point was assigned to one
out of four cover strata: (i) beech, (ii) spruce, (iii) gap, or (iv) mixed. For each measurement point,
the distance from the bole of the nearest dominant tree, i.e., the tree providing vertical crown cover,
was recorded. The relative distance (relDist) was calculated as the ratio of the distance to the bole
and the crown radius of the respective dominant tree ranging between 0.1 and 1.0 [39,51]. In contrast
to the study of [39], in the present account a reduced number of throughfall measurement points
were considered (see Section 2.4.1) with n = 76 for beech strata and n = 15 for the gap strata (Table 2).
Detailed analyses of the full data set can be found in [39,52,53].
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Table 2. Sample size (n) in each of the canopy strata. The relative distance for each measurement point
underneath beech was calculated as the ratio between the distance to the stem (in m) and the crown
radius of the dominant tree (in m) ranging from 0.1 to 1.0, and subsequently classified into deciles.

Canopy Stratum
Sample Size (n) According to Relative Distance Class

Total n
0–0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.5 0.5–0.6 0.6–0.7 0.7–0.8 0.8–0.9 0.9–1.0

Beech 5 10 9 6 8 8 8 9 8 5 76
Gap 15

Overall, 17 beech trees were assigned to the selected throughfall measurement points under beech.
The crown radii varied substantially between 2.1 and 6.4 m. The diameter at breast height ranged
between 21.2 and 60.3 cm.

In total, 99 out of 175 measurement points were randomly selected for placing the litter fall
traps (see Section 2.3.1). Some of the throughfall and litter fall measurement points were taken at the
outermost trees of the study plot, but potential edge effects can be ignored due to the 15 m buffer zone
around the study site.

2.3. Litter Biomass and Leaf Area

2.3.1. Measurement of Litter Fall

In order to determine the one-year leaf litter fall and leaf dispersal of beech, litter traps were
installed randomly at pre-selected measurement points (n = 99). Litter was collected in the period
from 19 June 2006 to 18 June 2007. Litter traps were inverted conical mesh traps, with a mesh width
of 0.5 mm, designed to catch all leaves at a height of 1.0 m above ground floor in a circular area of
0.2 m2 [54]. After clearing the traps at three times during the year (25.10.2006; 01.12.2006; 18.06.2007)
the litter was sorted by species and plant compartment by hand, oven dried at 60 ◦C for 5 days until
constant weight [8,15], and subsequently weighted (accuracy of 0.01 g). The leaf litter data obtained
for each measurement point were converted into density data per m2 and served as input data for leaf
dispersal model analysis (see Section 2.3.2).

Leaf mass was obtained from randomly selected litter traps (n = 15, 15% of all litter traps)
by selection, counting, drying, and weighing of exactly 250 leaves per trap. Specific leaf area was
determined by sampling freshly fallen leaves. Overall, 15 times 100 fresh leaves were collected in
autumn 2006 and the leaf area was measured using a LI-3000 Area Meter (LI-COR, inc) with an
accuracy of 0.01 cm2 [41,55]. Leaf mass and leaf area was used to calculate normalized specific leaf
mass (g·leaf−1), normalized leaf area (cm2

·leaf−1) as well as specific leaf area (cm2
·g−1) [8,23,36,42].

Calculated mean and standard deviation (SD) consider cumulative investigation within sampling
units (i.e., litter traps). For statistical analysis we follow [17]. Normality, homogeneity and independence
in the litter fall dataset were assessed. All statistical analyses were performed using SPSS (IBM) and R
(R version 3.5.1, R Core Team, 2013).

2.3.2. Calculating Leaf Dispersal and One-Year Single Tree Leaf Production

For the prediction of single tree leaf mass, a leaf dispersal model was used according to [56]
and the provided R-script. This statistical tool utilizes a phenomenological model and integrates
directionality, e.g., in seed dispersal of anemochorous forest trees. Thus, the model can calculate
isotropic (same dispersal in all directions) and anisotropic dispersal (unequal spatial distribution due to
directed vectors such as wind). Further details on inverse modelling are described in [47,48,54,57,58].

The leaf dispersal model multiplies an estimator of single tree leaf mass by a spatial dispersion
kernel [45,56]. One-year leaf mass dispersal of beech was modeled by using the log-normal distribution
as density function f of the distance (Dist) (Equation (1)) and combined this with distorted-distance
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models (not shown), considering anisotropic dispersal [56,59]. The log-normal distribution is defined
by parameters δ and µ:

f =
e−(

(ln Dist−µ)2

2∗δ2 )

2 ∗π ∗Dist2 ∗
√

2 ∗π ∗ δ2
∗ϕ, ϕ = eα∗D

z
, (1)

The original version of the model [56] estimates the parameter fecundity ϕ that represents
the leaf mass produced (g) by a single beech tree with a respective diameter at breast height (mm),
and parameter α that weights the allometric relationship betweenϕ and D. In Equation (1), we modified
the aforementioned term by replacing the former quadratic exponent for D by a free varying exponent
(z). In consequence, D, α, and z allow for the estimation of total leaf mass of single beech trees (i.e., ϕ)
in mixed forest stands. In other words, single tree leaf mass can be calculated based on modelled leaf
litter dispersion.

The mean D of beech at the study site was 44.2 cm, therefore, we focus the model output for
an average tree with a D 45.0 cm and for the total D-range of 15 to 60 cm. For directionality in leaf
dispersal [44,60], the distance (Dist) may be distorted [59,61]. According to [56], additional parameters
for the assumption of an anisotropic dispersal in the form of an elliptic distorted-distance model can
be estimated within the inverse model: coherency β, drift γ, and rotation angle ψ. In consequence,
the model that considers anisotropy simultaneously approximates six parameters. In order to account
for the number of model parameters and thus model complexity, Akaike’s information criterion (AIC)
and the log likelihood estimate were used to evaluate model performance together with analysis of
correlation between observed and predicted values. This attempt aims to find the model that includes
most information and best describes the data [45].

Whether an isotropic or a much more complex anisotropic model fits the data better was tested
by a Bootstrap-approach. The basic idea of any sort of hypothesis test is to compare the observed
value of a test statistic with the distribution that it would follow if the null hypothesis were true.
The null is then rejected if the observed value is sufficiently extreme relative to this distribution [62].
We considered isotropic and anisotropic models as being nested. Thus, to test for significant differences
between isotropic and anisotropic models we constructed an empirical sampling distribution. Therefore,
we adopted a parametric bootstrap approach based on the likelihood ratio statistic [63,64], The test
statistic is: 2(loglikenon-isotrop–loglikeisotrop).

The null-hypotheses states that both models, isotropic and anisotropic, fit the observed
leave-amount of litter trap data equally well. The samples created by the bootstrap data generating
process should not just reflect the null hypothesis [65]; but it is recommended, that the bootstrap
samples even satisfy the null hypothesis [62]. We assume the leave-amount of litter trap data to be
negative binomially distributed (see [56]). We estimated the ‘size’ parameter of a negative binomial
distribution to best fit the real data in advance of bootstrapping (library ‘VGAM’ in R [66]). Then,
we performed parametric resampling from the data set built from the isotropic model, randomized by
the ‘size’ parameter of a negative binomial distribution. Both models, the isotropic and the anisotropic,
were fit to each of the 99 simulated data sets.

2.4. Gross Precipitation and Throughfall

2.4.1. Measurement of Gross Precipitation and Throughfall

Measurements were performed in the foliated period from 15 May 2006 to 01 September 2006
when the beech crowns were completely foliated as evaluated by phenological observation and litterfall
measurements in the forest stand. Measurements in the leafless period were performed between
20 November 2006 and 15 April 2007. Measurements have taken place in frost-free periods ((i) 20
November 2006 to 15 December 2006, (ii) 03 to 19 January 2007, (iii) 24 February 2007 to 18 March 2007,
(iv) 29 March 2007 to 15 April 2007) with no events of snow included in the dataset (see Section 2.4.2).
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At all measurement points, data were recorded manually immediately after each single rainfall
event [39]. Each recording time was about half an hour. A “single precipitation event” was defined
as a period of precipitation preceded by at least four hours of no rain (see [2,32,36]). This defined
period allowed for crown drip to be recorded after rainfall, yet was still sufficiently short to prevent
evaporation loss from the throughfall collectors [3,67]. If rainfall began again within four hours after
the last precipitation, only one rainfall event with a break of less than 4 h was recorded. Precipitation
during the night was immediately measured the following morning. Dew and fog precipitation were
negligible during our measurement campaigns.

Gross precipitation was determined using five identical funnels installed in an adjacent open
meadow (150 m apart). Throughfall was collected at selected measurement points in funnels
(area 50 cm2), with a maximum volume of 60 mm of precipitation. Funnels were securely installed
in vertical PVC pipes 1 m above ground. Evaporation loss after a rainfall event and before the next
measurement was zero because the funnels were inserted into the shaded upper ends of tubes [14,39].
For measurement points with both, throughfall and litter fall measurements throughfall, funnels were
placed in very close vicinity of the litter fall trap.

2.4.2. Throughfall Data Inspection and Selection

A meteorological station located at a distance of 500 m from the study site provided reference
data for wind speed and dates of rain events. Meteorological data from this station, gross precipitation
reference data from the open adjacent meadow, and descriptive statistics of gap throughfall
measurements were used for data mining. Data were selected based on a checklist of defined threshold
values [39]. Briefly, data-series of single rain events were only included in the following analyses if
they (i) were not snow events, (ii) originated from clearly defined single rain events (see definition
above), (iii) were not affected by high wind speed intervals during the rain (always average wind speed
of 10-min recording interval ≤6 m·s−1), (iv) coincided with simultaneous, almost identical readings
from the five reference funnels in the adjacent open meadow, i.e., if the variation coefficient was
less than 6%, and (v) data was consistent at measurement points in large gaps and in the meadow,
thus indicating homogeneous rain events on a large spatial scale. In sum, during the foliated period
26 out of 36 observed single rain events (intensity range 0.1 to 18.1 mm·h−1) completely fulfilled the
requirements mentioned above, amounting to a total precipitation of 208.9 mm. Out of the 26 rain
events, 14 yielded less than 5 mm, 5 yielded up to 10 mm, and 7 yielded more than 10 mm, with a
maximum gross precipitation of 49 mm. During the leafless period only 7 out of 13 rain events
(intensity range 0.1–2.0 mm·h−1) fulfilled the requirements mainly due to the abundance of high wind
speeds, amounting to a sum precipitation of 28.5 mm. 3 events yielded less than 5 mm, the other
4 events yielded up to a maximum gross precipitation of 7 mm.

2.5. Storage Capacity of Tree Biomass Compartments

2.5.1. Estimation of Canopy Storage Capacity, Leaf Storage Capacity, and Twig Storage Capacity

Several procedures have been developed to generalise the dynamics of precipitation and
throughfall in forests. Commonly, repeated measures at defined measurement fields inside and
outside the forest or above the forest were utilised to parameterise equations [68–71]. According to [39],
the nonlinear relationship between gross precipitation and below-canopy throughfall can be represented
in a diagram (Figure 2) and lateral water translocation can be taken into account. These diagrams can
be applied to data at the spatial level of single measuring points within a stand [26,39]. In general,
gross precipitation determines the amount of throughfall, but the specific pattern of this influence
depends on the particular position of a given measurement point. In large gaps, throughfall is
identical to gross precipitation. Within forest stands, however, interception loss—especially SCcanopy

and time-dependent gradual evaporation of intercepted water—leads to a difference between gross
precipitation and throughfall at the respective spatial scale. This difference increases with increasing
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gross precipitation until the SCcanopy is reached. If the gross precipitation is higher than the precipitation
needed to saturate the SCcanopy, the slope of the relationship between throughfall and gross precipitation
remains constant, if evaporation can be excluded. In this study, the influence of evaporation was
minimised (see Section 2.4) and can be neglected in the following theoretical considerations.
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Figure 2. Scheme of potential relationships between gross precipitation and throughfall within the
stand (potential datasets: # or �). Interception may be understood as the difference between gross
precipitation and throughfall (arrow), when canopy storage capacity is reached. Depending on the
phenological situation and the canopy features within the stand, higher or lower values of interception
are possible (line 1: leafless period beneath tree crown, line 2: leafed period beneath tree crown, dotted
1:1-line: large gap or open field) at measurement points within the forest stand. Deviations in slope
from values of 1 indicate lateral flow of water within the canopy (not shown, see [39]).

In the absence of evaporation, the slope of the relationship between throughfall and gross
precipitation should remain constant at the value of one. However, slopes with a value smaller or
bigger than one were frequently observed. This observation can only be explained by lateral water
translocation within the canopy, indicating lateral discharge or lateral inflow processes within the
canopy of a single tree (for beech and Norway spruce see [39]). Although lateral inflow or discharge
are either equalised at larger spatial scales or become part of canopy drip or of stemflow, a considerable
water deficit or surplus may be created at the plot specific scale. Large variation in SCcanopy might be
caused by specific LAI at the measurement point independently of lateral water translocation [51,72].
This can be assessed by diagrams of the relationship between gross precipitation and throughfall of
the foliated and leafless period. Finally, the quantification of the differences in SCcanopy between both
periods will provide estimates of SCleaf and SCtwig.

To capture the expected multiple variability in throughfall patterns, we analysed scatterplots of
throughfall and gross precipitation. Equation (2) was parameterised by applying nonlinear regression
analysis (bootstrap estimator of the standard error using SPSS IBM Inc.) separately (foliated and
leafless period) at each measurement point.

T = b ∗ P ∗
(
1− e−(

1
a ∗P)

)
, (2)

where P (mm) represents gross precipitation, T (mm) throughfall, and a and b are parameters. Equation
(2) represents the gradual saturation of SCcanopy during small gross precipitation amounts assuming
an exponential behaviour. Amounts of gross precipitation exceeding the value of parameter a result
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in a nearly linear relationship with individual slope parameters for each scatterplot. Equation (2)
thus allows for the consideration of the specific threshold in the relationship of gross precipitation
and throughfall at each measurement point. In contrast, other studies generally applied an assumed
constant threshold for the amount of gross precipitation above which linear behaviour was to be
parameterised for the entire study site.

Parameter a determines the gross precipitation amount needed to saturate SCcanopy (mm) at the
spatial scale of a single measurement point (Equation (3)). The calculated SCcanopy value at a particular
measurement point and in the foliated period equals the sum of SCleaf and SCtwig. The SCcanopy value at
the same point but within the leafless period represents only the SCtwig.

SC = P− T, if P = a, (3)

2.5.2. Spatial Analysis of Leaf Storage Capacity

A linear mixed-effects model (lme fit by REML, R software, version 3.5.1, R Development Core
Team, 2018 [66]) was applied in order to investigate the linear relationship between SCleaf and relDist
(i.e., position below the canopy relative to tree bole or crown edge). To account for nested sampling,
tree identity was selected as random factor. However, as spatial correlation at within-group level still
occurred, a linear correlation structure was used to model the spatial correlation in these data [73]. As a
pattern of heteroscedasticity was observed for the within-group residuals, an exponential variance
function structure was used to model heteroscedasticity in the response variable.

The linear mixed-effects model was applied on a balanced subsample (n = 45) of the original
dataset in order to account for unequal abundances of measurement points below studied trees. Briefly,
a true random number generator (www.random.org) was used to select SCleaf data of four measurement
points in cases of more than four observations per tree.

3. Results

3.1. Leaf Mass

Observed one-year leaf mass per area of beeches ranged from 74.5 to 351.2 g·m−2 (dry mass;
min-max) with a mean of 216.7 g·m−2 and a SD of 70.5 g·m−2 (Table 3). Spatially distinct distribution
of beech trees (Figure 1), led to high variation of leaf mass distribution within the study site
(Kruskal-Wallis-test, p < 0.001). In order to account for spatial clustering of beech trees, the south-west
part of the study site showed highest leaf litter masses per area (≥300 g·m−2) while lowest values were
observed in the spruce-dominated north-east (≤100 g·m−2).

Table 3. Mean and standard deviation (SD) of leaf litter mass and other leaf properties of European
beech in a 110-year old mixed stand.

Variable Unit n Mean SD

Observed one-year leaf dry mass per area (g·m−2) 99 216.7 70.5
Leaf mass (g·leaf−1) 15 × 250 0.0799 0.0040
Leaf area (cm2

·leaf−1) 15 × 100 20.467 2.564
Specific leaf area (m2

·kg−1) 25.616

Small-scale LAI values can be derived by multiplication of measured leaf masses with calculated
leaf mass-area relationships, as a first but simplified approach (see Table 3). LAI values within the
observed mixed beech-spruce stand range between 1.9 (min) and 9.0 m2

·m−2 (max) with a mean of
5.6 m2

·m−2 and a SD of 1.8 m2
·m−2. However, these LAI values do not represent estimates for the

crown section directly perpendicular to the measurement point since they do not consider the spatial
distribution of litterfall, e.g., by wind. The average one-year leaf biomass production in the mixed
beech-spruce stand is 2.17 tha−1 (+/−0.70 tha−1 SD). Calculated for a theoretical pure beech stand,

www.random.org
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one-year leaf biomass production is 3.60 tha−1. The average beech tree with a diameter at breast height
of 44.2 cm within the observed mixed beech-spruce stand produced approx. 15.60 kg leaf biomass.
In contrast, applying the leaf dispersal model yielded in higher leaf mass production (26.78 kg) of the
reference tree (D = 45 cm). The fecundity-parameter α is −1.412, with a value of 1.9 the exponent z is
close to two (Figure 3). Based on the AIC and the results of the bootstrapping, the isotropic assumption
of leaf dispersion appears to be the superior to the anisotropic model (Table 4). Parameter of the
isotropic model were estimated with µ = 3.717 and δ = 1.234. The correlation between observed and
predicted values was strong (r = 0.935). The isotropic dispersal model estimated the maximum leaf
mass at a distance to the bole of the respective reference tree of 9.0 m (Figure 3a).
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Figure 3. (a) Isotropic beech leaf dry mass density dispersal model (leaf dispersion modelled for various
tree D � 25 cm, N 35 cm, � 45 cm, # 55 cm) and (b) D related leaf mass model. (c) Correlation plot for
observed and predicted leaf litter dry masses. Details on the parameter of the final model are presented
in Table 4.

Table 4. Statistical comparison of isotropic and anisotropic leaf dispersal model. Model and
parametrization according to [56].

Model Clumping κ Fecundity α Fecundity z Expected Value µ Variance δ Coherency β Bootstrap 1

iso-tropic 10.67 −1.41 1.9 3.72 1.23
P = 0.354aniso-tropic 10.67 −0.98 1.9 4.42 1.43 0.52

Model Drift γ Rotation ψ AIC Loglike r p-Value Bootstrap 1

iso-tropic 1036.3 −515.2 0.935 <2.2 × 10−16
P = 0.354aniso-tropic 0.62 2.67 1039.5 −513.7 0.938 <2.2 × 10−16

1 Bootstrap statistics indicates that anisotropic model does not perform better than the isotropic model. Results
were obtained by each of the 99 runs.

Average beech leaf mass amounts to 0.0799 g·leaf−1 with a SD of 0.004 g·leaf−1. Average beech
leaf area showed a mean of 20.467 cm2

·leaf−1 with a SD of 2.564 cm2
·leaf−1 (Table 3). Specific leaf area

of beech amounts to 25.61 m2
·kg−1. Based on these data, a total number of approx. 335,000 leaves and

a total cumulative leaf area of 686 m2 were calculated for the reference tree (D = 45.0 cm). Applying
measured specific leaf area and the allometric relationship of ϕ in Equation (1) allowed for the
calculation of total leaf area A (m2) of beech trees of various values of D (mm) (Equation (4)).

A = 25.61 ∗ϕ = 25.61 ∗ eα∗D
z
, (4)

For the stand-specific D-range of 15–60 cm, total leaf area range between 85–1184 m2 (Table 5).
Based on the empirical diameter–crown radius relationship for circular crown projection areas,
simple average LAI values for single tree crowns were calculated and ranged between 9.0 and
10.3 m2

·m−2.
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Table 5. Predictions of crown radius, crown area and leaf area and respective approximations of twig
and leaf storage capacities (SCtwig, SCleaf) based on tree D using Equations (5) and (6).

D Crown Radius Crown Area Leaf Area SCtwig
1 SCleaf

(cm) (m) (m2) (m2) (l·tree−1) (l·tree−1)

15 1.62 8.2 85.1 3.6 19.6
20 2.16 14.7 146.9 6.3 34.8
25 2.70 22.9 224.5 9.9 54.4
30 3.24 33.0 317.5 14.2 78.3
35 3.78 44.9 425.5 19.3 106.6
40 4.32 58.6 548.4 25.3 139.2
45 4.86 74.2 685.9 32.0 176.1
50 5.40 91.6 838.0 39.5 217.4
55 5.94 110.8 1 004.3 47.8 263.1
60 6.48 131.9 1 184.9 56.9 313.1

1 Note, twig storage capacity was calculated by distance (relative distance of measurement point to tree bole)
independent average value.

3.2. Throughfall and Storage Capacity

Total gross precipitation of 208.9 mm (foliated period) and 28.5 mm (leafless period) yielded in
an average cumulated throughfall of 132.2 mm (63.3% of gross precipitation) and 178.0 (85.2%) in
the foliated period and 18.6 mm (65.3%) and 23.4 (82.1%) in the leafless period under beech canopies
and in gaps, respectively. Univariate GLM analysis that accounts for the effect of gross precipitation
showed a significant effect of phenological phase on throughfall amounts under beech canopies
(p ≤ 0.05). However, these small-scale throughfall measurements cannot replace commonly calculated
water balance approaches that integrate over larger spatial scales including stemflow for calculating
interception. Indeed, it is not the aim of this study to derive representative interception values for
the purpose of inter-periodic comparison. Assuming that the sampling design was representative for
the entire stand, the canopy cover-specific SCcanopy can be derived by applying Equation (2) for both
phenological phases (Figure 4). As expected, SC in gaps calculated from Equation (2) was often 0.
As individual measurements in the stand also took place in very small gaps, in the foliated period the
overall a value and SCcanopy for the gaps amounted to 0.9 mm and <0.4 mm, respectively (R2 = 0.974).
In the leafless period the overall a value and SCcanopy for gaps amounted to 0.1 mm and 0.05 mm
(R2 = 0.913), respectively. Below beech canopies, a gross precipitation (a) of approx. 5.75 mm was
needed to reach SCcanopy of approx. 3.0 mm during the foliated period (R2 = 0.911) while in leafless
period (R2 = 0.795) an a value of 0.53 mm and a SCcanopy amount of 0.3 mm were approximated
(Figure 4).

The parameterisation of Equation (2) for each individual measurement point was robust for
measured data obtained during the foliated period, i.e., always yielded a coefficient of determination
larger than 0.950. In contrast, coefficients of determination calculated for data obtained during leafless
period varied to a higher degree with the minimum of R2 = 0.736 and an average R2 of 0.935. 22% of
all measurement points have values of R2

≤ 0.900 for the leafless period.
Point specific storage capacities under leafless beech crowns (SCtwig) differed between 0.06–2.21 mm

and were independent of the location below the beech canopies (Figure 5). Average SCcanopy of leafless
beech crown sectors (SCtwig) amounts to 0.44 mm (+/−0.41 mm SD). Average SCcanopy for measurement
points below foliated beech crowns amounts to 3.43 mm (+/−2.09 mm SD) with a minimum of 0.6 mm
and a maximum of 9.9 mm. SCcanopy decreases with increasing relative distance to the tree bole
(p = 0.000). The relatively high values for SCcanopy (≥6.0 mm) were all located at the inner part of
the crown with relative distances below 0.43. The difference between SCcanopy and SCtwig provides
an estimate of respective SCleaf. For beech, mean SCleaf amounts to 2.9 mm (+/−1.9 mm SD) with a
minimum of 0.0 and a maximum of 9.0 mm. The linear mixed-effects model revealed a significant
decrease (p = 0.000, R2 = 0.828, AIC = 156.8, Equation (5)) in SCleaf on a balanced subsample (n = 45)



Geosciences 2019, 9, 393 12 of 23

from the inner part of the crown near the bole (SCleaf: mean = 4.89 mm +/−0.59 SD) towards the crown
edge (SCleaf: mean = 1.11 mm +/−0.73 SD).

SClea f = 3.779 ∗ relDist + 4.893, (5)
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Figure 4. Observed relationship between the amount of throughfall and gross precipitation in foliated
((a,b), already shown in [39]) and leafless period (c,d) (note changes in the scale of the x-axis of plots of
leafless and foliated periods), respectively. Different strata of plots are indicated by symbols (� beech
plots: left, ♦ gap plots: right). Fitted values of parameter a for each measurement point are shown
by symbol #, and the strata average of the relationship between the amount of throughfall at gross
precipitation value needed for the saturation of SC is represented by the symbols X &#.
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Figure 5. Leafless (#), leafed (�) SCtwig and SCcanopy-values of beech plots in relation to the relative
spatial position of the measurement point.

3.3. Leaf Area Index (LAI)

Based on diameter-specific calculated crown radii (factor 10.8, see Section 2.1), the total SCleaf of
circular beech crowns with defined values for D can be calculated by integral calculation (Equation (6)).
Briefly, computation of the total amount of SCleaf of a single tree was performed by converting the
intensity of SCleaf (l·m−2) to an amount (l) over the entire crown circle and integrating this amount
over the distance underneath the crown d(r) from crown centre (0) up to crowns peripheral (rmax)
simultaneously. This was done according to [54,57].∫ rmax

0

[
SClea f ∗ 2 ∗π ∗ r

]
d(r) =∫ rmax

0 [(−3.779 ∗ relDist + 4.893) ∗ 2 ∗π ∗ r]d(r) =∫ rmax

0

[(
−3.779 ∗ r

rmax
+ 4.893

)
∗ 2 ∗π ∗ r

]
d(r) =∫ (D∗10.8

100 )

0

[(
−3.779 ∗ r

(D∗10.8
100 )

+ 4.893
)
∗ 2 ∗π ∗ r

]
d(r),

(6)

For comparison, Table 5 presents the calculated SCtwig and SCleaf of single beech trees over the
D range of 15 to 60 cm. With increasing D, the absolute increase in SCtwig is relatively moderate
(3.5 to 56.9 l·tree−1). SCleaf increases with increasing D with an exponent of 1.4 resulting in absolute
values ranging between 19.6 and 313.1 l·tree−1. The relationship between SCleaf and the total leaf area
of the respective beech (Equation (4)) is strongly linear (p = 0.000, R2

korr. = 0.999) with an intercept
not significant different from zero. The slope of this relationship represents the specific leaf area
wetting capacity for the beech trees within the D range (15–60 cm) and yields a mean value of 0.260
(+/−0.002 SD) l·m−2 leaf area. The specific leaf mass wetting capacity amounts to a value of 6.656 l·kg−1

leaf mass (+/−0.044 l·kg−1 leaf mass SD) and the specific leaf number wetting capacity amounts to
0.532 lthousand leaves−1 (+/−0.004 l·thousand leaves−1 SD) (Table 6).

Table 6. Calculated specific wetting capacities for different beech leaf metrics.

Type of Specific Wetting Capacity Unit Mean SD

for leaf mass (l·kg−1) 6.656 0.044
for leaf area (l·m−2) 0.260 0.002

for leaf number (l 1000 leaves−1) 0.532 0.004

Figure 6 shows the spatial distribution of point specific LAI values below the beech canopies.
LAI values were calculated based on SCleaf values divided by specific leaf area wetting capacity (Table 6).



Geosciences 2019, 9, 393 14 of 23

Predicted crown sector LAI values range between 0.0 and 34.8 m2
·m−2, with an average of 11.2 m2

·m−2

(+/−7.3 m2
·m−2 SD). Highest LAI values of ≥30.0 m2

·m−2 occurred sporadic with no exception in the
inner part of the crown near the tree bole (relDist < 0.17). At the crown edge (relDist ≥ 0.9), LAI values
amount on average to 7.8 m2

·m−2. In accordance with Equation (5), average LAI (dashed line, Figure 6)
significantly decreased with increasing distance to the tree bole (p = 0.000) for the balanced-selected
dataset and the linear mixed-effects model with high values in the inner part of the crown (18.8 m2

·m−2)
and low values at the crown edge (4.3 m2

·m−2).Geosciences 2019, 9, x FOR PEER REVIEW 14 of 23 
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Figure 6. SCleaf and predicted amount of LAI for single measurement points below beech canopies of the
balance-selected dataset (�) and the full dataset (#). For the balance-selected dataset, linear relationships
(continuous line) of SCleaf and of LAI to relative distance were presented (dashed line), including
standard error range.

4. Discussion

4.1. Leaf Area Index (LAI) Estimation

Phytometric research on the spatial distribution of biomass compartments in forest ecosystems
are increasingly recognised since the study of [74]. For this research area, most methods rely on laws of
the transmission of light radiation on plant tissue surfaces [23,28,55,75]. Alternatively, other methods
use litter fall investigations [8,42]. Given its importance, LAI is a common result derived from a
number of active and passive remote sensing instruments (satellite or space borne, airborne, and
ground based) and modern terrestrial laser scanning applications such as LIDAR [14,29,76–78].
For decades, there is a shift in the scale of interest of such studies from the catchment scale to
smaller than tree spatial units within heterogeneous forest ecosystems. However, the applicability
of indirect optical techniques in more complex forest ecosystems is critically questioned. Therefore,
direct methods [20,79,80] and 3-D-modeling approaches that rely on simplified assumptions on the
geometry of tree crowns and that are hardly to validate dominated the research on spatial distribution
of single tree compartments [4,9,14,18,76,81–86]. Results point to tree individual and stand-specific
horizontal and vertical variability of biomass compartment distribution with a diverse mixture of
zones of no or low and of high biomass as the common situation [20,24,87–90]. The simultaneous
occurrence but variable signal of LAI and WAI restrict spatial analyses of canopy properties on forest
ecosystems characterized by foliated and leafless periods and respective repeated measures among
these phenological phases [24,29,32,70,91].

In the present account, we found strong indications of horizontally variable LAI‘s within the
canopy of single trees confirming the results of studies by [20–23]. Mottus, M. et al. [9] reported
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LAI’s of 5 within the crown center of juvenile alder trees with a rapid decrease towards crown edges.
The observed small-scale LAI distribution as obtained by our approach using throughfall measurements
resampled the spatial below-canopy gradients of [9] but LAI values are in general at a higher level.
In our study, the spatial gradients were also indicated by simple litter fall measurements. Only a few
studies that investigated LAI’s for mature beech trees are available. For example, [24] found average
LAI between 2.3 and 3.5 m2

·m−2 with a coefficient of variation between 7 and 24%. The authors
concluded that “tree-to-patch centre distance” was an important determinant for LAI distribution at
the grid-scale (10-m spacing) with the closer the measurement point to the tree bole the higher the
LAI. The same applies for other common species such as Scots pine and oak. Comparable estimates of
LAI for pure beech stands were reported in [18] with LAI between 7 and 9 m2

·m−2, in [92] with a LAI
of 6.4 in non-fruiting years and 4.5 fruiting years, in [19] with 6, in [43] with an average LAI of 7.4
(minimum: 5.6, maximum: 9.5) as well as in [93] with LAI of 5.6. Depending on spatial stand structure,
Ahrends, B. et al. [94] reported LAI values in the range of 0 to 12 while [3] reported values between
5.8–13.3 m2

·m−2. Konôpka, B. et al. [42] reported a LAI value of 14.9 m2
·m−2 for juvenile beech stands.

One common feature of the above-mentioned studies is that they do not explicitly included tree-stem
or crown edge distance as factor on horizontal canopy LAI distribution. We included such spatial
dependencies and observed maximum values of LAI ≥30 in close vicinity to the tree bole. The more or
less vertical arrangement, branching pattern, and accumulation of twigs in the top of the crown may
contribute to this spatial accumulation of leaves, and leaf areas respectively. Our analysis shows that
close to stem LAI can be spatially very variable. Despite this variability, the mean LAI is higher in the
crown center of beech trees than at the crown periphery. This might represent a general rule in crown
architecture of Fagus sylvatica and might contribute to the overall eco-physiological strategy of this
tree species.

4.2. Leaf Mass Prediction, Leaf Ratio Determination, and Leaf Dispersion

Crucial factors for LAI modelling are reliable estimates of leaf masses and the subsequent
calculation of leaf areas based on specific leaf area. The variability of annual leaf production is high
depending on correlated factors such as carbohydrate formation and allocation, seed production,
and forest disturbances in the consequence of abiotic and biotic impacts. Vertical leaf size plasticity
in response to light availability is well known for European beech [19,42]. For the present account,
leaf plasticity in beech crowns is indicated by large standard deviations of specific leaf area ratios,
despite large sample size for leaf dispersal (n = 99) and leaf ratio determination (15 × 100−250 leaves)
compared to other studies (see for example [32]). Konôpka, B. et al. [42] reported comparable estimates
of specific leaf area of juvenile beech trees (27.3 m2

·kg−1) based on sampling of approx. 1000 leaves
originated from various crown sectors and among tree individuals of different social positions (dominant
vs. subordinated) of the forest stand. Within the class of dominant trees, specific leaf area reached
values of 20 m2

·kg−1 while subordinated trees showed significantly higher values (~45 m2
·kg−1).

These variable ranges were confirmed by the literature: Leuschner, C. et al. [43] reported specific leaf
areas between 19 and 24 m2

·kg−1, Grote, R. et al. [19] reported values between 10 and 40 m2
·kg−1,

Dyderski, M. et al. [95] found 35 m2
·kg−1 for beech seedlings and saplings, Forrester, D. et al. [96]

reported a value of 21.5 ± 5 m2
·kg−1 derived from several studies of trees older than 50 years which

matches the value of 21.3 m2
·kg−1 reported by [94]. Forrester, D. et al. [96] showed strong variations of

leaf mass-diameter allometric relationships with an average of 18 kg of leaf mass for a tree with a D
of 45 cm. Ahrends, B. et al. [94] calculated a relatively low leaf area of 374 m2 for a tree with a D of
45 cm and a height of 30 m. Forrester, D. et al. [96] reported for comparable trees a leaf area of 355 m2.
In contrast, we found substantially higher leaf masses (26.78 kg) and leaf areas (686 m2) for a tree with
a D of 45 cm based on a well performing leaf dispersal model.

Bigelow, S.W. et al. [45] modelled leaf dispersion for six tree species in diverse and vertically
structured stands with model R2 of 0.8–0.95, based on a relatively low number of sampling plots (~45).
Anisotropic models for broadleaved species performed better as indicated by lower AIC values [45].
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However, increases in R2 were relatively marginal (0.05–0.1). Anisotropic dispersion models were
applied on litterfall, seed, and pollen data by [44,54,56]. The assumption of anisotropic dispersion
was mainly restricted for cases that explicitly considered effects of wind direction on solitary trees or
small tree groups, short time observations, exposed forest edges or tree species specialized on wind
as vector for seed dispersal. Within large and closed forest areas without specific effects of relief,
however, the impact of wind on dispersion can be neglected with the consequence that isotropic models
may describe data better as indicated by R2, log likelihood, and AIC of the applied bootstrapping
approach herein.

For our study, the reliable prediction of per-tree leaf production by parameterizing the modified
allometric power function of [56] was central. We found an exponent of 1.9 for leaf mass production,
which is very close to the original exponent of 2.0 of the seed production models by [56]. Woodgate,
W. et al. [14] calculated values in the range of 1.8 and 2.4 for Eucalyptus and Bigelow, S.W. et al. [45]
reported exponents for leaf production between 1.5 and 2.3 in a northern hardwood forest. Annighöfer,
P. et al. [97] concluded on the existence of relatively stable exponent of 2.67 between assimilate mass and
cross-sectional stem surface area due to a causal relationship between nutrient and water transporting
surface of single saplings. However, for mature trees this relationship might be partly disconnected
since parts of the cross-sectional stem surface area are not fully intact.

4.3. SCtwig and WAI Prediction

In contrast to the very variable dynamic of within-canopy LAI values, the observed SCtwig and
WAI within beech crowns are less variable (0.44 mm +/−0.41 mm SD). Only at the center of the crown,
more variable SCtwig was observed confirming observations by [98]. Fathizadeh, O. et al. [32] found
strong linear relationships between WAI (0.05–0.3 m2

·m−2) and SCtwig (0–0.3 mm) for a semi-arid
deciduous oak forest stands and a constant specific woody area wetting capacity of 1.06 l·m−2. Herbst,
M. et al. [68] reported average SCtwig of 0.88 mm in a mixed deciduous oak-birch forest stand while
Gerrits, A.M.J. et al. [72] found a SCtwig of 0.4 mm for beech which is at the order of magnitude of
our study. In general, further research is needed that addresses research gaps in absolute order of
magnitude and temporal dynamics of SCtwig within single tree canopies as well as the relationships to
crown morphology, branching orders as well as bark properties and wetting capacity.

4.4. Throughfall Measurement and Analysis

There has been an ongoing debate about spatial and temporal heterogeneity of throughfall at
the stand and plot level [26,32,33]. It is well-known that the origin of the redistribution process is the
single tree, as is the particular importance of corresponding individual precipitation events. In this
regard, some spatially explicit research has been conducted, e.g., by [99,100], with studies by [50,51]
and [101] considering the relative crown radius position of the measurement points, similar to our study.
Our study does not account for all possible precipitation situations (e.g., snow, rainfall during storm
events) since it is focused on method development and the derivation of hydrological components
and tree metrics [39]. Other factors causing additional spatial variability of within-stand precipitation,
such as wind and spatial precipitation heterogeneity (e.g., [70,100]), was systematically avoided by
means of a standardised data selection procedure. This rigorous data selection procedure provides
the base for an unbiased evaluation of spatial- and temporal throughfall patterns and the subsequent
derivation of small-scale LAI values. Without this data selection, effects of weather conditions such as
strong wind speeds may induce turbulences below the canopy that mask the tree-individual related
impact on throughfall and LAI distribution. Beside the fact that we excluded strong wind conditions, it
is very unlikely that impacts of wind were spatially and temporally stable in a manner that they seriously
affected our long-term and standardised data collection of throughfall. Moreover, the presented method
precludes evaporation during the individual rain events and eliminates the uncertainty arising from
canopy rewetting during long-term cumulative precipitation measurements—aspects which have been
an important issue in other study designs. At experimental locations where canopy wetting by dew
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and fog precipitation is important, standardised data selection gets even more complex so that these
additional wetting effects can be controlled or excluded.

Other methodological approaches to calculate SCcanopy from gross and net precipitation data were
applied in [2,32,38,71,102] and in [103]. In comparison to earlier regression approaches with linear
functional relationships and fixed thresholds between slope 1 and slope 2 for small (gradually crown
wetting) and heavy (canopy storage capacity is saturated) precipitation events, our method allows
for the unrestricted all-event parameterisation of the inflexion point in the relation between gross
precipitation and throughfall for each measurement point. Our approach to determining SC is also
suitable in principle for various phases of the whole phenoseason, e.g., from budding to autumnal leaf
fall. The SCcanopy of leafed beech stands derived in this study correspond very well with those from other
studies (0.6–4.0 mm; discussed in [39]). In contrast, Palán, L. et al. [93] reported SCcanopy of 1.4 mm in
dense and old beech stands. Gerrits, A.M.J. et al. [72] reported SCcanopy of 0.4 mm in leafless and 0.9 mm
in foliated period. One uncertainty of these studies is that the lateral redistribution processes within
the canopies were not explicitly considered. Based on the applied non-linear regression, the impact of
lateral redistribution of precipitation can be quantified for each measurement point and true storage
capacities for particular components of canopies can be derived [26,39]. Possible funnelling within
the canopy or lateral flow effects along branches and twigs within observed beech tree crowns were
separated through the application of the Equations (2) and (3). These are mandatory preconditions
for the herein proposed approach on SCleaf and LAI estimation and its applicability for other datasets.
For the comparison between foliated and leafless periods it is important that the magnitude of
gross precipitation is sufficient to cover the full range of the non-linear SCcanopy dynamics for each
measurement point. In our study, the gross precipitation in the leafless period ranged between 0 and
7 mm (seven events) which is sufficient since for beech approx. 5.75 mm gross event precipitation is
needed to saturate SCcanopy in the foliated period. Within the leafless period, only a small proportion
of gross event precipitation is needed for SCcanopy saturation. For further studies, we propose the
sampling of at least 10 homogeneously distributed, as much as possible unaffected by wind events
within a range of gross event precipitation of 0–50 mm and 0–10 mm in foliated and leafless period,
respectively. Additionally, measurement-point specific R2

≤ 0.799 of nonlinear fits should be excluded
from the analysis.

Points of the gap stratum were mostly located in the north-eastern part of the investigated stand,
but several gap measurement points were also situated close to tree crowns. Within our study, gaps are
not a priori equal to open areas without any edge effects on precipitation redistribution of adjacent
trees. Therefore, it is obvious that derived SC values are not zero, since systematically errors were
excluded by throughfall data inspection and selection (see Section 2.4.2).

The considered number of repeated measurements at single measurement points is high as
compared to other studies [101,104]. Zwanzig, M. et al. [53] criticized the unbalanced design of our
full dataset. In the present account, we therefore resampled single data points in order to match the
prerequisites for a balanced design and considered tree identity as random factor with respective spatial
correlations for tests on small-scale patterns. Further adaptations in model structure are basically
explained and discussed in [73] for the “nlme” package in R [66] and are partly applied on the dataset
in [105] in order to account for unbalanced design and spatiotemporal correlated datasets.

The applied model indicates strong spatial trends of SCleaf within beech crowns with this pattern is
completely independent of lateral flow within the canopy [39]. This linear trend was further processed
within integral calculations in order to compare these values with single tree leaf mass and leaf number
according to the respective tree diameter. The calculated specific leaf area, leaf mass as well as leaf
number wetting capacities are plausible compared to other studies: Chen, Y.Y. et al. [31] reported
0.51 l·m−2 LAI in highly structured mixed forests in Taiwan, Li, X. et al. [106] found 0.24–0.33 l·m−2 LAI
for species of the generas of Acer and Quercus, Weber, Y. et al. [33] found 0.15 l·m−2 LAI for broadleaved
trees and 0.2 l·m−2 LAI for coniferous trees. Palán, L. et al. [93] reported 0.25 l·m−2 LAI for beech,
which is very close to the result of our study (0.26 l·m−2).
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5. Conclusions

LAI is an essential structural property of plant canopies and is functionally related to fluxes
of energy, water, carbon, and light in ecosystems [14,32,42] and thus interacting with geo-, hydro-,
and atmosphere. LAI is a key parameter of these interactions and is used in plant growth and
radiative transfer models, coupling vegetation to the climate system. There is an increasing need
for more accurate and traceable measurements among several spatial scales of investigation and
modelling [107,108]. Our results corroborate the approach of [38] who determined SC related to canopy
biomass at forest stand and catchment level. With our approach we demonstrated that it is possible
to detect small-scale LAI and SC distribution within the canopy of a common European tree species
in a complex, mixed forest based on throughfall measurements. Our approach is simple. It might
be possible to use already existing datasets of throughfall in foliated and leafless periods to derive
small-scale SCleaf’s and LAI’s based on the presented approach. The prerequisite for this is a thorough
throughfall data inspection and selection.

Forest canopies are generally heterogeneous as a consequence of natural (windfall, diseases, and
site characteristics) and artificial factors caused e.g., by planting density and selective thinning during
stand development. In order to account for this inherent heterogeneity, currently applied indirect
methods for LAI estimation increase sample sizes accompanied with the proportional increase in
expense [24]. LAI estimations based on small-scale throughfall dynamics may offer an alternative
and more flexible approach to better understand and detect sources of variability and to link it with
ecosystem functioning.
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93. Palán, L.; Křeček, J.; Sato, Y. Leaf area index in a forested mountain catchment. Hung. Geogr. Bull. 2018, 67,
3–11. [CrossRef]

94. Ahrends, B.; Schmidt-Walter, P.; Fleck, S.; Köhler, M.; Weis, W. Wasserhaushaltssimulation und Klimadaten;
Berichte Freiburger Forstliche Forschung 101; Fakultät für Umwelt und Natürliche Ressourcen der
Albert-Ludwigs-Universität Freiburg; Forstliche Versuchs- und Forschungsanstalt Baden-Württemberg:
Freiburg, Germany, 2018; pp. 74–94.
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