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Abstract

Key message The purposed spatially explicit and spa-

tially non-explicit height to diameter ratio models can

be useful to evaluate the stability of trees and stands for

Norway spruce and European beech forests.

Abstract Height to diameter ratio (HDR) is an individual

tree index, also known as slenderness coefficient, and

commonly used to evaluate stability of trees and stands.

We developed both spatially explicit and spatially non-

explicit HDR models for Norway spruce (Picea abies (L.)

Karst.) and European beech (Fagus sylvatica L.) using a

large dataset collected from fully stem-mapped permanent

research plots in various parts of the Czech Republic.

Various tree and stand characteristics were evaluated for

their potential contributions to the the HDR models. In

addition to diameter at breast height (DBH), other highly

significant predictor variables identified are dominant

height (HDOM) (site quality measure), dominant diameter

(DDOM) and quadratic mean diameter (QMD) (spatially

non-explicit competition measures), and Hegyi’s index

(spatially explicit competition index, CI). A simple expo-

nential decay function was chosen as a base function to

include these predictor variables. Both spatially explicit

and spatially non-explicit models described large parts of

the HDR variations [Radj
2 = 0.66 (Norway spruce), 0.72

(European beech)] without any systematic deviation of the

residuals across the observed data range. Unlike for

European beech, spatially explicit model for Norway

spruce better described HDR variations than its spatially

non-explicit counterpart. After DBH, HDOM provided the

largest contribution to each model type, followed by

DDOM and QMD or CI for both species. The HDR

increased with increasing HDOM and CI, but it decreased

with increasing DDOM and QMD, suggesting there were

significantly large effects of site quality and stand density

on HDR. Because of a little difference between the fit

statistics and graphical displays of the two model types,

spatially non-explicit model is recommended for prediction

of HDR for both species as this model does not require

spatially explicit CI, which is computationally much more

complex than spatially non-explicit competition measures.

The proposed HDR models may be applicable to assess

stability of trees and stands, and to regulate stand densities.

Keywords Dominant height � Permanent research plot �
Spatially explicit competition index � Site quality �
Stand density

Introduction

The height to diameter ratio (HDR) is an individual tree

index, known as slenderness coefficient and calculated with

total height divided either by diameter at the breast height

or diameter at the root collar of the tree (Opio et al. 2000).

The HDR is a measure of stability of a tree or stand. In

general, smaller value of HDR indicates lower position of

center of gravity of tree with longer crown length, but have

higher stability than the tree with larger HDR value. The

HDR can be used as a reliable measure to evaluate tree’s

stability against snow, icing, and wind (Nykänen et al.
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1997; Jiao-jun et al. 2003). Many studies (Cremer et al.

1982; Valinger and Fridman 1997; Castedo-Dorado et al.

2009; Wallentin and Nilsson 2014) used HDR to charac-

terize stability at tree or stand level. A high HDR has been

associated with enhanced risk of uprooting by wind and

breaking by snow and wind (Schütz et al. 2006; Urata et al.

2011; Valinger and Fridman 2011). The HDR is also used

to assess mechanical properties of wood such as trees with

smaller HDR usually have a higher maximum bending

moment than trees with larger HDR, of similar heights

(Moore 2000; Peltola et al. 2000; Peltola 2006). A large

HDR indicates that a tree has grown in a dense stand under

the influence of mutual support of its neighboring trees.

Therefore, trees with a large HDR can be vulnerable

because their stems have not been acclimatized to the

conditions of high mechanical perturbation (Valinger and

Fridman 1997; Bošel’a et al. 2014). In general, mechanical

models assume tree as a unilaterally fixed beam to stand as

such a system unilaterally cantilevered beam and evaluate

the resilience of the system against wind, ice, and snow

loads by physical methods (Peltola et al. 1999; Gardiner

et al. 2000; Hlásný et al. 2011). Several studies (Valinger

and Fridman 1997; O’Hara and Oliver 1999; Päätalo et al.

1999; Wonn and O’Hara 2001; Konôpka and Konôpka

2003; Mickovski et al. 2005; Kamimura and Shiraishi

2007; Schelhaas et al. 2007; Kamimura et al. 2008;

Schindler et al. 2012; Mitchell 2013) have shown strong

correlation between HDR and vulnerability of the trees and

stands to snow and wind damages. The HDR can therefore

be used to identify more vulnerable trees to snow, ice, and

wind (Smith 1986; Mustard and Harper 1998). In addition

to stability assessment, HDR can be also used as a com-

petition measure to growth models (MacDonald et al. 1990;

Morris and MacDonald 1991; Opio et al. 2000).

Changing tree and stand characteristics over the course

of growth projection necessitates models to update esti-

mates of the tree dimensions including HDR. Updating can

be possible through either doing direct measurement for all

trees on each sample plot or making indirect prediction

with previously established models. Generally, separate

HDR models are not applied to update HDR, but instead,

individual tree height and diameter growth models or

individual tree height-diameter models are applied. Since

these models are often developed with different datasets,

and model parameters are not estimated simultaneously,

and therefore HDR derived from these models may be

biased significantly (Hasenauer et al. 1998). Usefulness of

these models is in fact determined by the credibility of the

data used (Kamimura and Shiraishi 2007). Furthermore, a

small bias associated with in those models may result in a

substantially large bias in the derived HDR. Therefore,

separate HDR models are needed for reliable prediction of

HDR at the tree level, which is only possible with

accurately measured dataset representing all characteristics

such as site qualities, stand densities, size and age classes is

used to develop HDR models.

Variation of HDR even for a single species within the

same stand may be large due to inter-tree spacing. The

most extreme HDR would reach for open-grown trees and

for trees at a maximum stand density (Nykänen et al. 1997;

Vospernik et al. 2010). The HDR also varies on the trees

with top or lower canopy position of the stands. The HDR

also varies with stand characteristics (stand age and stand

density) and individual tree characteristics (height, tree

root system, crown width, and crown depth) (Nykänen

et al. 1997). Various site factors such as slope, altitude,

exposition, soil type, soil moisture, and nutrients (Tilman

1988; Wiklund et al. 1995; Homeier et al. 2010; Martı́n-

Alcón et al. 2010; Bošel’a et al. 2014) influence HDR. Site

preparation, stocking, and provenance of tree species also

influence HDR (Zimmerman and Brown 1971; Burton

1993; Mustard and Harper 1998). Location of stands such

as stand on forest edge, stand in large gaps or unsta-

ble stand fragments also influence HDR (Lohmander and

Helles 1987; Schelhaas et al. 2007; Mitchell 2013). The

influence of stand density and competition on HDR is

substantially high (Lohmander and Helles 1987; Slodičák

1995; Nykänen et al. 1997; Mäkinen et al. 2002; Slodicak

and Novak 2006; Harrington et al. 2009; Vospernik et al.

2010; Mitchell 2013; Bošel’a et al. 2014). Inclusion of

appropriate measures describing aforementioned charac-

teristics, particularly stand density, competition, and site

quality into the HDR models is thus necessary to increase

the prediction accuracy of the models.

The stand density measures or competition measures are

computed either considering tree position (spatially explicit

competition measures) or without tree position (spatially

non-explicit competition measures). The forest stand can

be understood as a collection of individual trees interacting

in a spatial manner over the restricted distance (Mailly

et al. 2003; Canham et al. 2004, 2006; Canham and Uriarte

2006; Purves et al. 2007; Pretzsch 2009; Thorpe et al.

2010). Quantification of the influences of competitive

interaction among the individual trees of varying size,

species, and spatial patterns within a stand can be useful in

decision-making for effective forest management. Even

though several studies were carried out to show relation-

ship between HDR and vulnerability of the trees or stands,

only a few (Vospernik et al. 2010; Bošel’a et al. 2014) have

developed statistical models through integration of the

measures that describe stand density, competition, and site

quality, into them. However, none of the studies have

considered the spatial position of the trees while computing

measures that describe competitive interaction among the

individual trees. This study, thus, aims to develop statistical

HDR models through integration of spatially explicit
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competition measures into them. This study utilizes a large

dataset acquired from fully stem-mapped permanent

research plots located in the stands of Norway spruce

(Picea abies (L.) Karst.) and European beech (Fagus syl-

vatica L.) in various parts of the Czech Republic. The

proposed models may serve as empirically-based useful

tools in assessing stability of the trees and stands. Since

Norway spruce is generally considered to be much more

susceptible to damage by winds than other conifer and

broad-leaved species (Peltola et al. 2000; Albrecht et al.

2012), the HDR models of Norway spruce may be more

useful than that of European beech.

Materials and methods

Study area

We used data from several Norway spruce and European

beech stands where permanent research plots (PRPs) prop-

erly represent 18 Natural Forest Areas (NFA) in the Hercy-

nian geo-morphological system (out of total 33 NFAs)

(Fig. 1). The square-shaped PRPs (2500 m2) were estab-

lished on the basis of canopy structure, natural regeneration,

and stock of dead woods by following the Field-Map tech-

nology of the IFER-Monitoring and Mapping Solutions Ltd

(Šmelko and Merganič 2008). The PRPs were established to

include mainly ‘‘close-to-nature’’ or ‘‘natural’’ forests

(because of unique structure and dynamics) in various stands

and site conditions with varying degree of the effects of air

pollution and soil acidification. The PRPs cover various

regions of the country such as low and middle regions

(Kokořı́nsko, Český kras, Křivoklátsko, and Třebechovice),

high andmountain regions (Broumovsko, Krkonoše, Orlické

hory, Jizerské hory, Šumava, and Jesenı́ky). The PRP net-

work falls within the Protected Area System (National Park,

Protected Landscape Area, Nature Reserve, Natural Monu-

ment) and covers a wide range of altitudes (240–1370 m),

mean annual temperatures (4–9.5 �C), and mean annual

precipitations (500–1550 mm). There is a large variation of

mean growing season length (35–180 days). The mean

growing season length is defined by the number of days in a

year when the average daily temperature is C10 �C (Pok-

ladnı́ková et al. 2008). The most of the stands, especially

European beech stands originated from natural regeneration,

about 20 % Norway spruce and 2 % European beech stands

originated from plantation. About 77 % of the stands were

20–50 years olds, and managed by spontaneous develop-

ment with minimal harvests. This management system

mainly involved sanitation interventions, e.g. extraction of

trees affected by bark beetle (Ips typographus).Management

of remaining parts of the forests focused mainly on the

shelter wood systems with preferred natural regeneration.

About 5 % Norway spruce dominated stands were planned

for clear-cut management (after rotation period) on the edge

of the protective zones (low degree of nature protection),

Fig. 1 Location of permanent

research plots, PRPs [pure or

Norway spruce dominated PRPs

(black dots), pure or European

beech dominated PRPs (dark

gray triangles), light gray dots

showing forest cover, and gray

lines separating Natural Forest

Areas, (NFAs)]
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where economic functions of the forests (private forests)

prevailed. In-depth descriptions of these forests are also

available in the literature (Vacek and Lepš 1996; Vacek et al.

2009, 2014, 2015). Data were collected as per the permission

obtained from the authorities of the corresponding protected

area offices.

Measurements

Various tree and strand characteristics on the PRPs were

measured between April 2007 and August 2015. Total

heights and over-bark diameters at 1.3 m above ground

(DBH) were precisely measured for all trees (individuals

with DBH C4 cm) using Laser Vertex and caliper,

respectively. The Laser Vertex (Haglöf Sweden 2011) is an

instrument system-combo designed for efficient measure-

ment of height, distance, and angle of inclination with

combination of the ultrasound and laser light. The positions

of all trees including smaller individuals (i.e., individuals

with DBH\4 cm, but height C2) were recorded. All tree

and stand characteristics were measured following the

inventory protocols prepared by Forest Management

Institute (FMI 2003). All data available to this study

originated from the first measurement cycle of the PRPs.

Tree and stand characteristics

Total height to DBH ratio (HDR) is influenced by various

tree and stand characteristics, and therefore we evaluated

them depending on the availability in the data. These

characteristics can be related to tree size, site quality, and

stand density or competition (Hasenauer and Monserud

1996; Uzoh and Oliver 2008). The characteristics that

describe tree size are DBH and total height, and height-

DBH ratio, height to crown base, crown length, crown

height, and crown ratio. However, to make the HDR

models simpler, we included more easily accessible tree

characteristics such as DBH and canopy classes. Site

quality is described by mean height of the biggest trees on

the stand (dominant height) or site index (dominant height

at any reference age). The growth of dominant trees and

site quality is strongly correlated, and therefore site quality

is commonly assessed with site index (Monserud 1984;

Raulier et al. 2003). When site index is not measured,

dominant height can be used as its proxy variable to

describe site quality (Temesgen et al. 2005; Crecente-

Campo et al. 2010; Fu et al. 2013; Sharma et al. 2016). We

also used dominant height in our HDR models as we lacked

site index data. Depending on the numbers of height

sample trees available, 10–20 biggest trees per PRP were

chosen to calculate dominant height (HDOM) and domi-

nant diameter (DDOM) following the methods suggested

by Sharma et al. (2011, 2016). The mean height of all

height sample trees per PRP (MEANHT), which also

describes site quality, was also calculated. In addition to

DDOM, other plot-centered competition measures (spa-

tially non-explicit competition measures) such as number

of stems per hectare (N), basal area per hectare (BA),

arithmetic mean DBH (AMD) and quadratic mean DBH

(QMD) per PRP were also calculated.

Tree-centered competition indices

Using coordinates of the trees (DBH C4 cm) and other

smaller individuals (height C2 m and DBH \4 cm), we

computed tree-centered competition measures. We con-

sidered all recorded species (1–20 species per PRP) as a

single species to compute tree-centered competition index,

disregarding species-specific competition effect. To reduce

model’s complexity and avoid non-convergence problem

potentially caused due to many species-specific parameters,

we did not compute species-specific competition index

(CI). We used two formulae to compute CI, also known as

spatially explicit CI (or distance dependent CI). These

indices [Eq. 1 (Hegyi 1974) and Eq. 2 (Martin and Ek

1984)] are based on the principle that larger and closer

competitors contribute higher competitive stress to the

subject trees.

CI1 ¼
Xn

c¼1

ksc
DBHc

DBHs

� �
1

DISTsc
ð1Þ

CI2 ¼
Xn

c¼1

ksc
DBHc

DBHs

� �
exp � 16:DISTsc

DBHs þ DBHc

� �
1

DISTsc

ð2Þ

where CI = competition index, DBH = diameter of tree,

DIST = distance between subject tree and competitor,

n = number of competitors for a given subject tree s,

k = edge expansion factor, s = index for subject trees, and

c = index for competitors.

The crown dimensions-based CI (e.g., distance weighed

by ratios of crown cross-sectional areas or crown volumes of

subject trees and competitors) may better describe compet-

itive interaction among the individual trees (Biging and

Dobbertin 1992, 1995; Pretzsch 2009). However, measure-

ments of the crown dimensions for a number of trees

including species of the interest in our data were missing,

while measurements of DBH and height for all individuals

were available. Therefore, we chose only DBH-based CI to

describe competitive interaction among the trees. We set a

maximum distance around a given subject tree (search

radius, SR) within which all potential competitors must be

included. We applied twelve SR (4 horizontal angle-based

and 8 vertical angle-based or vertical cone-based SR), which
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have also been evaluated by Biging and Dobbertin (1992)

and Sharma et al. (2016), to include potential competitors

around the subject trees. The definitions of SR along with

their formulations are presented in Table 1.

The computation of CIs using two formulae (Eqs. 1, 2)

with application of 12 search radii resulted in 24 CI

alternatives. Our preliminary analyses involved the exam-

ination and comparison of the contributions of all 24 CIs to

the description of HDR variations in the HDR models

using fit statistics. The CI providing the largest contribution

to the HDR models was then selected for further analyses.

For each species, Hegyi’s index (CI1) computed with SR1

showed the best fitting of the models to the data. To reduce

errors in the CI due to off-plot competitors, we applied

edge expansion factor (Eqs. 1, 2) computed using the

method suggested by Martin et al. (1977) and Goreaud and

Pélissier (1999). The edge expansion factor may only work

precisely well when stand conditions (in terms of tree size,

species composition, and stem distribution pattern) are

similar on both inside and outside the sample plot (Martin

et al. 1977; Radtke and Burkhart 1998). Since the entire

part of each PRP falls within a stand, these assumptions are

more likely to hold. Summary statistics of all tree and stand

characteristics including two best performing CI alterna-

tives, one each from two CI formulae are presented in

Table 2. The definition of pure species stands considered

the inclusion of all individuals other than species of the

interest (Norway spruce or European beech) if they had

DBH\4 cm. Only 11 trees with extremely small HDR (i.e.,

\0.1) and 21 trees with extremely large HDR (i.e.,[1.9

and up to 14), which seemed illogical relative to other tree

characteristics (i.e., crown width and height to live crown

base), were excluded by assuming that they were only

caused by faulty recording or measurement. However, such

exclusion was applied only after all stand density measures

or competition measures were computed. A complete

dataset used in modeling HDR is shown in Fig. 2.

Model development

Based on the patterns of the scattered plots of HDR against

DBH (Fig. 2), an exponential decay function, hereafter

termed as a base function (Eq. 3), was used to fit the data.

HDRij ¼ b1 exp �b2DBH
b3
ij

� �
þ eij ð3Þ

where HDRij and DBHij are height-diameter ratio and

diameter at breast height of tree j (j = 1,…, m) on PRP

i (i = 1,…, n), respectively, b3 = 0.5, b1 and b2 are

parameters to be estimated, eij is an error term, and m and

n are numbers of trees and PRPs, respectively.

Since DBH is most strongly correlated with HDR, it was

used as a main predictor variable in the HDR models. Since

other tree and stand characteristics largely influence HDR,

they were also included as additional predictor variables

into the HDR models by applying two-stage approach

(Ferguson and Leech 1978; Staudhammer and LeMay

2000). Because of biological logics, this approach has

frequently been used to include appropriate predictor

variables to develop forest models (Mehtatalo 2005;

Adame et al. 2008; Sharma and Breidenbach 2015; Sharma

et al. 2016). In the first stage, we fitted a base function

(Eq. 3) to the data for each PRP separately and matrix-

scattered plots of PRP-specific parameter estimates against

each variable and its transformations (inverse, square, root)

and interaction with other variables were examined. In the

second stage, variables showing strong correlation with b1
or b2, were identified. For both species, HDOM, DDOM,

and QMD showed strong relationship only with b1. Thus,

we redefined b1 as a function of HDOM, DDOM, and

QMD to expand the base function. Variations of the HDR

within and across three canopies (Fig. 2) were also mod-

eled using dummy variable approach, in which parameter

b2 was redefined as a function of dummy variable repre-

senting canopy classes (CCs). Since inventory crew did not

Table 1 Competition index search radii evaluated, and letters and abbreviations are the same as defined in Eq. 1

Search radius A tree included

as competitor when

Definition (Biging and Dobbertin 1992)

SR1 DISTsc B 0.25DBHs Influence zone of competitor and subject tree overlap approx.

4 m2 ha-1 angle gauge (DBH in meter times 100)

SR2 DISTsc B 0.33DBHs Influence zone of competitor and subject tree overlap approx.

2 m2 ha-1 angle gauge (DBH in meter times 100)

SR3 DISTsc B (DBHs ? DBHc)/6 Influence zone of competitor and subject tree overlap approx.

5.7 m2 ha-1 angle gauge (DBH in meter times 100)

SR4 DISTsc B (DBHs ? DBHc)/8 Influence zone of competitor and subject tree overlap approx.

9.2 m2 ha-1 angle gauge (DBH in meter times 100)

SRi (i = 5, 6, 7,…, 12) DISTsc B HEIGHTc/tan h h is height angle to horizontal, starting from base of a subject

tree, s; h = 30�, 35�, 40�, 45�, 50�, 60�, 65�, 70�, and SR are

defined as SR5, SR6, SR7,…, SR12, respectively
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differentiate trees by canopy class (i.e., suppressed, inter-

mediate, dominant), we formed CCs on each PRP by

assuming CC1: height[66 % height of tallest tree; CC2:

33 % height of tallest tree\ height\ 66 % height of tal-

lest tree; and CC3: height\33 % height of tallest tree. The

measurement of heights of all living trees on each PRP

allowed us to make this classification.

HDRij ¼ b1 exp �b2DBH
b3
ij

� �
þ eij with b1

¼ a1x
a2
1 þ a3x2 þ a4x3 and b2

¼ /1z1 þ /2z2 þ /3z3 ð4Þ

where x1 = HDOMi; x2 = DDOMi; x3 = QMDi or CIij;

zi = CCk (when CC belongs to k then zk = 1, 0 otherwise);

HDOMi, DDOMi and QMDi are dominant height (m),

dominant diameter (cm), and quadratic mean diameter

(cm), respectively, for PRP i; CIij is spatially explicit

competition index for tree j on PRP i; b3 = 0.5; k = 1, 2,

3; a1–a4, u1–u3 = parameters to be estimated; all other

symbols and abbreviations are the same as defined in

Eqs. 1–3 or elsewhere in the text.

The model did not converge when b3 was tried to be

estimated along with all other parameters through opti-

mization procedure. We compared sum of squared errors

(SSE) resulted from several alternative formulations and

values of b3 (0.1–3 by 0.1 increment) and found that only

formulation presented in Eq. 4 (with b3 = 0.5) provided

the smallest SSE. The models developed with CI is termed

as spatially explicit models, and spatially non-explicit

models, otherwise. We also fitted mixed effects version of

Eq. 4 through inclusion of PRP-level variations as random

effects. But mixed effects models did not converge because

of complexity caused by several predictor variables

involved.

Model estimation and evaluation

We estimated parameters of the models (Eqs. 3, 4) with

nonlinear least square regression using PROC MODEL in

SAS (SAS Institute Inc. 2008), applying Marquardt’s

method. The fitted models were evaluated using root mean

square error (RMSE) and adjusted coefficient of determi-

nation (Radj
2 ) (Montgomery et al. 2001). Further evaluations

were made with examination on the graphs of residuals

plotted against each predictor variable (Table 2) and

behaviors of the simulated HDR curves overlaid on the

observed data. The effects of each predictor variable on

HDR were also examined graphically. Unless otherwise

specified, we used 1 % level of significance (a = 1 %) in

all analyses.

The model validation provides the credibility and con-

fidence about the estimated models (Soares et al. 1995;

Vanclay and Skovsgaard 1997) and it is often carried out

by splitting data: one dataset for fitting model and another

for validation. This process is commonly known as cross

validation (Vanclay 1994; Montgomery et al. 2001), but we

did not perform this. Validation by splitting data does not

provide more information in addition to the respective fit

statistics obtained directly from the model fitted to the

entire dataset (Kozak and Kozak 2003; Yang et al. 2004).

Validating model with independent data collected from

Table 2 Data summary [BA

stand basal area, QMD quadratic

mean diameter, MEANDBH

mean DBH, DBHSUM total

DBH of all individuals per

sample plot, DDOM dominant

diameter, HDOM dominant

height, MEANHT mean height

of all individuals per sample

plot, CI1 Hegyi’s index (Eq. 1),

CI2 Martin and Ek’s index

(Eq. 2)]

Characteristics Statistics [mean ± standard deviation (range)]

Norway spruce European beech

Number of sample plots 42 (13 pure ? 29 mixed) 58 (17 pure ? 41 mixed)

Number of heights 4483 7000

Number of heights per sample plot 166.0 ± 117.3 (10–609) 239.2 ± 199.4 (10–609)

Number of stems per sample plot 207.9 ± 134.3 (23–664) 262.4 ± 218.8 (18–664)

Number of stems per hectare (N ha-1) 832 ± 537 (102–2656) 1049.7 ± 875.4 (32–2656)

BA per hectare (m2 ha-1) 49.8 ± 18.7 (9.9–138.2) 43.8 ± 15.4 (12.9–138.2)

QMD (cm) 30.6 ± 9.5 (11.9–60.5) 30 ± 12.6(15.1–87.4)

MEANDBH (cm) 27.4 ± 10.3 (9.5–54.2) 25.7 ± 13.3 (9.5–84.4)

DBHSUM (cm) 4678 ± 1380 (1135–9185) 4392 ± 1959 (675–9185)

DDOM (cm) 48.8 ± 11.2 (20.3–71.7) 52.3 ± 11.8 (29–84.4)

DBH (cm) 28.4 ± 17.6 (2.4–107) 24.8 ± 19.5 (2.5–106.2)

HDOM (m) 27.5 ± 6.3 (7.6–40.5) 28.3 ± 5.8 (13.3–42.8)

MEANHT (m) 18.1 ± 6.5 (4.6–32.7) 17.4 ± 7.4 (8.6–42.8)

HEIGHT (m) 18 ± 9.9 (2–48.7) 17.3 ± 9.8 (2–47.7)

HDR (m cm-1) 0.7 ± 0.2 (0.1–1.4) 0.9 ± 0.3 (0.2–1.9)

CI1 1.7 ± 1.3 (0.01–22.4) 3 ± 6.2 (0.01–57.3)

CI2 1.9 ± 1.6 (0.01–30.7) 2.1 ± 2.6 (0.01–49.7)
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differing sampling methods or measurement occasions can

be the best alternative (Vanclay 1994; Sharma et al. 2011;

Sharma and Breidenbach 2015). The re-measurement data

from the same PRPs in the future can be used for validation

and recalibration of the presented HDR models.

Results

We developed HDRmodels using both spatially explicit and

spatially non-explicit competition measures. We selected

only those tree and stand characteristics, which displayed

significantly large contributions to the HDRmodels. Among

various potential predictor variables evaluated (Table 2), we

identified most contributing ones: PRP-level dominant

height (HDOM), dominant diameter (DDOM), quadratic

mean diameter (QMD), and Hegyi’s competition index

(CI1). Both spatially explicit and non-explicit models

described large parts of the HDR variations

(Radj
2 = 0.65–0.72) (Table 3). Except parameter estimate of

QMD (p = 0.0401) for Norway spruce, other parameter

estimates of both model types were highly significant

(p\ 0.0001). The signs of parameter estimates were bio-

logically plausible. Spatially explicit model for Norway

spruce described relatively larger part of the HDR variations

than its spatially non-explicit counterpart. However, spa-

tially non-explicit model for European beech described lar-

ger part of the HDR variations. Except for those of x3 (Eq. 4,

where x3 = QMD or CI1), difference of corresponding

parameter estimates of other predictor variables of each

model was too small. This indicated that HDOM, DDOM,

and canopy height classes had similar effects onHDRof each

model type. Themodels for Norway spruce appeared slightly

poorer than the models for European beech.

We examined residual graphs of each model plotted

against each of the predictor variables (Table 2). But for

brevity, we have presented only important residual graphs

here (Fig. 3). There was no serious deviation of the

residuals across the observed ranged of each predictor

variable and estimated HDR. There was no heteroskedas-

ticity problem in the residuals either. No substantial dif-

ference was also observed on the graphs of the residuals

produced with both model types for each species. Except

for DBH classes of 10 and 20 cm for European beech and

DBH class of 10 cm for Norway spruce, graphs displayed

no serious residual trends across the observed DBH range.

This indicated that the chosen base model (Eq. 3) and its

extended form (Eq. 4) with selected predictor variables,

and assumed canopy height classes were adequate enough

to describe HDR variations for each species.

We simulated the effects of the chosen predictor variables

related to tree size (tree canopy class), site quality (HDOM),

and stand density or competition (DDOM, QMD, CI) on

HDR (Figs. 4, 5, 6).When themean values of other predictor

variables on the observed data by canopy height class were

held constant, the effect of site quality (HDOM) on each

model emerged as the largest one, followed by the effect of

stand density or competition (DDOM, QMD or CI). The

HDR significantly increased with increasing site quality

(increased HDOM) and competitive interaction among the

individual trees (decreased QMD and DDOM, or increased

CI). However, the magnitudes of the effects of those char-

acteristics on HDR for each canopy classes largely differed.

Spatially non-explicit models displayed very small effects of

QMD on HDR for each canopy class of Norway spruce, but

large effect for European beech. However, unlike onNorway

spruce, the effect of QMD of European beech emerged as

significantly larger than that of CI. After DBH, three pre-

dictor variables: HDOM, DDOM and CI for Norway spruce

and four: HDOM,DDOM,QMD, andCI for European beech

Fig. 2 Scattered plots of HDR against DBH for three different

canopy classes [cc canopy class, 1: height [66 % height of tallest

tree, 2: 33 % height of tallest tree\ height\ 66 % height of tallest

tree, and 3: height\33 % height of tallest tree per sample plot]
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displayed substantially large contributions to the HDR

models.

Discussion

Data used in this study have large variations (Table 2;

Fig. 2), covering both pure and mixed species stands

located on the low to high mountain regions of the Czech

Republic (Fig. 1). Modeling data also covers wide stand

densities, growth conditions, and management regimes

(from clear cut to leaving spontaneous development).

Since HDR is strongly correlated with DBH, this can be

used as a single predictor variable in the allometric HDR

model. However, DBH alone may not be adequate enough

to develop more accurate HDR models, because allo-

metric relationship between HDR and DBH largely varies

with other tree and stand characteristics such as canopy

Table 3 Parameter estimates

and fit statistics of HDR model

(Eq. 4)

Parameters Estimates and fit statistics

Norway spruce European beech

Spatially explicit Spatially non-explicit Spatially explicit Spatially non-explicit

a1 0.407845 (0.0106) 0.421236 (0.0109) 0.434145 (0.016) 0.528532 (0.0148)

a2 0.518961 (0.00735) 0.513768 (0.0074) 0.667542 (0.0098) 0.628491 (0.0084)

a3 -0.01583 (0.00043) -0.0156 (0.00047) -0.02268 (0.00098) -0.02288 (0.00088)

a4 0.015545 (0.0025) -0.00108 (0.00054) 0.009874 (0.00091) -0.01262 (0.0008)

u1 0.13312 (0.00233) 0.131195 (0.0025) 0.23039 (0.00228) 0.217528 (0.0026)

u2 0.163178 (0.00312) 0.160931 (0.0032) 0.263032 (0.00326) 0.252171 (0.00343)

u3 0.26849 (0.00515) 0.267305 (0.0052) 0.384113 (0.00516) 0.376719 (0.00522)

Radj
2 0.6599 0.6569 0.7253 0.7291

RMSE 0.1070 0.1074 0.1784 0.1770

Standard errors are presented in parenthesis, and abbreviations and symbols are the same as defined in Eq. 4

and text

Fig. 3 Residuals produced with

spatially non-explicit HDR

models (Eq. 4). The length of

the box represents the

interquartile range (IQR), length

of the whisker represents class

minimum and maximum values

in IQR, small boxes represent

observations lying beyond 1.5

times IQR (outlier observations

lying far away from the

median), and horizontal line and

plus signs in the box represent

median and mean values,

respectively
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classes, site qualities, and stand densities or competitive

situations of the trees within a stand (Fig. 4, 5, 6).

Therefore, this study involved the inclusion of appropriate

measures describing those characteristics into the HDR

models. Those characteristics, which significantly

improved the model fits and consequently increased

model’s scope of application to a greater extent, are

dominant height (HDOM), dominant diameter (DDOM),

quadratic mean diameter (QMD), and Hegyi’s competi-

tion index (CI1).

The models describe large parts of the HDR variations

(Table 3) without any serious residual trend across the

observed data range (Fig. 3). A slight under-estimation for

DBH class of 10 cm for both species and over-estimation

for DBH class of 20 cm for European beech was caused by

the presence of highly influential outlier observations in

such DBH classes. A considerable part of the HDR

variations still remains to be described, and this might be

due to a wider variation of the HDR in some DBH classes.

A wider variation and unevenness distribution patterns of

the HDR of Norway spruce (Fig. 2) might have resulted in

poorer models than that for European beech. Accuracy of

the HDR models may be increased through inclusion of

additional predictor variables, but this leads to the over-

parameterization, which results in biased parameter esti-

mates (Montgomery et al. 2001). To make HDR models

less costly and more applicable, some characteristics such

as stand age, crown width and crown depth, which may be

significantly correlated to HDR, but relatively costlier to

measure, were not included to our models. Also, forest

managers want more accurate and parsimonious models for

effective management (Vanclay 1994).

For both species, HDOM emerged as the most con-

tributing variable to each model (Figs. 4, 5). As expected,

Fig. 4 HDR variations due to the effects of various stand character-

istics as displayed by spatially non-explicit HDR model (Eq. 4) for

different canopy height classes of Norway spruce [canopy class 1 (left

column), canopy class 2 (middle column), and canopy class 3 (right

column). Canopy classes are defined in Fig. 2 and Eq. 4]
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HDOM included as a proxy of site index into the HDR

model worked adequately well. The site index, which is

estimated using either dominant height growth models

(Monserud 1984; Sharma et al. 2011) or site index pre-

diction models (Seynave et al. 2005; Sharma et al. 2012)

are commonly used to assess site quality. However, in a

condition when these models are not available, HDOM can

be included into the forest models (Soares and Tomé 2001;

Temesgen et al. 2005; Crecente-Campo et al. 2010; Fu

et al. 2013; Sharma et al. 2016). Only a few studies (e.g.

Bošel’a et al. 2014) have included site index as a predictor

variable into the HDR models. However, to the authors’

knowledge, none of the HDR models have been developed

so far by including HDOM. As displayed by our models,

HDR increases with increasing site index, because there

can be much more growth resources (light, soil moisture

and nutrients) availability on the better sites than on poorer

sites (Bošel’a et al. 2014). For a given stand density or

competitive interaction, the effect of site quality on HDR

emerged the highest for each canopy class, but largely

varies with canopy classes (Figs. 4, 5).

The HDR is significantly affected by competitive

interaction among the trees within a stand. For a given site

quality, HDR increases with increasing competition as

depicted by decreased DDOM and QMD (Figs. 4, 5) or

increased CI (Fig. 6). With increasing competition, DDOM

or QMD decreases because of crowding of the trees that

results in taller heights and smaller crowns, but thinner

boles. In attempt to get higher canopy position for light,

sub-ordinate trees have less diameter growth for a given

unit of height growth as compared to the trees already

grown to the top canopy position (Cremer et al. 1982;

Nykänen et al. 1997; Mäkinen et al. 2002). However, the

trees with dominant or co-dominant canopy positions are

Fig. 5 HDR variations due to the effects of various stand character-

istics as displayed by spatially non-explicit HDR model (Eq. 4) for

different canopy height classes of European beech [canopy class 1

(left column), canopy class 2 (middle column), and canopy class 3

(right column). Canopy classes are defined in Fig. 2 and Eq. 4]
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able to allocate more resources to diameter growth relative

to height growth, and therefore have smaller HDR and are

more stable as compared to sub-ordinate trees (Wonn and

O’Hara 2001). The trees with extremely large HDR can

only grow in a dense stand under the influence of mutual

support of its neighboring trees (Nykänen et al. 1997;

Valinger and Fridman 1997; Vospernik et al. 2010;

Valinger and Fridman 2011; Bošel’a et al. 2014).

The competition measures (e.g. CI) for Norway spruce

computed by using the information of spatial arrangement

of the trees is expected to better describe competitive

interaction than the competition measures (e.g., QMD)

computed without spatial information. This is the reason

that spatially explicit model relatively better fitted to the

data of Norway spruce (Table 3) and exhibited more pro-

nounced effects on HDR than spatially non-explicit model

(Figs. 4, 6). However, this was not a case for European

beech, in which spatially non-explicit competition measure

(e.g., QMD) exhibited more pronounced effect on HDR

than spatially explicit competition measure (Table 3;

Figs. 5, 6). This may be due to less heterogeneous stand

conditions of European beech as compared to that of

Norway spruce. The competition of more complex and

heterogeneous stands may be better described by spatially

explicit measures than its spatially non-explicit counter-

parts (Lorimer 1983; Martin and Ek 1984; Biging and

Dobbertin 1992, 1995; Corral-Rivas et al. 2005; Pretzsch

2009). The competition indices perform differently

according to species, forest types, and forest conditions as

competition varies with stand density, tree size, site qual-

ity, climate condition, and stand structure (Pretzsch and

Biber 2010; Contreras et al. 2011). There may also be a

species-specific effect on the competition (Pretzsch et al.

2002; Canham et al. 2004; Richards et al. 2008; Thorpe

et al. 2010; von Oheimb et al. 2011). However, we did not

consider this effect while computing CI to make our HDR

model (Eq. 4) simpler.

This study utilized a large dataset with a number of tree

and stand characteristics and therefore allowed us to

evaluate the interactive influence of the many factors

affecting HDR. The measurements of additional factors

(e.g. slope, exposition, soil property, altitude, and species

provenance), which may also significantly affect HDR

(Zimmerman and Brown 1971; Tilman 1988; Burton 1993;

Wiklund et al. 1995; Nykänen et al. 1997; Mustard and

Harper 1998; Homeier et al. 2010; Martı́n-Alcón et al.

2010; Bošel’a et al. 2014), were not available to this study.

The HDR models developed with time series data would be

more reliable tools than those developed with one-time

measurement data, which do not include history of stand

management. Therefore, further works involving validation

and recalibration of our models with re-measurement data

will be useful to increase the reliability and confidence of

the models.

Fig. 6 HDR variations due to the effects of competition as displayed by spatially explicit HDR model (Eq. 4) for different canopy height classes

[canopy class 1 (left column), canopy class 2 (middle column), and canopy class 3 (right column). Canopy classes are defined in Fig. 2 and Eq. 4]
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For the stand conditions more or less similar to the basis

of this study, our HDR models may be applied to the stands

of Norway spruce and European beech in other European

countries. The HDR is largely influenced by the numbers of

factors (Figs. 4–6), which may also vary with forest stands

across the European countries. It would be worthwhile that

the major influential factors such as site quality, stand

density, and competitive situations among the individual

trees must be examined thoroughly and compared against

those of the forests in the Czech Republic, before applying

the HDR models in other countries. Some important stand

characteristics such as site indices and stand density indices

of species of the interest may be used for comparison of the

forests across various European countries.

Conclusions and management implications

Using data from fully stem-mapped permanent research

plot, we developed both spatially explicit and spatially

non-explicit individual tree HDR models for two important

tree species (Norway spruce and European beech) in the

Czech Republic. Each model described a large part of the

HDR variations without any serious residual deviation

across the observed data range. For each species, there is a

very small and insignificant difference between the fit

statistics and residual graphs produced by both model

types, suggesting that they have similar prediction behav-

iors. Because of simplicity, the spatially non-explicit

model, which requires only sample plot-centered compe-

tition measures (quadratic mean diameter and mean

diameter of dominant trees), is recommended to apply for

both species.

By understanding the degree to which tree or stand of

the trees is more susceptible to snow-, icing-, and wind-

related damages, forest managers may better design treat-

ments based on the range of HDR for silvicultural practices

that help improve static stability of the trees and stands.

Since HDR is used as reliable measure of tree or stand

stability, the proposed HDR models may serve as useful

tools to evaluate stand stability of Norway spruce and

European beech. From this perspective, these models may

also serve for assessing quality and efficiency of thinning,

because thinning significantly affects HDR, both of mean

stem, and even upper tree layer. The models will be useful

to identify potentially more susceptible trees to damages

due to snow and wind, and thus help remove those trees

prior to damage. The HDR models can be used as sub-

models in forest simulators, which are fundamental tools in

management decision-making. The HDR models can be

used in risk modeling, which includes all potential risk

factors, e.g., climatic factors, and such models can be

applied for assessment of overall risk of stability of the

stands and forests. The HDR can be used as a measure of

competitive interaction among individual trees within a

stand, and therefore included into various forest models

including individual tree growth models. The HDR models

may also be used as benchmark models to compare HDR

derived from other models such as height and diameter

growth models, and height-diameter models.
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Factors affecting snow damage of trees with particular reference

to European conditions. Silva Fenn 31:193–213

O’Hara KL, Oliver CD (1999) A decision system for assessing stand

differentiation potential and prioritizing pre-commercial thin-

ning treatments. West J Appl For 14:7–13

Opio C, Jacob N, Coopersmith D (2000) Height to diameter ratio as a

competition index for young conifer plantations in northern

British Columbia, Canada. For Ecol Manage 137:245–252
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