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against Myllocerus fotedari Ahmad, 1974 (Coleoptera: 
Curculionidae) under laboratory conditions in India

Shaziya Gull1, Tariq Ahmad1*, Abdul Lateef Khanday2,  
Pavittu Meethal Sureshan3, Gowhar Rashid2

1Section of Entomology, Department of Zoology, Faculty of Biological Sciences, University of Kashmir, 
Srinagar, India

2Department of Zoology, Government Degree College Kulgam, Jammu and Kashmir, India
3Zoological Survey of India, Western Ghat Regional Centre, Kozhikode, Calicut, Kerala, India
*Corresponding author: drtariqento@kashmiruniversity.ac.in

Citation: Gull S., Ahmad T., Khanday A.L., Sureshan P.M., Rashid G. (2023): Pathogenicity of  the entomopathogenic fun-
gi against Myllocerus fotedari Ahmad, 1974 (Coleoptera: Curculionidae) under laboratory conditions in  India. J.  For. Sci., 
69: 277–286.

Abstract: The  weevil, Myllocerus fotedari Ahmad, 1974  (Coleoptera: Curculionidae) is  widely recognised as  one 
of the major walnut pests. Fungal pathogens have shown great potential for the management of some pest species. In the 
present study, the efficacy of three entomopathogenic fungi, namely Beauveria bassiana (Balsamo) Vuillemin, Metarhi-
zium anisopliae sensu lato (Metchnikoff) Sorokin and Lecanicillium lecanii (Zimmerman) Zare and Gams were evalu-
ated against the weevil, M. fotedari, under laboratory conditions. Each fungal suspension contained 1.0 × 109 spores 
of fungi in 1 mL. The experiment comprised of five treatments along with control (distilled water) and three replicates. 
An insecticide – chloropyrifos 20% emulsifiable concentrate (EC), was also used as positive control in the experiment. 
The experimental results revealed that the weevil, M. fotedari, showed mortality due to both virulence of entomopatho-
gens and insecticide. The mortality caused by fungi varied from two days after treatment to eight days after treatment. 
However, the highest mortality of 100% was recorded for B. bassiana, followed by 85.1% for M. anisopliae after eight 
days of treatment. The efficacy of L. lecani was the lowest, leading to only 51.8% mortality, and was found significantly 
less virulent compared to the other two used entomopathogens. The present study is an attempt to use entomopatho-
gens to control M. fotedari over conventional chemical insecticides.

Keywords: Beauveria bassiana; biological control; Juglans regia; Metarhizium anisopliae; Lecanicillium lecanii

© The authors. This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).

The crops are usually infested with various pests 
and diseases making fruit crops and ornamental 
plants highly susceptible to pest attacks (Hill 1987; 
Oerke et  al.  1994). Among different insect groups, 
coleopteran pests feed on the foliage and reduce the 
surface area of leaf that results in reduction of tree 
vigour, and thus host trees become prone to other 
diseases and insect attacks. Myllocerus spp. are eco-

nomical pests feeding on numerous agricultural and 
horticultural crops with 4 144  genera, more than 
around 85 000 species with worldwide distribution 
(O'Brien, Wimber  1979). The  occurrence of  Myl-
locerus pests was first reported in  Florida, feed-
ing on numerous ornamental and fruit plants causing 
huge losses every year (O'Brien et al. 2006). In  the 
Indian subcontinent, thirty-three species of  this 

https://www.agriculturejournals.cz/web/jfs/


278

Original Paper	 Journal of Forest Science, 69, 2023 (7): 277–286

https://doi.org/10.17221/10/2023-JFS

genus are recorded from diverse host plant species 
(Ramamurthy, Ghai  1988). Incidences of  Myllocer-
us spp. are reported from various states of India with 
very scarce information on  their bioecology and 
management (Ramamurthy, Ghai 1988; Azam 2007; 
Tara et al. 2010). These leaf pests are generally plant 
defoliators feeding on the foliage by nibbling irregu-
lar holes on the leaf surface, leaving behind midrib 
(Butani 1979). Their feeding activity lasts from April 
to November and remains indolent under the plant 
debris during winter (Atwal 1963). They are catego-
rized as  polyphagous pest because of  their ability 
to feed on various host plants (Hill 1987). They can 
act as major pest when feeding on almond and wal-
nut while as minor pest on apple trees (Butani 1979). 
The beetle has been documented to be a damaging 
foliage pest since adult Myllocerus spp. feed on leaf 
lamina, decreasing the quality and quantity of  the 
fruit output by  reducing the photosynthetic area 
of the leaf (Arévalo, Stansly 2009).

M.  fotedari attacks walnut (Juglans regia), which 
is one of the main fruit crops of Jammu and Kash-
mir (India) and occupies almost 90% share of wal-
nut industry in  India. From an  area of  61 723 ha, 
the state produces about 86 263  tons of  walnut. 
Myllocerus  sp. is  a  serious pest acting as  an  aerial 
and subterranean feeder which attacks each part 
of  the plant, while its larvae are concealed feed-
ers attacking roots inside the soil (Davidson 1966). 
Ahmad and Dar (1974) reported M. fotedari infest-
ing apple, pear, plum and walnut. The  adults are 
defoliators while larvae mainly infest the Legumi-
nacae family. Myllocerus sp. attacking walnut trees 
cause blackening of leaf tips (Mir, Wani 2005; Gull 
et  al.  2019). Many researchers have contributed 
to  finding the lethal effects of  the insecticides ef-
fective against Myllocerus sp. (Budhraja et al. 1984; 
Singh et al. 1991; Sinha, Marwaha 1995). Use of tra-
ditional chemical insecticides to control insect pests 
leads to an accumulation of persistent residues and 
as such an eco-friendly alternative is necessary. In-
troduction of  biological control method as  an  es-
sential part of  integrated pest management (IPM) 
proved to be a more effective and rapidly develop-
ing alternative to chemical insecticide pest manage-
ment. Thus, the primary focus is to find eco-friendly 
methods like the use of fungi to control various in-
sect pests. The use of microbes in IPM strategies has 
been applied in both developing as well as developed 
countries and has been successfully used in  South 
America and Asia (Fuxa  1984). Entomopathogens 

are highly eco-friendly with high persistence in the 
environment and mostly least harmless to non-tar-
get species. Thus, they can play an  important role 
in controlling the population dynamics of pests. They 
are known to cause affliction in insects of nearly all 
orders, viz. Diptera, Lepidoptera, Coleoptera, Hyme-
noptera, Hemiptera, and Orthoptera (Ramanujam 
et  al.  2014). These produce conidiospores which 
germinate on  the cuticle breaching with the help 
of  enzymes (like chitinase, proteinase and lipase) 
and mechanical pressure, developed hyphal tubes 
pierce integument, and hyphal bodies move towards 
haemolymph, where tremendous budding occurs 
to produce more spores leading to death of the host 
(Ferron 1978). Although various species are practi-
cally applied to control pests due to mycoinsecticid-
al activity, compared to other methods it is still in its 
infancy. In the present study, an attempt was made 
to  know the bio-efficacy and comparative effects 
of  some entomopathogenic fungi, viz. Beauveria 
bassiana (Balsamo), Lecanicillium lecanii (Zimmer-
man) and Metarhizium anisopliae (Metchnikoff) 
fungus against M.  fotedari infesting walnut trees 
of Kashmir under laboratory conditions.

MATERIAL AND METHODS

Insect rearing. The  specimens of  the weevil, 
M.  fotedari, were collected from the walnut trees 
of  the Khimber (34.1898°N, 74.8609°E, elevation 
1 682.80 m a.s.l.) in Srinagar, Jammu and Kashmir 
district. Thereafter, they were transferred to  col-
lection jars covered with muslin cloth to  confirm 
air circulation, and were brought to Entomological 
Laboratory, University of  Kashmir for evaluating 
the pathogenicity caused by  various fungal treat-
ments. Insect specimens were placed inside the 
rearing jars and were provided with fresh walnut 
leaves. GPS location of  the sample site was taken 
from Google Earth Pro (7.3.2.5776, 2019).

Entomopathogenic fungi. Three commercial 
formulation of  enthomopathogenic fungi with 
spore concentration 1.0 × 109 spores·mL–1, namely 
B. bassiana, L. lecanii, and M. anisopliae, were ob-
tained from Green Life Biotech Laboratory, Soma-
nur, Coimbatore, India. For the evaluation of each 
entomopathogenic fungi treatment, three repli-
cates were maintained. A total of 15 replicates were 
maintained including control comprising of  dis-
tilled water and insecticidal treatment. The  used 
insecticide was chloropyrifos 20% EC.

https://www.agriculturejournals.cz/web/jfs/
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Bioassay. Each bio-preparation was diluted 
with distilled water forming 1 mL bio-preparation 
1 000 mL–1 water to which a few drops of detergent 
were added as  a  wetting agent. 1 mL  of  each fun-
gal suspension contained 1 × 109 spores·mL–1. Each 
treatment was replicated three times. In each repli-
cate 10 adult beetles were transferred using a camel 
hairbrush on walnut leaves into Petri dishes (11 cm 
diameter). In  total, 30  beetles were used for each 
Petri dish assay (Table 1). Entomopathogenic fungal 
bioassay was conducted by using rapid jetting sprays 
two times, which was standardized at  1.0 mL  for 
each replicate. For this purpose, a small calibrated 
hand spray with a one-litre capacity was used, which 
was fortified with a  nozzle suited to  low-volume 
spray applications on  insect body as topical appli-
cation method (Batta 2007; Khanday, Buhroo 2018; 
Khanday et  al.  2018). All  the treatments were 
sprayed with the same volumes (1 mL·replicate–1) 
while for control, adult beetles were treated with 
distilled water. The  mortality percentage data was 
recorded over a period of eight days and was evalu-
ated 2, 4, 6, and 8 days after treatment. Fresh leaves 
were used each day for feeding the beetles. Mortal-
ity was assessed by observing beetles continuously 
for five minutes and if no movement occurred, they 
were treated as  dead. Effected beetles developed 
mat-like mycelial growth on  the body when kept 
under humid conditions (29.85 °C  ±  1.34 °C and 
77.57% ± 8.67%) for about one week due to germi-
nation of  conidiospores which develop on  super-
ficial area cuticle and result in  the development 
of  long hyphal tubes penetrating directly into the 
insect's integument. Photographs were taken dur-
ing the experiment by using a Leica DFC295 (Lei-
ca Microsystems, Gmbh, Germany) camera with 
an automontage software (4.10, 2017).

Statistical analyses. Experimental data was ana-
lysed by  using Origin Pro software (Version  15, 

2015). The  collected data of  mortality percentage 
and corrected mortality of M. fotedari adults in dif-
ferent treatments were analysed by  means of  the 
analysis of  variance (ANOVA) at  a  0.05% level 
of  significance. Tukey's Honest Square Difference 
test was used to separate means of treatment. Ab-
bott's formula (Abbott 1925) was used for mortality 
data correction with that in control [Equation (1)].

( )
( ) ( )

( )
% – %

%
100 – %

T C
CM

C
= 	 (1)

where:
CM (%)	 – corrected mortality;
T		  – mortality in treatment;
C		  – mortality in control.

RESULTS

In  the present experiment, the results showing 
the mortality caused by  fungal pathogens were 
recorded in  treated replicates. The  data shown 
in  Table  2  indicate the corrected mortality of  all 
the treatments used in the experiment, and it was 
observed (Table  2) that mortality in  each treat-
ment augmented with increasing time interval [Ta-
ble  S1  in  the Electronic Supplementary Material 
(ESM)]. All the fungal treatments showed different 
mortality rates against M. fotedari in eight days af-
ter treatment. After two days of treatment at spore 
concentration 1  ×  109  conidia·mL–1, the mortality 
was 40 ± 10% for B. bassiana, 30 ± 10% for M. an-
isopliae, 10 ± 10% for L. lecanii, and 50 ± 10% for in-
secticide (positive control). Further, it was observed 
that insecticide showed a slightly higher mortality 
rate than other used treatments. On comparing the 
mean mortality percent of B. bassiana, M. anisopli-
ae, L.  lecanii and insecticide, it was recorded that 
B.  bassiana, M.  anisopliae and insecticide treat-

Table 1. Treatment against M. fotedari using a Petri dish assay under laboratory conditions (29.85 °C ± 1.34 °C tem-
perature and 77.57% ± 8.67% relative humidity)

Sample No. Group* No. of Petri dishes  
in each treatment/beetle Preparation Used quantity  

(mL per Petri dish)
1 G1

3/30

Beauveria bassiana

1.0
2 G2 Lecanicillium lecanii
3 G3 Metarhizium anisopliae
4 G4 insecticide
5 G5 distilled water

* Each group represents 3 Petri dishes with 10 M. fotedari adults subjected to 5 treatments

https://www.agriculturejournals.cz/web/jfs/
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ments were insignificant among themselves while 
L. lecanii showed a significant difference (one-way 
ANOVA; P ≤ 0.05).

Four days after treatment, the maximum mortali-
ty was recorded for insecticide (78.8 ± 11.74%), fol-
lowed by B. bassiana (58.5 ± 10.33%), M. anisopliae 
(44.8 ± 5.01%) and L. lecanii (24 ± 5.25%). One-way 
ANOVA revealed that treatment with B.  bassi-
ana, M.  anisopliae and insecticide led to  signifi-
cantly higher mortality rates than other treatments 
(P ≤ 0.05) while insignificant differences were ob-
served between B. bassiana and insecticide. How-

ever, a significant difference (P ≤ 0.05) was observed 
between insecticide and M. anisopliae, and also be-
tween M. anisopliae and L. lecanii (Figure 1).

After six days of treatment, an appreciable reduc-
tion in the number of beetles occurred, with a peak 
of  100% mortality in  the case of  insecticide, fol-
lowed by B. bassiana (85.5 ± 17.14%), M. anisopli-
ae (64.4  ±  11.73%), and L.  lecanii (39.2  ±  5.58%). 
On  analyzing the results with one-way ANOVA, 
an  insignificant difference was found between in-
secticide and B.  bassiana, while a  significant dif-
ference was observed between insecticide and 

Table 2. Effect of different treatments on the mortality rate of adults Myllocerus fotedari at different time interval

Treatment
Corrected mortality (%) (± SD)

2 DAT 4 DAT 6 DAT 8 DAT
Beauveria bassiana 40.0 (± 10)a 58.5 (± 10.33)ad 85.5 (± 17.14)ad 100.0 (± 0.00)a

Metarhizium anisopliae 30.0 (± 10)a 44.8 (± 5.01)ac 64.4 (± 11.73)ac 85.1 (± 16.99)a

Lecanicillium lecanii 10.0 (± 10)b 24.0 (± 5.25)bc 39.2 (± 5.58)bc 51.8 (± 16.95)b

Insecticide (chloropyrifos 20% EC) 50.0 (± 10)a 78.8 (± 11.74)d 100.0 (± 0.00)d 100.0 (± 0.00)a

Control (distilled water) 0.0 (± 0.00)b 3.3 (± 0.57)e 6.6 (± 0.57)e 10.0 (± 0.00)c

a–e mean values with different superscripts are significantly different (P < 0.05, Tukey's HSD); significant P < 0.05, non-sig-
nificant P > 0.05; SD – standard deviation; DAT – day after treatment; EC – emulsifiable concentrate

Figure 1. Mean percentage of corrected mortality of Myllocerus fotedari adults using Petri dish assays (A) 2 days after 
treatment; (B) 4 days after treatment; (C) 6 days after treatment; (D) 8 days after treatment

a–e – standard deviation is added on bars and the bars that do not share the same superscript are significantly different 
at P < 0.05 as indicated by Tukey's Honest Square Difference test
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other treatments (P  ≤  0.05). Furthermore, M.  an-
isopliae and B. bassiana were statistically the same 
at P ≤ 0.05. Out of all the treated entomopathogenic 
fungi, L. lecanii showed significantly lower mortal-
ity rates in beetles (Figure 1).

Eight days after treatment, a  marked increase 
in the mortality percent rate occurred, ranging from 
51.8% to 100%. Among five treatments, 100% mor-
tality occurred in the case of insecticide and B. bassi-
ana, followed by M. anisopliae (85.1 ± 16.99%) and 
least by L. lecanii (51.8 ± 16.95%). On comparing the 
means with one-way ANOVA, B. bassiana, M. an-

isopliae and insecticide were insignificant to each 
other but significant to L. lecanii at P ≤ 0.05. Among 
the three entomopathogens used, B. bassiana and 
M. anisopliae at spore concentration 1.0 × 109 re-
sulted in the highest mortality rates, as compared 
to L. lecanii (Figure 1 and Table 2). The order of ef-
ficacy caused by  five treatments in  the present 
experiment can be ranked as: insecticide > B. bassi-
ana > M. anisopliae > L. lecanii > control.

The regression equation for B.  bassiana was 
calculated as y = 10.35x + 19.25, having a  regres-
sion coefficient (R2) value of  0.988  (Figure  2A). 

Figure 2. Graphs showing regression equation for mortality of Myllocerus fotedari by (A) Beauveria bassiana; (B) Metarhi-
zium anisopliae; (C) Lecanicillium lecanii; (D) insecticide (chloropyrifos 20% EC)

EC – emulsifiable concentrate
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Positive correlation is  exhibited between two 
variables  x (No. of  days) and  y (mortality of  bee-
tles) as R2 value tends to be less than 1. Regression 
equations for other treatments viz. M.  anisopliae 
were y = 9.245x + 9.85 with R² value of 0.9945 (Fig-
ure 2B), L.  lecanii had y = 7.03x – 3.9 along with 
R²  of  0.9988  (Figure  2C) and for insecticide, the 
regression equation was y  =  8.56x  +  39.4, having 
R²  value of  0.8712  (Figure  2D). Thus, it  was con-
cluded that an increasing number of days escalated 
the mortality rates of the beetles.

After 8 days of study, white mycelium mat growth 
was observed under a Leica M 205C stereo zoom 
trinocular microscope (Leica Microsystems, Gmbh, 
Germany) camera with an  automontage software 
(4.10, 2017) on  dead cadavers and fungal hyphae 
were observed protruding outside the body.

DISCUSSION

The efficacy of  different entomopathogen-
ic fungi was evaluated at  1.0  ×  109  conidial 
spores·mL–1  against adults of  M.  fotedari, com-
prising of  5  treatments along with control and 
each treatment had three replicates. It  was re-
vealed from the results that there was a variation 
in  pathogenicity of  the entomopathogens used. 
B.  bassiana (Figure  3C) and M.  anisopliae (Fig-
ure  3A) showed high efficacy against M.  fotedari 
in  in vitro conditions leading to  the highest mor-
tality of  58.5% and 44.8%, respectively, after four 
days (96 h) of  treatment, and 100% and 85.1% af-
ter eight days (192 h) of  treatment, respectively. 
Further, dead cadavers developed white and green 
mat when treated with B.  bassiana and M.  an-
isopliae, respectively, due to  hyphae penetration 
inside the cuticle consuming nutritional reserves 
of  the body that leads to  death of  insects due 
to toxin production (Gabarty et al. 2014). Among 
the different known entomopathogens, B. bassiana 
and M.  anisopliae gained attention for control-
ling weevils as  they have a high potential to con-
trol long-lasting management, especially when 
used in  combination with chemical insecticides 
(Mayer, Mannion  2011), and our results demon-
strate that high mortality was observed on  treat-
ing weevils with them. B. bassiana is well known 
for its insecticidal activities, having a high poten-
tial to kill a huge range of pests (Eken et al. 2006; 
Sabbour, E-Abd-El-Aziz  2007; Keyhani  2015), al-
though, its efficacy varies on treating it with differ-

ent Coleopteran species like in Sitophilus zeamais 
(Motschulsky  1855) (Coleoptera: Curculionidae) 
where 88% mortality occurred, when 104 conidial 
spores·mL–1 concentration was applied on 8th day 
of treatment (Adane et al. 1996). Conversely, 100% 
mortality was observed after 4.4  days on  the lar-
vae of Saperda populnea (Linnaeus 1758) (Coleop-
tera: Cerambycidae) under laboratory conditions 
(Eken et al. 2006). Similarly, our findings are in line 
with Yanar et  al.  (2015) who carried out an  ex-
periment on  various isolates of  B.  bassiana and 
found 91.7% mortality rate on treating Syrista par-
reyssii (Spinola 1843) with them. Wu et al.  (1995) 
also found 80% mortality caused in  field trials, 
when B.  bassiana was sprayed with spore con-
centration of  1.2  ×  108  spores·mL–1  to  control 
Myllocerus  sp. Likewise, B.  bassiana (Strain  871) 
was sprayed on  tea crops with a  spore suspen-
sion of  100–200  million spores·ha–1  leading 
to  95% mortality in  brown weevil, Mylloceus au-
rolineatus (Voss  1959) after 10  days of  treatment 
(Wu, Sun 1994).

It is also evident from our current findings that 
B.  bassiana had more pathogenicity against the 
weevil M.  fotedari, compared to  other treated 
entomopathogens. Similar results were drawn 
by Mishra (1993) who found that among different 
entomopathogens, B. bassiana is the most promis-
ing and potential bio-control agent of Hypsiphylla 
robusta (Moore  1886). Our result also revealed 
that B.  bassiana caused the highest mortality 
of  100% at  1.0  ×  109  spores·mL–1  which is  in  line 
with the earlier findings of Logan et al. (1999) who 
reported 93.7% mortality at  the same spore con-
centration in  contrary to  least mortality caused 
by M. anisopliae on  the grey back cane grub, De-
molepida albohirtumn (Waterhouse  1875) (Co-
leoptera: Scarabidae). Similarly, present results are 
in support of Senthilkumar and Murugesan (2010) 
who indicated that the highest concentration 
(1.0  ×  109  spores·mL–1) leads to  the highest mor-
tality in  controlling the population of  Calopepla 
leayana (Latreille 1807). The present inferences are 
in  line with the findings of  Sankaran et  al.  (1989) 
who carried out the management of  Myllocerus 
viridans (Boheman 1840) with B. bassiana at spore 
concentration of  1.0  ×  105  spores·mL–1. Other 
workers have also studied pathogenicity caused 
due to B. bassiana on various curculionid beetles 
like banana weevil, Cosmopolites sordidus (Ger-
mar) (Godonou et al. 2000); pecan weevil, Curcu-

https://www.agriculturejournals.cz/web/jfs/


283

Journal of Forest Science, 69, 2023 (7): 277–286	 Original Paper

https://doi.org/10.17221/10/2023-JFS

Figure 3. Entomopathogenic fungi Metarhizium anisopliae, Lecanicillium lecanii, and Beauveria bassiana infesting 
the weevil, Myllocerus fotedari infestation by  (A) Metarhizium anisopliae; (B) Lecanicillium lecanii; (C) Beauve-
ria bassiana

1 mm

1 mm

1 mm

(A)
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lio caryae (Horn  1873) (Shapiro-Ilan et  al.  2003) 
and pine weevil, Hylobius abietis (Linnaeus 1758) 
(Turchinskaya, Sherlyngina 1974).

In a Petri plate bioassay, 88–100% mortality oc-
curred in  Ips typographus (Linnaeus  1758) when 
treated with B.  bassiana, which is  in close prox-
imity to  our results (Vaupel, Zimmermann  1996; 
Kunca et  al.  2009). Gopalakrishnan and Naray-
anan (1988) treated adults of  Mylloceus subfacia-
tus (Guerin  1958) with B.  bassiana where it  was 
found that virulence in 5–8 days at a temperature 
of  25–27 °C  and 80–90% relative humidity was 
100%, which was in  consonance with our find-
ings where B.  bassiana caused 100% mortality 
on  the 8th  day after application and is  attributed 
to the fact that B. bassiana and M. anisopliae can 
cause virulence in  insects at  low ambient humid-
ity as long as host cuticle contains ample moisture 
(Hallsworth, Mangan  1999). Further, the conclu-
sion drawn by Batta (2007) was also the same, re-
porting high pathogenicity of  B.  bassiana against 
adults of  almond bark beetle, Scolytus amygdali 
(Geoffroy 1792).

In the present study, a  spore concentration 
of 1.0 × 109 spores·mL–1 was used to evaluate the 
mortality which was in line with various research-
ers who found that a higher concentration of spore 
suspension is  likely to  cause more virulence and 
infection of  host (Ahmed, Elkatatny  2007; Stein-
wender et  al.  2010). Further, L.  lecanii (Figure  3) 
caused the lowest mortality compared to  the 
other two entomopathogens, which is  attributed 
to the fact that it is the potential biocontrol agent 
of aphids, thrips and whiteflies that is used most-
ly for the management of  ornamental and salad 
crops (Chandler et  al.  1993). Kreutz (2004) used 
entomopathogenic fungi, B.  bassiana, and insec-
ticide to  control the insect population of  Ips ty-
pographus (Linnaeus  1758) and achieved 100% 
and 93% mortality on  treatment with insecti-
cide  and fungal isolate, respectively. Our results 
were similar and in covenant to their observations 
as  within the first few days, the mortality caused 
by insecticide (positive control) was high but later 
mortality after 8 days of  treatment reached 100% 
in  both cases of  insecticide and B.  bassiana, and 
85.1% with M. anisopliae and least with L. lecanii 
(51.8%). Similarly, the same conclusion is  drawn 
by Kavallieratos et al.  (2014) who carried out the 
work on Sitophilus oryzae (Linnaeus 1763) by con-
trolling its population using B.  bassiana, Isaria 

furmosorea and M. anisopliae. Observed mortality 
ranged from 0 to 100% and high efficacy, i.e. speed 
of  killing, was shown by  B.  bassiana and M.  an-
isopliae, which was in  total agreement with our 
experimental findings. In  the present investiga-
tion, it  was further found that insecticide used 
in  Petri plate assay caused higher mortality soon 
after the first day of treatment but widespread use 
of chemical pesticides caused a change in the eco-
system leading to death of non-target species (Ak-
tar et  al.  2009). Nevertheless, research has been 
carried out showing that entomopathogens can 
act as good biological control agents and are target 
specific with high virulence and various research-
ers are working to  know the synergetic effect 
of  entomopathogens with chemical insecticides 
(Rossetti et al. 2015).

CONCLUSION

Insects are highly susceptible to  various fungal 
pathogens, having potent killing prowess against 
a wide range of hosts. This study discusses the use 
of various entomopathogenic fungi and a chemical 
insecticide on M. fotedari which caused significant 
mortality. Among the three entomopathogens, 
B. bassiana was found to be an apposite and more 
promising pesticide due to its high virulence. Thus, 
it  can be  used as  a  safe method to  control insect 
pest instead of  using chemical insecticides. How-
ever, field trials are indispensable to  validate the 
virulence caused by these entomopathogens which 
led to high mortality in laboratory conditions, and 
further, field studies are a  prerequisite to  making 
them a major component of  integrated pest man-
agement for M. fotedari.
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Abstract: The presented study estimated the aboveground biomass (AGB) of Pinus roxburghii (chir pine) natural forests 
and plantations, and created biomass maps using a relationship (regression model) between AGB and Sentinel-2 spec-
tral indices. The mean AGB and BGB (belowground biomass) of natural forests were 79.54 Mg·ha–1 and 20.68 Mg·ha–1, 
respectively, whereas the mean AGB and BGB of plantations were 94.48 Mg·ha–1 and 24.56 Mg·ha–1, respectively. Cor-
relation showed that mean diameter at breast height (DBH) and mean height have weak relationships with AGB, and 
BGB has shown correlation coefficients (R2 = 0.46) and (R2 = 0.56) for polynomial models. Regression models between 
AGB (Mg·ha–1) of Pinus roxburghii natural forest and Sentinel-2 spectral indices showed a strong relationship with Ratio 
Vegetation Index (RVI) with R2 = 0.72 followed by Normalized Difference Vegetation Index (NDVI) and Atmospherically 
Resistant Vegetation Index (ARVI) with R2 = 0.70. In contrast, the lower performance of spectral indices has been shown 
in regression with plantation AGB. Correlation coefficients (R2) were 0.41, 0.41, and 0.40  for RVI, NDVI, and ARVI, 
respectively. All indices showed that the distribution of AGB data was not the best fit with the linear regression model. 
Therefore, non-linear exponential and power models were considered the best fit for NDVI, RVI, and ARVI. A biomass 
map was developed from RVI for both natural forests and plantation because RVI has the highest R2 and lowest P-value.

Keywords: natural forest; Pinus roxburghii; plantations; regression analysis; Sentinel-2; vegetation index

© The authors. This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).

The world forest has spread around 4.06  bil-
lion ha, which accounts for 31% of the total area 
and has been showing a decreasing trend for the 
last three decades (FAO  2020). The  world's for-
est land is believed to have declined from 31.6% 
to 31.0% of the total area (Jallat et al. 2021). Hu-
man intervention on a large scale is the main fac-
tor in  reducing the world's forests (FAO  2020; 

Kyere-Boateng, Marek  2021). Deforestation and 
forest degradation contribute to  global climate 
change (GCC) by releasing carbon into the atmos-
phere, which has detrimental effects on the envi-
ronment. In this context, world forests are crucial 
since they function as a carbon sinker and carbon 
source (Raihan et al. 2019; Huang et al. 2020; Bab-
bar et al. 2021).
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The forest's role in  removing carbon from the 
atmosphere and GCC  mitigation has been fully 
acknowledged (Houghton et  al.  2015). Reducing 
or reversing forest degradation in (sub)tropical re-
gions will contribute to GCC mitigation, given the 
significant impacts of forest degradation on global 
biodiversity and ecosystem services, including car-
bon sequestration (Nyamari et al. 2021; Thammanu 
et  al.  2021). The  extent of  forest biomass deter-
mines ecosystem productivity. It is used to evaluate 
the function of vegetation in  the carbon cycle, its 
energy production capacity, and the carbon stock 
assessment for climate change modelling (Siddiq 
et  al.  2021). Due to  the high potential of  carbon 
dioxide (CO2) storage, the forest's role as  a  car-
bon  sink has long been recognised as  the most 
significant one, as forests hold most of the above- 
and belowground terrestrial regenerative carbon 
(Zhang et  al.  2013). Nevertheless, at  the global 
level, the soil is considered the largest carbon pool 
compared to  other major terrestrial ecosystems 
such as  forests (Zhang et  al.  2021). Aboveground 
biomass (AGB) comprises stems, stumps, branch-
es, bark, seeds, and leaves; belowground biomass 
(BGB) contains all active roots with a  diameter 
greater than 2 mm; and the dead mass of  coarse 
and fine aggregate attached to  the soil. The  more 
easily measured AGB  can be used to estimate the 
other terrestrial carbon pools. As a result, AGB has 
typically been the focus of biomass estimation re-
search (Goetz, Dubayah 2011). Hereafter, the term 
'forest biomass' is used to indicate forest AGB.

Forest biomass can be estimated through destruc-
tive or non-destructive methods (Khan et al. 2021a). 
The  destructive method is  generally not favoured 
as it is costly, laborious, limited in spatial and tempo-
ral samplings, and may have a negative effect on for-
est health (Qureshi et al. 2012). The non-destructive 
method comprises physiological-based models, car-
bon flux measurements, forest yield models, forest 
inventory-based approaches, and remote-sensing 
methods (Qureshi et al. 2012). Furthermore, remote 
sensing products such as  Sentinel-2 can provide 
spatially clearly defined and precisely combined 
information about forest biomass quantity at  the 
broad level of  spatial and temporal resolutions 
by frequent revisit time of 10 days for a single Senti-
nel-2 satellite and 5 days for constellation and usage 
of historical data archives (Nhangumbe et al. 2023). 
The  assessment of  forest biomass can be  greatly 
improved by using satellite data such as Sentinel-2 

images, which offer superior spectral coverage, spa-
tial resolution, and temporal frequency compared 
to other platforms (Shoko, Mutanga 2017). The Sen-
tinel-2  platform boasts a  multispectral instrument 
(MSI) sensor that captures images with a wider range 
of spectral coverage, including red-edge and short-
wave infrared bands, as well as higher spatial resolu-
tion (10 m, 20 m, 60 m) and more frequent temporal 
coverage than Landsat (Sun et al. 2019; Isbaex, Coe-
lho  2021; Ahmad et  al.  2023). Sentinel-2  imagery 
is open-source data that can be acquired freely from 
the European Space Agency (ESA) hub. Its use has 
improved the integration of biomass modelling with 
vegetation indices, spectral bands, and biophysical 
variables based on  field-measured data (Castillo 
et  al.  2017; Zhang et  al.  2017). The  red-edge band 
present in  Sentinel-2  product is  particularly well-
suited for mapping and assessing vegetation charac-
teristics (Shoko, Mutanga 2017; Pertille et al. 2019; 
Ahmad et  al.  2023). Among remote sensing tech-
nologies, Synthetic Aperture Radar (SAR) has 
proven to be the most sensitive in retrieving forest 
biophysical parameters such as  canopy height and 
aboveground biomass (Khati et  al. 2017; Musthafa 
et  al.  2020), with SAR  backscatter being the most 
commonly used parameter for biomass retrieval. 
In  recent years, Light Detection and Ranging (Li-
DAR)  has gained significant traction as  a  comple-
mentary remote sensing tool for forest biophysical 
parameter retrieval, as  it  provides highly accurate 
three-dimensional forest structures (Musthafa, 
Singh 2022).

Although remote sensing is  unlikely to  pro-
vide more precise biomass estimates at  the plot 
or stand level in the mid-term, it is equally unlikely 
that field-based inventories can effectively address 
the systematic, wall-to-wall mapping at  regional 
or  larger scales. Nonetheless, field-based biomass 
assessments are crucial for remote-sensing meth-
odologies for calibrating models and validating re-
sults (Ahmad et al. 2023).

Pakistan has a low forest cover of about 5% of the 
total land area, with most of the forest in the coun-
try's northern region (Bukhari et  al.  2012; Khan 
et al. 2021a). Various evergreen trees of the Pinace-
ae family, including the Pinus roxburghii, are pre-
sent in the Himalayas and can be found in Pakistan, 
India, Nepal, and Bhutan. There are approximate-
ly 105  Pinus species present in  the world (Satyal 
et al. 2013); out of these, six species occur in Paki-
stan: Abies pindrow, Cedrus deodara, Picea smithi-
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ana, Pinus gerardiana, Pinus roxburghii, and Pinus 
wallichiana. Pinus roxburghii is  a  coniferous tree 
that may grow to a height of up to 55 m with a stem 
diameter reaching up to 2 m (Satyal et al. 2013). Pi-
nus roxburghii has a long rotational age and a high 
carbon sequestration potential. In Kashmir Hima-
laya, Pakistan, the AGB of a mature Chirpine for-
est was estimated to  be  191.8 Mg·ha–1  (Shaheen 
et  al.  2016). Another study in  Azad Jammu and 
Kashmir (AJK) reported the average carbon stock 
potential of  chir pine to  be  5.93 Mg·ha–1  (Khan 
et al. 2021b). Pinus roxburghii is the most dominant 
Pinus species in Buner district. The main objectives 
of this study were (i) to evaluate aboveground dry 
biomass (AGB) of Pinus roxburghii natural forests 
and plantations in  the study area, and (ii)  to  de-
velop a  relationship (regression model) between 
aboveground biomass and Sentinel-2 spectral indi-
ces to generate biomass maps.

MATERIAL AND METHODS

The study area – Buner Forest Division. Buner 
Forest Division is the study area of the current re-
search. It is located at the coordinates of 34°10'N and 
34°43'N, and 72°11'E and 72°49'E (Figure 1). Differ-
ent types of forests can be found in the area, includ-
ing dry subtropical broadleaved, pure chir pine, dry 
oak (Quercus baloot), and mixed chir and kail for-
ests. The forest inventory for the present study was 
conducted mainly in chirpine forests that fall in sub-
mature category i.e. 40 years. These forests extend 
from 1 000 m a.s.l. to 1 500 m a.s.l. and occupy a vast 
majority of the Gadazai, Malik Pur, Batai, Karakar, 
Daggar, Chamla, Nagri, Mohaban, and Malka ar-

eas. The broadleaved species that exist in these for-
ests are Kao (Olea cuspidata), Ficus spp., batangi, 
white oak, sanatha (Dodonaea viscose), Celtis aus-
tralis, Rubus spp., gurgura (Monotheca buxifolia), 
and bhekar (Adhatoda vassica)  etc. The  mean an-
nual temperature, mean annual precipitation and 
relative humidity of  the study area are recorded 
as 19 °C, 1 068 mm, and 60–65% respectively (Rah-
man et al. 2022). The plot-wise coordinates, eleva-
tion (m), slope (degrees), and aspect (degrees) are 
summarised in  Table  S1  in  the Electronic Supple-
mentary Material (ESM). Regarding natural forests, 
the elevation ranges from 795 to 1 885 m, while the 
slope ranges from 10.45  to  48.57  degrees. Simi-
larly, aspects range from 1.64  to  359.37  degrees. 
Likewise, mean elevation, aspect, and slope were 
1 180.10  ±  63.27 m  a.s.l., 28.15  ±  23.43  degrees, 
and 173.53  ±  2.03  degrees, respectively. On  the 
other hand, in  the case of plantations, the highest 
elevation, slope, and aspect for natural forests were 
1 707 m  a.s.l., 42.51  degrees, and 349.05  degrees, 
respectively. The lowest elevation, slope and aspect 
were 699 m, 4.39 degrees, and 15.85 degrees, respec-
tively. At the same time, the mean elevation, slope, 
and aspect were 923.32 m ± 53.20, 23.29 ± 2.25 de-
grees, and 243.39 ± 21.4 degrees, respectively.

Forest inventory. Table  1  below shows various 
instruments used for field sampling for AGB, in-
cluding satellite images.

Field data were collected from 57  sample plots 
during January 2020 for biomass and carbon stock 
estimation. The  random sampling design was 
adopted during inventory. 29  plots were from the 
natural forest of  Pinus roxburghii, and 28  plots 
were from the plantation of  Pinus roxburghii, re-
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spectively. Each plot was circular with a  radius 
of  17.84 m and an  area of  0.1 ha, all of  them be-
ing distributed in  the Buner Forest Division. Tree 
height and diameter at  breast height (DBH) were 
measured in all plots to calculate aboveground bio-
mass (Afzal, Akhter 2011; Nizami 2012). All  trees 
with a DBH of ≥ 5 cm were measured. Diameter cal-
liper of 120 cm length was used to measure DBH. 
As per UNFCCC guidelines (Nizami 2012; Ahmad 
et al. 2023) regarding tree measurement, forked and 
defective trees were also subjected to measurement 
as  they are believed to have a quantity of biomass 
(Ali et  al.  2018). Haga Altimeter used for height 
measurement is  a  gravity-oriented pointer device 
for height measurement within a fixed range of dis-
tances (20 m, 25 m, and 30 m). As height measure-
ment is  difficult and time-consuming for variable 
distances and viewpoints, it  was only measured 
for dominant trees in the plots. Suunto Clinometer 
(Finland) was used for slope estimation, the dis-
tance was measured with the help of a measuring 
tape (100 m), and GPS  (Garmin, USA) was used 
for location identification or  navigation purposes. 
Compass was used for the proper direction of plot 
selection in the area for aspect identification. Dur-
ing the field survey, selected samples included maxi-
mum variability of available DBH and height groups 
in homogeneous forest regions for each species.

For tree height estimation, the following Equa-
tion (1) was used:

H = tanθ × b + a	 (1)

where:
H	 – total height of a tree (m);
θ	 – angle of  a  tree to  the top of  the tree from 

observers' eyes;
b	 – distance between the tree base and the 

observer (m);
a	 – observer eye height (m).

Full enumeration and direct measurement 
of  AGB  through destructive sampling is  consid-
ered the most accurate; however, such methods 
are costly and laborious (Kumar, Mutanga  2017). 
Regression models (allometric equations) provide 
effective alternatives to  destructive sampling (Se-
idel et  al.  2011). These equations convert inven-
tory data into an estimate of aboveground biomass. 
A literature survey was conducted for the selection 
of  species-specific as  well as  general allometric 
models. Biomass carbon contents of  each species 
differ from others due to specific wood density and 
properties (Lamlom, Savidge 2003).

Biomass estimation. Pool 1: Aboveground bio-
mass (AGB).

Method 1: Using BEF (biomass expansion factor) 
(Ali et al. 2020b) [Equation (2)]:

AGB = V × WD × BEF	 (2)

where:
AGB	 – aboveground biomass;
V	 – volume;
WD	 – wood density [available from literature (Ali 

et al. 2018)];
BEF	 – biomass expansion factor [available from litera-

ture (Ali et al. 2018)].

Method 2: Using allometric equation.
Aboveground biomass (AGB) was estimated 

by allometric equation in two steps (Ali et al. 2020a) 
[Equations (3–4)]:

H = 0.0044 × DBH2 + 0.686 DBH – 0.7196	 (3)

AGB = 0.0224 (DBH2 × H)0.9767	 (4)

where:
AGB	 – aboveground biomass (kg);
DBH	 – diameter at breast height (cm);
H	 – height (m).

Table 1. Tools used in field sampling

Materials Purpose Unit
Diameter caliper (120 cm) diameter measurement cm
Haga altimeter height measurement m
Sunnto clinometer slope and height measurement degrees and m
Measuring tape (100 m) measuring distance m
Ranging rods plot centre and other location –
Garmin GPS navigation degree, minute, second
Sentinel-2 image computation of vegetation indices and biomass ratio
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Pool  2: Belowground biomass (BGB) (Ali 
et al. 2020b) [Equation (5)]:

BGB = AGB × R/S	 (5)

where:
BGB	 – belowground biomass;
R/S	 – root-shoot ratio [available from literature (Ali 

et al. 2017)].

The species-wise aboveground and belowground 
biomass were estimated by  summing up  the 
tree  biomass values (kg) calculated for each plot. 
According to a plot size of 1 000 m2, the plot-based 
AGB  (Mg) were converted to  standard AGB  units 
per hectare by multiplying by a scaling factor of 10. 
The  plot-based AGB  and BGB  values were given 
in kg, then converted to Mg by dividing by 1 000.

The Intergovernmental Panel on Climate Change 
(IPCC) explains how to  calculate changes in  car-
bon stocks, greenhouse gas emissions, and biomass 
content in  forest areas using various methodolo-
gies. Typically, carbon accounts for around half 
of  the dry biomass (Malhi et  al.  2004). Thus, the 
carbon stock can be  estimated by  multiplying 
the dry biomass by 0.47 (Ali et al. 2020b). Below-
ground biomass  was calculated by  multiplying 
the AGB  by  0.26  according to  IPCC  guidelines 
(Ravindranath, Ostwald  2008). Aboveground 
carbon stocks (AGC) and belowground carbon 
stocks (BGC) were calculated by  multiplying the 
dry biomass (aboveground and belowground) 
by 0.47 (Afzal, Akhter 2011). After that, the carbon 
stock was multiplied by  44/12  (the carbon atom 
ratio in  the molecular weight of  CO2) to  get the 
CO2 equivalent value (Pearson et al. 2007).

Remote sensing. The current study used a Senti-
nel-2 image for AGB estimation; the Sentinel-2 im-
age was acquired from Copernicus Sentinel 
Scientific Data Hub (https://scihub.copernicus.eu/) 
on  Jan  13, 2020. Pre-processing of  Sentinel-2  im-

age was the first step before using it for biomass es-
timation purposes. The aim was to avoid the effects 
of  atmospheric scattering or  cloud cover shad-
ows, visual aid interpretation, and extract plenty 
of information from remotely sensed images. Pre-
processing included radiometric, geometric, and 
terrain corrections. Sentinel Application Platform 
(SNAP  5.0, 2016) is  a  toolbox used for analysis 
and processing of  Sentinel-2  images. Sen2Cor 
is a  third-party plugin in SNAP 5.0, used for pre-
processing of  Sentinel-2  Level-1C  raw image into 
Level-2A rectified image. Atmospheric correction 
comprised of  bottom-of-the  atmosphere (BoA) 
reflectance and top-of-the-atmosphere  (ToA)  re-
flectance. Sentinel-2  Level-1C  was processed 
by  Sen2Cor plugin, starting with cloud correc-
tion and classification, followed by aerosol particle 
thickness and retrieval of water vapours; ultimately 
the process ended with Level-2A output. The sub-
setting of rectified images has been done up to the 
extent of the research area where forest inventory 
was carried out. In  order to  calculate the aver-
age value for the plot, mean filter of 3 × 3 matrix-
es has been run on  Sentinel-2  image to  resample 
it  as  per field sample plot size. Further, different 
vegetation indices were computed using SNAP for 
Sentinel-2  images, respectively (Table  2). These 
indices indicate biomass potential and the health 
of  the vegetation. AGB  shapefile created via Arc-
GIS  10.3  (2014) was overlaid on  corresponding 
vegetation indices of  both the acquired images. 
The values of masked pixels (where field data was 
overlaid)  were extracted  for all the indices, and 
mean values were calculated.

Statistical analysis. Different explanatory vari-
ables explain total carbon sequestered and carbon 
in  other pools (above- and belowground). These 
variables and their analysis include DBH  versus 
height, AGB  versus DBH, and AGB  versus height. 
Moreover, scatter plots were also created to exam-
ine the association between biomass and individ-

Table 2. Sentinel-2 vegetation indices

Indices Sentinel-2 bands Reference

Normalized Difference Vegetation Index  
(NDVI) (Band 8 – Band 4) / (Band 8 + Band 4) Rouse et al. (1973)

Atmospherically Resistant Vegetation  
Index (ARVI)

((Band 8–Band 4 – (Band 2 – Band 4)) / (Band 8 + 
+ Band4 – (Band 2 – Band 4)) Kaufman, Tanre (1992)

Ratio Vegetation Index (RVI) (Band 8) / (Band 4) Tucker (1979)
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ual indices. The  coefficient of  determination (R2), 
RMSE (root mean square error), and P-value were 
calculated for each model in  SPSS  16.0  (2007). 
As  a  result, the model fulfilling the conditions 
of high R2, low RMSE, and (P < 0.05) was selected 
for effective biomass estimation and generation 
of biomass map in ArcGIS (Version 10.3, 2014).

RESULTS

Tree attributes of  natural forests. Mean 
DBH  and mean height was determined for each 
natural forest plot, and the mean values of  these 
attributes are shown in  Table  S2  in  the  ESM. 

These values were determined by  taking an  aver-
age of  the trees' DBH and height within the given 
plot. The  highest number of  stems was recorded 
at 610 trees·ha–1 from plot 11, and the highest mean 
DBH (56.6 cm) and height (26.9 m) were recorded 
in plot 13, with the smallest number of stems be-
ing 90 trees·ha–1. The lowest mean DBH and mean 
height were recorded at 18.38 cm, with the lowest 
mean height of 11.19 m.

Aboveground biomass and carbon stock es-
timation from inventory data of natural forest. 
The biomass estimation of natural forests includes 
aboveground biomass and carbon (Mg·ha–1), be-
lowground biomass (Mg·ha–1), total biomass, 

Table 3. Biomass and carbon stocks estimation of plot data in natural forest

Plot No.
AGB AGC BGB BGC Total biomass Total C CO2e

(Mg·ha–1)
1 77.44 36.40 20.14 9.46 97.58 45.86 167.85
2 35.15 16.52 9.14 4.30 44.29 20.82 76.19
3 18.91 8.89 4.92 2.31 23.83 11.20 40.99
4 41.87 19.68 10.89 5.12 52.75 24.79 90.75
5 62.63 29.43 16.28 7.65 78.91 37.09 135.74
6 77.26 36.31 20.09 9.44 97.35 45.76 167.46
7 42.24 19.85 10.98 5.16 53.22 25.02 91.56
8 39.63 18.63 10.30 4.84 49.94 23.47 85.90
9 56.76 26.68 14.76 6.94 71.52 33.61 123.03
10 57.95 27.23 15.07 7.08 73.01 34.32 125.60
11 102.40 48.13 26.62 12.51 129.03 60.64 221.95
12 137.06 64.42 35.63 16.75 172.69 81.16 297.06
13 140.79 66.17 36.61 17.20 177.40 83.38 305.16
14 106.73 50.16 27.75 13.04 134.48 63.21 231.34
15 70.11 32.95 18.23 8.57 88.34 41.52 151.96
16 25.32 11.90 6.58 3.09 31.90 14.99 54.88
17 174.74 82.13 45.43 21.35 220.18 103.48 378.75
18 106.82 50.21 27.77 13.05 134.60 63.26 231.53
19 10.12 4.75 2.63 1.24 12.74 5.99 21.92
20 129.68 60.95 33.72 15.85 163.40 76.80 281.07
21 96.06 45.15 24.98 11.74 121.04 56.89 208.21
22 68.82 32.34 17.89 8.41 86.71 40.75 149.16
23 32.67 15.36 8.49 3.99 41.17 19.35 70.81
24 77.41 36.38 20.13 9.46 97.54 45.84 167.79
25 74.51 35.02 19.37 9.10 93.88 44.12 161.49
26 110.70 52.03 28.78 13.53 139.48 65.55 239.93
27 144.69 68.00 37.62 17.68 182.31 85.68 313.61
28 117.47 55.21 30.54 14.35 148.01 69.56 254.60
29 70.72 33.24 18.39 8.64 89.11 41.88 153.29

AGB – aboveground biomass; BGB – belowground biomass; AGC – aboveground carbon; BGC – belowground carbon
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and carbon stocks, as  summarised in  Table  3. 
The highest total biomass was 220.18 Mg·ha–1 with 
AGB and BGB of 174.74 Mg·ha–1 and 45.43 Mg·ha–1 
in  plot  17, whereas the lowest total biomass 
was 12.74 Mg·ha–1  in  plot  19  with AGB  and 
BGB  10.12 Mg·ha–1  and 2.63 Mg·ha–1, respec-
tively. The  mean AGB  and BGB  were estimated 
as  79.54 Mg·ha–1  and 20.68 Mg·ha–1, respectively, 
while the mean biomass for both AGB and BGB was 
100.22 Mg·ha–1, as  presented in  Table  3. Simi-
larly, the highest total carbon stocks, AGC  and 
BGC, were 103.48 Mg·ha–1, 82.13 Mg·ha–1, 
and 21.35 Mg·ha–1, respectively, whereas the lowest 
total carbon stocks, AGC, and BGC were calculated 
as  5.99 Mg·ha–1, 4.75 Mg·ha–1, and 1.24 Mg·ha–1, 
respectively. Regarding CO2 equivalent, the highest 
(378.75 CO2e) was found in plot 17, while the low-
est 21.92 CO2e was in plot 19. The mean AGC and 
BGC  were 37.38 Mg·ha–1  and 9.72 Mg·ha–1, re-
spectively, whereas mean carbon stocks (includ-
ing both AGC  and BGC) were 47.10 Mg·ha–1, 
as shown in Table 3.

Relationship between tree attributes and 
AGB of inventory data in natural forests. A sim-
ple linear regression model was developed be-
tween AGB  (Mg·ha–1) and plot-wise attributes 
(mean DBH and height). Results showed that mean 
DBH has a weak relationship with AGB and a cor-
relation coefficient (R2  =  0.46) with a  polynomial 
model, which explained only 46% of data and 56% 
of  AGB  data remained unexplained (Figure  2A). 
The  lower correlation of  DBH  versus AGB  may 
be  explained by  the fact that plot-wise mean val-
ues were regressed against each other; if single tree 

measurements are correlated, the correlation coef-
ficient would be better. Similarly, the mean height 
of each plot was regressed against plot-wise mean 
AGB, and the scatter plot showed that the corre-
lation was lower (R2  =  0.56) with the polynomial 
model (Figure 2B). This model explained only 56% 
of the AGB, whereas 44% of AGB data was left un-
explained. However, its correlation was higher than 
the DBH polynomial model.

Sentinel-2 spectral indices for natural for-
ests. Results of  regression models between 
AGB  (Mg·ha–1) of  Pinus roxburghii natural forest 
and Sentinel-2  spectral indices have been sum-
marised in Table 4. All vegetation indices showed 
a strong relationship with field AGB data; Ratio Veg-
etation Index (RVI) showed the best performance 
with correlation (R2 = 0.72), which means that the 
RVI polynomial model explained 72% of forest in-
ventory data while the remaining 28% of AGB data 
remained unexplained (Figure  3C). Similarly, 
Normalized Difference Vegetation Index (NDVI) 
and Atmospherically Resistant Vegetation Index 
(ARVI) showed good performance, and the coef-
ficient of correlation (R2) was 0.70 for both indices 
(Figure 3A–B). It means that 70% of AGB was ex-
plained by  NDVI  and ARVI  models, and the rest 
of the 30% data was not explained. NDVI has shown 
the highest correlation in  the polynomial model, 
whereas ARVI  achieved the highest correlation 
in  the power model. Likewise, all indices showed 
that the distribution of AGB data was not the best 
fit with the linear regression model. Therefore, 
non-linear polynomial and power were best  for 
NDVI, RVI, and ARVI, respectively (Table  4). 

Figure 2. (A) AGB vs DBH; (B) AGB vs H

AGB – aboveground biomass; DBH – diameter at breast height; H – height
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Hence, the polynomial model was used to  mini-
mise error and ensure best fit along the curvature 
of AGB data. The polynomial models of NDVI and 
RVI  have shown a  high correlation compared 

to  linear models. However, their performance 
was affected by the data's outliers (Figures 3B–C). 
Similarly, in the case of ARVI, the correlation was 
increased using a power model, which means that 

Figure 3. Relationships of Sentinel-2 vegetation indices and natural forest AGB; (A) AGB vs ARVI; (B) AGB vs NDVI; 
(C) AGB vs RVI

AGB – aboveground biomass; ARVI – Atmospherically Resistant Vegetation Index; NDVI – Normalized Difference Vegeta-
tion Index; RVI – Ratio Vegetation Index
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Table 4. Summary of regression models between AGB and Sentinel-2 spectral indices

Index Equation Model R2

Natural forests

NDVI y = –244.7x2 + 614.48x – 154.23 polynomial 0.70

ARVI y = 264.15x2.2769 power 0.70

RVI y = –11.452x2 + 128.35x – 187.65 polynomial 0.72

Plantations

NDVI y = 5.7006e5.6445x exponential 0.41

ARVI y = 13.029e3.1633x exponential 0.40

RVI y = 8.7573x2.1666 power 0.41

AGB – aboveground biomass; NDVI – Normalized Difference Vegetation Index; ARVI – Atmospherically Resistant Vegeta-
tion Index; RVI – Ratio Vegetation Index
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AGB data was proportional to ARVI values raised 
to a power. Comparatively, RVI was selected as the 
best index for AGB  mapping of  natural forests 
in the study area (Figure 4).

Tree attributes of  plantation. The  mean 
DBH  and mean height of  each plantation plot 
were determined, and the mean values of  these 
attributes are shown in  Table  S3  in  the  ESM. 
The  DBH  and height mean values were calculat-
ed by averaging the DBH and height of  the trees 
within the plot. The highest number of stems was 
recorded at  630  trees·ha–1  in  plot  9. The  high-
est mean DBH  and height were 46 cm and 
26.21 m, recorded in  plot  17  with stem number 
(360 trees·ha–1). The lowest mean DBH and mean 
height were recorded at  16 cm, with the lowest 

mean height of  10.43 m. Comparison of  mean 
DBH, mean height and total biomass of  natu-
ral forest and plantation have been represented 
in Figure 5.

Aboveground biomass and carbon stock es-
timation from inventory data of  plantation. 
Plantation carbon stocks, aboveground bio-
mass, belowground biomass (t·ha–1), and total 
biomass and carbon stocks assessment is  sum-
marised in  Table  5. According to  Table  5, the 
highest total biomass was 360.05 Mg·ha–1  with 
AGB  and BGB  of  285.75 Mg·ha–1  and 
74.30 Mg·ha–1  in  plot  17. Likewise, the lowest 
total biomass is  28.26 Mg·ha–1, with AGB  and 
BGB  22.43 Mg·ha–1  and 5.83 Mg·ha–1  in  plot  8, 
respectively. The  mean AGB  and BGB  were 

Figure 4. Biomass maps of different sites of natural forest in the study area
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94.48 Mg·ha–1  and 24.56 Mg·ha–1, respectively, 
whereas the mean biomass for both AGB  and 
BGB  was 119.04 Mg·ha–1, as  shown in  Table  5. 
Concerning carbon stocks, the maximum total car-
bon stocks, AGC  and BGC, were 169.22 Mg·ha–1, 

134.30 Mg·ha–1, and 34.92 Mg·ha–1, respec-
tively, while the lowest total carbon stocks, 
AGC  and BGC, were calculated as  13.28 Mg·ha–1, 
10.54 Mg·ha–1 and 2.74 Mg·ha–1, respectively. Simi-
larly, the highest CO2 equivalent was 619.35 CO2e 

Figure 5. Comparison of mean DBH, mean height, and total biomass of natural forest and plantation

DBH – diameter at breast height
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in plot 17, while the lowest 48.60 CO2e was in plot 8. 
As shown in Table 5, the mean AGC and BGC were 
44.41 Mg·ha–1 and 11.55 Mg·ha–1, respectively, but 
the mean carbon stocks (containing both AGC and 
BGC) were 55.95 Mg·ha–1.

Sentinel-2 spectral indices for plantation. Re-
sults of regression models between AGB (Mg·ha–1) 
of Pinus roxburghii plantation and Sentinel-2 spec-
tral indices have been summarised in  Table  4. 
All  vegetation indices were good with field 

AGB  data. However, RVI  represents the strongest 
correlation (R2 = 0.41). The RVI power model rep-
resented 41% of  the forest inventory data model, 
while the other 59% of AGB data remained unex-
plained (Figure  6B). Similarly, NDVI  also showed 
good performance with the correlation coefficient 
(R2 = 0.41), as shown in Figure 6A. ARVI performed 
the lowest correlation with an  R2  of  0.40, which 
means that the ARVI  model explained only 40% 
of AGB, and the remaining 60% of the data was not 

Table 5. Biomass and carbon stock estimation of plot data in plantation

Plot No.
AGB AGC BGB BGC TB TC CO2e

(Mg·ha–1)

1 63.93 30.05 16.62 7.81 80.55 37.86 138.57

2 65.14 30.62 16.94 7.96 82.08 38.58 141.20

3 55.46 26.06 14.42 6.78 69.88 32.84 120.19

4 82.80 38.92 21.53 10.12 104.33 49.03 179.45

5 85.82 40.34 22.31 10.49 108.14 50.82 186.00

6 102.63 48.24 26.68 12.54 129.32 60.78 222.45

7 35.82 16.83 9.31 4.38 45.13 21.21 77.63

8 22.43 10.54 5.83 2.74 28.26 13.28 48.60

9 48.04 22.58 12.49 5.87 60.53 28.45 104.13

10 39.78 18.70 10.34 4.86 50.13 23.56 86.23

11 32.38 15.22 8.42 3.96 40.80 19.18 70.20

12 76.50 35.95 19.89 9.35 96.39 45.30 165.80

13 91.56 43.03 23.81 11.19 115.37 54.22 198.45

14 82.70 38.87 21.50 10.11 104.20 48.98 179.27

15 69.33 32.58 18.02 8.47 87.35 41.05 150.24

16 92.16 43.32 23.96 11.26 116.12 54.58 199.76

17 285.75 134.30 74.30 34.92 360.05 169.22 619.35

18 133.30 62.65 34.66 16.29 167.95 78.94 288.92

19 211.23 99.28 54.92 25.81 266.15 125.09 457.83

20 104.25 49.00 27.10 12.74 131.35 61.73 225.93

21 92.30 43.38 24.00 11.28 116.29 54.66 200.06

22 106.05 49.84 27.57 12.96 133.62 62.80 229.85

23 118.23 55.57 30.74 14.45 148.96 70.01 256.24

24 126.46 59.44 32.88 15.45 159.34 74.89 274.10

25 111.62 52.46 29.02 13.64 140.64 66.10 241.93

26 131.93 62.01 34.30 16.12 166.23 78.13 285.96

27 64.94 30.52 16.88 7.94 81.82 38.46 140.76

28 112.88 53.05 29.35 13.79 142.23 66.85 244.67

Mean 94.48 44.41 24.56 11.55 119.04 55.95 204.78

AGB – aboveground biomass; AGC – aboveground carbon; BGB – belowground biomass; BGC – belowground carbon; 
TB – total biomass; TC – total carbon
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defined (Figure  6C). All  indices showed that the 
distribution of AGB data was not the best fit with 
the linear regression model. Therefore, non-linear 
exponential and power were best for NDVI, RVI, 
and ARVI, respectively (Table 4). Linear regression 
showed less correlation and high error or cost func-
tion. Therefore, non-linear models (exponential 
and power) were used to minimise error and ensure 

best fit along the curvature of AGB data. Similarly, 
RVI correlation was increased using the power mod-
el, which means that AGB  data was proportional 
to RVI values raised to a power. On the other hand, 
the exponential models of  NDVI  and ARVI  have 
shown a high correlation compared to linear mod-
els. RVI-based model was used for AGB  mapping 
in plantation sites of the study area (Figure 7).

Figure 6. Scatterplots of  Sentinel-2 vegetation indices and plantation AGB; (A) AGB vs NDVI; (B) AGB vs RVI; 
(C) AGB vs ARVI

AGB – aboveground biomass; NDVI – Normalized Difference Vegetation Index; RVI – Ratio Vegetation Index; ARVI – Atmos-
pherically Resistant Vegetation Index
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DISCUSSION

AGB  and carbon stock estimation. In  the 
present research, the average number was 
302 trees·ha–1  in the natural forest. In comparison, 
in  artificial plantations, the average number was 
326  trees·ha–1, similar to  332  trees·ha–1  for coni-
fer forests of  Mansehra, Pakistan (Ali et  al.  2017). 
At  the same time, Nizami et  al.  (2009) reported 
an average of 211 chir pine trees·ha–1 having greater 
than 21 cm diameter in Ghoragali. In another area, 
however, a  smaller number of  trees per hectare 

(149 trees·ha–1) with the same stem diameter (21 cm) 
was found (Lehterar). Likewise, the over-matured 
chir pine stand has less density (147 trees·ha–1) com-
pared to the young pine stand (with 636 trees·ha–1) 
in  the Ghoragali forest managed under the shel-
terwood silvicultural system (Amir et  al.  2018). 
Ali et  al.  (2020a) reported that the DBH  and 
height of  the sampled trees ranged from 12 cm 
to 93 cm and 9.50 m to 40.10 m, respectively. Sheikh 
et  al.  (2012) estimated that the average DBH  was 
34.80 cm and the average height was 17.24 m, with 
a stand density of 275 trees·ha–1. Nizami et al. (2009) 

Figure 7. Biomass maps of different sites of plantation in the study area
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reported maximum height (31 m) and maximum 
DBH (64 cm) in a natural forest of Pinus roxburghii. 
According to Shaheen et al. (2016), tree density was 
492 trees·ha–1, with an average DBH of 87.27 cm and 
a tree height of 13.3 m. However, the current study 
tree density is lower than the reported tree density 
of  the Indian chir pine forest (Pant, Tewari  2020), 
possibly due to  age difference and other external 
disturbances because the local community depends 
on these forests for fuel and construction wood col-
lection, resulting in forest degradation.

The presented study compared different tree at-
tributes such as  diameter at  breast height and 
height of  chir pine plantation and natural forest. 
Furthermore, the study comparatively examined 
the aboveground biomass of  planted and natural 
chir pine forests. The  results showed that planta-
tions store more carbon than natural forests be-
cause the mean DBH  and height of  plantations 
were greater than those of natural forests. Several 
studies found a  high link between DBH and bio-
mass, height and biomass (Banday et al. 2018), and 
no  relationship between tree density and carbon 
stock (Sharma et  al.  2020). In  the present study, 
the aboveground biomass is  comparatively low-
er than that of  the chir pine plantation in  India, 
reported as  154.33 Mg·ha–1  (Bandy et  al.  2018). 
Another study in  the Indian chir pine forest re-
ported that aboveground biomass ranged from 
97 Mg·ha–1  to  145 Mg·ha–1  (Pant, Tewari  2020). 
Amir et al. (2018) estimated tree biomass and car-
bon stocks of  young, mature, and over-matured 
chir pine trees, and the results showed that the 
highest biomass was 529 Mg·ha–1 for over-matured 
trees, followed by  the 343 Mg·ha–1  for  mature 
stands and 80 Mg·ha–1  for young trees. Similarly, 
carbon contents were 264 Mg·ha–1, 172 Mg·ha–1, 
and 40  Mg·ha–1  for over-matured, mature, and 
young chir pine trees, respectively. Ali et al. (2018) 
reported that AGB  in  the mixed forest was 
149 Mg·ha–1 with 39 Mg·ha–1 of biomass in the un-
derground parts of  vegetation. The  study report-
ed total carbon contents (88 Mg·ha–1), in  which 
70 Mg·ha–1  carbon contents in  aboveground veg-
etation and 18 Mg·ha–1  in  belowground parts 
in  subtropical scrub forests in  Haripur, Pakistan. 
To accurately estimate biomass, local developed al-
lometric equation is used. However, the literature 
review indicated that there is no allometric equa-
tion available for chir pine of our study area. A re-
cent review also stated that there is a lack of local 

developed allometric equation for major species 
(Khan et al. 2021a).

Chir pine species is  one of  the notable conifer-
ous species in  the study area and has the poten-
tial to sequester more carbon, keeping in view the 
protection and conservation of  chirpine forests 
(Ali et al. 2020b). The chirpine forests are of great 
significance in  the context of  GCC  as  these spe-
cies have a long rotation period and can fix a huge 
amount of carbon from the atmosphere.

Vegetation indices and AGB estimation. The re-
search results were also consistent with Pandit 
et al.  (2018), who estimated the AGB of  forests and 
reported NDVI with correlation (R2 = 0.70). However, 
this study also computed red-edge band-based NDVI, 
which showed an  R2  of  0.80  (Pandit et  al.  2018). 
Similarly, Imran and Ahmed (2018) also estimated 
AGB in subtropical pine forests using spectral indices 
(NDVI and ARVI). This study reported that NDVI per-
formed better with the correlation (R2  =  0.67), 
whereas ARVI performance was not impressed with 
correlation (R2  =  0.23). In  another study, Imran 
et al. (2020) explored various broadband and narrow-
band indices computed from Sentinel-2 and reported 
NDVI and ARVI to estimate AGB. This study also said 
that NDVI performed better than ARVI and showed 
a correlation coefficient of 0.53 and 0.31, respectively. 
Many other recent  studies reported a  high correla-
tion for NDVI, such as Shaheen et al.  (2016), which 
showed an R2 of 0.80, and Adan (2017), which showed 
an R2 of 0.60. Like NDVI, RVI was also reported to be an 
efficient vegetation index for AGB and carbon stock 
estimation (Das, Singh 2012; Kumar, Shekhar 2015). 
Similarly, recent research also used Sentinel-2 spec-
tral indices to estimate AGB in moist temperate for-
ests and reported a lower correlation (R2 = 0.28) for 
NDVI  (Khan et  al.  2020). Das and Singh (2012) as-
sessed the relationship of vegetation indices against 
AGB  and concluded that RVI  showed the best per-
formance with an R2 of 0.78, followed by NDVI with 
an R2 of 0.75. Nuthammachot et al. (2018) used Sen-
tinel-2  indices to  estimate AGB  in  private forests 
and reported 0.80 and 0.85 correlations for NDVI and 
simple ratio, respectively. Therefore, a  simple ratio 
may outperform NDVI  in  predicting the biophysi-
cal properties of  vegetation (Frampton et  al.  2013). 
Furthermore, many kinds of  research showed that 
broadband vegetation indices experienced satura-
tion issues in high forest density, resulting in a lower 
correlation of NDVI with biomass (Imran et al. 2020; 
Khan et  al.  2020). Similarly, Steininger (2000) and 
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Kasischke et  al.  (2014) reported that the accuracy 
of  predicated AGB  is  significantly affected by  veg-
etation indices saturation in dense forests (stocking 
density from 80  to 100). This may be caused by  the 
fact that the reflectance might diffuse within dense 
canopy cover, thus distorting the actual signal. Vafaei 
et  al.  (2018) explored Sentinel-2  images combined 
with PALSAR-2  to  estimate biomass and indicated 
that integrating optical and radar images signifi-
cantly improved biomass prediction. The study used 
NDVI  and RVI  to  model biomass. However, Senti-
nel-2 performed better (high correlation) than PAL-
SAR-2. Vegetation mapping and modelling from local 
or regional to large continental scales was performed 
with vegetation indices (Wang et  al.  2004; Wessels 
et  al.  2004; Amiri, Tabatabaie  2009). In  the context 
of  temporal changes in vegetation, such as  seasonal 
or annual variations and comparison, NDVI provides 
meaningful derived information to  identify vegeta-
tion health and stress conditions (Chen et  al.  2006; 
Zoran, Stefan 2006).

CONCLUSION

This research study investigated carbon stock 
in two pools, AGB and BGB, in the chir pine natural 
forests and in chir pine plantations of Buner District. 
Results showed that the highest mean DBH  and 
height in natural forests were 56.6 cm and 26.9 m, 
while the lowest mean DBH and mean height were 
recorded at 18.38 cm, with the lowest mean height 
of 11.19 m. Similarly, the highest total biomass was 
220.18 Mg·ha–1 with AGB and BGB of 174.74 Mg·ha–1 
and 45.43 Mg·ha–1  in  plot  17, whereas the lowest 
total biomass was 12.74 Mg·ha–1  in  plot  19  with 
AGB  and BGB  10.12 Mg·ha–1  and 2.63 Mg·ha–1, 
respectively. On  the other hand, concerning the 
plantation, the highest mean DBH  and height 
were 46 cm and 26.21 m, whereas the lowest mean 
DBH and mean height were recorded at 16 cm with 
the lowest mean height, 10.43 m. Similarly, the plan-
tation's highest total biomass was 360.05 Mg·ha–1, 
with AGB  and BGB  of  285.75 Mg·ha–1  and 
74.30 Mg·ha–1, respectively. The  plantation's low-
est total biomass was 28.26 Mg·ha–1, with AGB and 
BGB  at  22.43 Mg·ha–1  and 5.83 Mg·ha–1, respec-
tively. It  would be  beneficial to  implement this 
study's results in  forest management practices. 
Also, the development of this study would be help-
ful in the debate on carbon storage in managed and 
natural forests.

Furthermore, the present study could also 
be helpful in forest management to increase carbon 
sequestration. Exploring Sentinel-2 in Pakistan, spe-
cifically in the study area, will provide a pilot study 
for future research and contribute to regional car-
bon stocks and emission accounting. LiDAR  can-
opy height, combined with other remote sensing 
techniques, has proved to be successful at demon-
strating estimates of  aboveground biomass (AGB) 
with high accuracy levels. Nandy et al. (2021) used 
a  random forest algorithm to  interpolate canopy 
height from a  combination of  spectral variables 
obtained from Sentinel-2  and ICESat-2  data, re-
sulting in  improved estimates of  forest height 
and AGB  in  subtropical forests. Modelling accu-
rate AGB  in mountainous regions with diverse to-
pography is always a challenging task. The present 
study utilised Sentinel-2 spectral indices to model 
AGB, but the accuracy of this approach can be fur-
ther improved by incorporating LiDAR data (Narine 
et al. 2019; Chen et al. 2022). The  fusion of pixel-
sized LiDAR data and AGB spectral predictors can 
significantly reduce landscape heterogeneity and 
AGB  saturation. However, acquiring ubiquitous 
coverage of  LiDAR  data for large-scale AGB  esti-
mation can be costly and commercially challenging 
(Su et al. 2020). In Pakistan, the use of LiDAR sys-
tems is currently limited to smaller areas, and thus 
a LiDAR-based analysis for AGB modelling was not 
considered due to its high cost and limited acquisi-
tion scope. The present study has several limitations 
that may affect the accuracy of  AGB  estimation. 
One of the limitations is the use of third-party allo-
metric equations, which may not account for local 
variations within the stand. Developing locally-
based standard allometric equations is  crucial for 
accurately estimating AGB. Additionally, variations 
of biomass in dense canopies in subtropical forests 
may not be accurately quantified by Sentinel-2 im-
ages with a spatial resolution of 10 metres. The re-
search concluded that forests of the study area have 
a  great potential for conservation projects such 
as Reducing Emissions from Deforestation and For-
est Degradation (REDD+). If the REDD+ project and 
forest management under REDD+ are implemented 
in  the study area, it will positively impact the for-
est cover, local communities, and other stakehold-
ers. Moreover, the study suggests that the accuracy 
of carbon stock estimates can be enhanced by using 
locally developed allometric equations and high-
resolution remote sensing data.
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Abstract: The Ellenberg quotient (EQ) is a climate index defined as a  ratio of  the hottest month's temperature and 
the average annual precipitation sum. The quotient indirectly expresses the relationship between climate and veg-
etation, and its application is  related to  the ecological niche of Fagus sp. Although the quotient was curated on the 
grounds of field research primarily on German vegetation, the possibilities of its utilisation are not limited to the Central 
European region. The objective of this study is (i) to compare the EQ values calculated for the forest vegetation zones 
in the Czech Republic with the published data using the ecological niche of Fagus sylvatica; and (ii) to compare the new 
EQ-based vertical model with field empirical mapping. The study area is the Czech Republic, Central Europe. We used 
climate data from 1970–2000 and the data of the National Forest Inventory, 2nd cycle (2011–2015), representing an ob-
jective data design. Geospatial analytic methods, machine learning (boosting), and verification through statistical test-
ing were performed. The results indicate higher EQ  values between the two most substantial spatial frames –  the 
Hercynicum and Carpaticum regions. By comparing empirical mapped units to their climatic potential  (in the EQ), 
a match was found only within the Carpaticum region. The study presents a concretisation of the general climate index 
for a specific region, adds to  the knowledge about the Fagus  ecological niche in context with the Central European 
vegetation, and also points to the EQ's potential for evaluating the concept of vertical differentiation of forest communi-
ties, as well as a possible prediction tool for the vegetation migration in context with climate change.

Keywords: European beech; Fagus sylvatica; forest vegetation zones; national forest inventory; zonal concept
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European beech (Fagus sylvatica) belongs to the 
ecologically and commercially most important 
and widespread broadleaved species in  Central 
Europe (Houston Durrant et  al.  2016), being also 
the subject of a whole series of both local and re-
gional studies (Stojanović et al. 2013; Garamszegi, 
Kern 2014; Salamon-Albert et al. 2016). Many cli-
mate indices have been employed to  evaluate the 
climate  change impact on  beech, e.g.  the Forest 
Aridity Index – FAI (Führer et  al.  2011) or Ellen-

berg quotient (Ellenberg 2009). For the evaluation 
of the current state and possible prediction of the 
impact of climate change on vegetation, the Ellen-
berg quotient appears as  very promising (Mellert 
et al. 2016; Neniu, Vlăduţ 2020).

The Ellenberg quotient is defined as a ratio of the 
average temperature in the hottest month of a year 
(July) and the average annual precipitation sum (El-
lenberg, Leuschner  2010). In  the Czech Republic 
(CZ), its use is first mentioned by Ambros (1993) 
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as a potential tool for defining the dry (xeric) vari-
ant of  vegetational zonation, within which forest 
communities of  lower altitudes with a natural ab-
sence of beech can be found (Buček, Lacina 2007). 
Hruban (2010) evaluated macroclimate character-
istics of the forest vegetation zones (FVZs) on the 
grounds of the Database of Czech Forest Classifica-
tion System (DCFCS; Zouhar 2012) data, where the 
EQ value range was calculated for each FVZ. This 
calculation was then used by Mikeska and Prausová 
(2013) to characterise FVZs.

The Czech Forest Classification System (ÚHÚL 2023) 
used for the classification of  forest sites in  the 
Czech Republic uses FVZs as a frame for the verti-
cal differentiation of tree vegetation (Zlatník 1976). 
The FVZs are labelled by their dominant tree spe-
cies such as  oaks (Quercus  sp.), European beech 
(Fagus sylvatica), silver fir (Abies alba), Norway 
spruce (Picea abies) and mountain pine (Pinus 
mugo) (Zlatník  1961, 1963). European beech has 
a  unique status in  the system not only for its ab-
sence in the hottest (1st) and coldest (9th) FVZs but 
mostly for its presence from the 2nd (beech-oak) 
up to the 8th (spruce) FVZs (Plíva 1971). The most 
important environmental characteristics of  FVZs 
are summarised in  Table  1  (the characteristics 
of  Hercynicum and Carpaticum separately were 
not calculated so far, as the current version of the 
Czech Forest Ecosystem Classification assumes 
a  uniform unit for the entire study area). Besides 
the presence of the dominant species, the concept 
and practical mapping of FVZs have been following 
their growth/productivity, composition and struc-
ture of a tree community since the 1970s. However, 
the correctness of  this approach has not yet been 
assessed more in-depth (Kusbach et al. 2017, 2018).

The EQ values of forest vegetation zones published 
to this day appear as problematic from a practical 

perspective: (i)  intervals of  the EQ values overlap 
(Table 1), (ii) the values stem merely from macro-
climate characteristics with no  links to  the actual 
vegetation, (iii) more complex, critical assessment 
of  the detected values is  missing. For example, 
in  the 4th  FVZ of  the Czech Forest Classification 
System (ÚHÚL 2023), where beech is  dominant 
and creates monocenoses, Mikeska and Prausová 
(2013) established the EQ range of  18–27. Ac-
cording to Ellenberg (2009), however, an unmixed 
beech forest is defined by the EQ range of 10–20.

Ellenberg and Leuschner (2010) established value 
ranges of forest communities in Central Europe (Ta-
ble 6–7, p. 339). Although the results of their work 
build mostly on  research made in  Germany, their 
concept can be used in other parts of Central Europe 
as well (Jensen et al. 2004; Mátyás et al. 2010). On the 
other hand, Stojanović et al. (2013) warned against 
strictly applying a regional approach for evaluating 
the EQ, as in the case of Serbian beech forests. These 
values differed widely from those stated in  the El-
lenberg (2009) model. Due to obvious site-climate-
vegetation peculiarities and geographically related 
pitfalls, we examined the EQ's potential to be a con-
ceptual tool for vertical vegetation differentiation.

The objective of  this study is  (i)  to compare the 
EQ  values calculated for the forest vegetation 
zones in CZ with the published data using the eco-
logical niche of  Fagus sylvatica; and (ii)  to  com-
pare the new EQ-based vertical model with field 
empirical mapping.

MATERIAL AND METHODS

Study area. The study area includes the territory 
of  the CZ (48°33'–51°03'N, 12°05'–18°51'E). The 
Natural Forest Areas (NFAs) represent a more de-
tailed division of  the territory and are being used 

Table 1. Characteristics of forest vegetation zones in the Czech Republic (Mikeska, Prausová 2013)

Forest vegetation zones (Plíva 1971) Altitude 
(m a.s.l.)

Mean annual temperature 
(°C)

Mean annual precipitation 
(mm)

Ellenberg 
quotient

1st oak zone 175–400 7.7–9.2 493–665 26–39
2nd oak-beech zone 253–465 7.3–8.5 550–724 24–32
3rd beech-oak zone 280–535 6.8–8.2 585–803 20–30
4th beech zone 395–620 6.4–7.6 618–851 18–27
5th fir-beech zone 480–790 5.4–7.0 677–1 000 15–24
6th spruce-beech zone 600–994 4.3–6.3 736–1 126 12–21
7th beech-spruce zone 810–1 139 3.4–5.3 798–1 158 11–18
8th spruce zone 900–1 275 2.7–4.5 967–1 274 10–13
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in the forestry practice since the late 1980s. In the 
forestry legislation, NFAs are defined as  continu-
ous territories with similar growth conditions for 
forest growth. The CZ is divided into 41 NFAs (Plí-
va, Žlábek 1986; Annex 1 of  the 298/2018 Decree 
of  the Forest Act). For analytic purposes, we  ag-
gregated the NFAs into two spatial frames, result-
ing from the different geographic, geomorphologic 
(Bína, Demek  2012; Pánek, Kapustová  2016) and 
climate conditions: Hercynicum and Carpaticum. 
The Hercynicum spatial frame represents an  area 
potentially more influenced by  oceanic climate 
(Beck et al. 2018) and, for this study, is represented 
by NFAs 1–33. The Carpaticum spatial frame pre-
sumes a significant influence of continental climate 
(Hradecký, Brázdil 2016) and consists of the aggre-
gated NFAs 34–41.

Data. The first input data was vector data with 
the information collected from the ground inves-
tigation of the National Forest Inventory, 2nd cycle 
(NFI  II), 2011–2015, representing an  objective 
data design (Kučera, Adolt 2019). The total num-
ber of  inventory plots in  the category 'FOREST' 
is 6 709. Each plot contains information about the 
FVZ, edaphic category (ÚHÚL  2023), and tree 
species present on  the inventory site at  the time 
of the investigation (actual vegetation during field 
survey 2011–2015).

The second input data consisted of  raster data 
with climate characteristics: the average tempera-
ture in  July (T07) and average annual precipita-
tion sum in 1970–2000 extracted for the CZ (Fick, 
Hijmans 2017). The size of a raster layer pixel was 
interpolated from the original 500 m  ×  500 m 
to 250 m × 250 m.

Analysis. For the analysis, we  considered the 
complete dataset of  6 709  inventory plots, from 
which the subset of representative and verification 
plots (NFI_II_V, Figure  1) labelled as  'zonal sites' 
was selected. A zonal site is defined by the presence 
of up to 50% of the rock fragment content (by vol-
ume), normal hydric regime, and amount of nutri-
ents that does not radically impact the composition 
of vegetation communities (Dujka, Kusbach 2022). 
Additionally, a  zonal site is  where the prevailing 
influence of macroclimate is expected to affect the 
growth/succession of the vegetation. On the other 
hand, the effect of mesoclimate (topoedaphic con-
ditions) and microclimate is minimal sensu Major 
(1951), regionally verified for the CZ  by  Macků 
(2014), or Kusbach et al. (2017, 2018).

For the complete NFI dataset, we calculated the 
EQ from raster climatic data according to the follow-
ing Equation (1) (Ellenberg, Leuschner 2010, p. 339):

	 (1)

where:
EQ	 – the Ellenberg quotient;
T07	 – average temperature in July (°C);
PREC	 – average annual rainfall (mm).

This calculation resulted in  an inventory plots 
layer NFI_II_EQ  (Figure  1). Considering that the 
actual vegetation composition is far from the origi-
nal outlay due to  intensive forest management 
in the past 200 years (Chytrý et al. 2013), we char-
acterized the composition using a scale of natural-
ness of a forest stand (percentual naturalness index 
of 0–100; Macků 2012). From the NFI_II_EQ layer, 
representative plots (NFI_II_R) were chosen based 
on their degree of naturalness (4–6 was desirable), 
i.e. zonal sites with the naturalness index above 50%. 
These selected sites were close-to-natural tree spe-
cies composition. The presence of European beech 
in the forest layers, according to Zlatník's classifica-
tion (Randuška et al. 1986) in the 1st to the 8th FVZs 
was also crucial (ÚHÚL 2023) in the analysis.

The criteria of  plot selection based on  the de-
gree of naturalness were met by 32 inventory plots 
from the 2nd  to  6th  FVZ  range in  the Carpaticum 
spatial frame and by  94  inventory plots from the 
2nd  to  7th  FVZ range in  the Hercynicum spatial 
frame. However, we  needed the same foundation 
in the number of inventory plots.

The EQ values of  the representative plots were 
used for the calculation of confidence intervals (Fig-
ure  1). In  case of a  low number of  values (e.g.  the 
2nd or 7th FVZs) when it was not possible to trans-
form data and reach a  normal distribution, we  in-
creased the number of  data artificially using the 
boosting method (Frey 2020). Having the same start-
ing point in the amount of modelled EQ values for 
every interval allowed us to set down the confidence 
intervals more precisely, as the values were normally 
distributed and did not include extreme cases. The 
EQ confidence interval values were calculated for 
each FVZ of the Hercynicum and Carpaticum spatial 
frames using the RStudio software (Version R.4.1.2, 
2020), package 'interpretCI', with the significance 
value α = 0.05. Threshold interval values equalled 
2.5% and 97.5% of the confidence interval. To create 
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a continuous interval of the EQ values, which would 
not create duplex results in  the spatial analyses, 
threshold values of neighbouring FVZs were linearly 
interpolated, and the resulting value was used for 
creating a  polygon edge. The variability difference 
of the EQ values between the FVZs of the two spatial 
frames (incl. the differences inside both frames) was 
tested by a  two-way analysis of variance (ANOVA) 
with replication (level of significance P = 0.05).

In  the next step, the inventory plots of  the 
NFI_II_EQ layer (in the form of vector points) were 
interpolated using the method of  Inverse Distance 
Weighing into a grid with a pixel size of 100 m × 100 m 
and then transferred into a raster map.

The values of the raster map were then divided ac-
cording to  (i)  their spatial frame (Hercynicum and 
Carpaticum) and (ii) the interpolated confidence in-

tervals of each FVZ's EQ. It was not possible to include 
the 1st and 8th FVZs for the lack of relevant data. For 
better visual output, we calculated their proxy values 
as a sum of the corresponding EQ values, which were 
higher (in the case of the 1st FVZ) or lower (in the case 
of the 8th FVZ) than threshold values for the 2nd and 
7th FVZ. For further geospatial analysis, the raster lay-
er was transferred into a vector map (v_CI_EQ).

In the QGIS (QGIS Development Team 2023) soft-
ware interface (Version 3.28.0, 2022), an intersection 
(using the Intersection command) of the v_CI_EQ lay-
er with the verification layer NFI_II_V  was made. 
A  new vector layer (v_CI_EQ_NFI_II_V)  was thus 
created, consisting of  points with the attributes 
of  FVZs according to  i)  confidence interval val-
ues of  representative plots and ii) NFI field survey 
of the verification plots (Figure 1).

Climate data
(1970–2000)

Calculating
the EQ

Transferring the raster
map into vector polygons

Boosting + calculation
of con�dence intervals

Creating
a new layer

Intersection

Interpolation

Statistical
evaluation

(two-way ANOVA
with replication)

Classi�cation of FVZs
for HERC and KARP

Selecting zonal FVZs

Selecting plots
from zonal sites
with the degree

of naturalness: 4–6

Statistical evaluation
(pairwise t-test /

Wilcoxon signed-rank 
test)

Representative plots
(NFI_II_R)

Con�dence intervals
of the EQ

NFI plots with the EQ
(NFI_II_EQ)

Raster map of the EQ

Vector points layer
(v_CI_EQ_NFI_II_V)

Veri�cation plots
(NFI_II_V)

Vector map with con�dence 
intervals' polygons

(v_CI_EQ)

Complete NFI
dataset

Figure 1. A scheme of the analytical process

Grey rectangles – NFI II input data; green rectangle – climate data; yellow ellipses – processes; white rectangles – outcomes 
of these processes; blue ellipses – statistical evaluations and methods; EQ – Ellenberg quotient; FVZ – forest vegetation zone
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In  the next step, a  statistical evaluation was per-
formed to see the match/difference rate between the 
confidence intervals of  the EQ and the verification 
plots. The EQ confidence intervals of each FVZ repre-
sent the climatic potential for the succession of com-
munities with the presence/absence of  European 
beech according to potential natural spreading of cli-
max tree species (Zlatník 1976). To verify the normal-
ity of  the v_CI_EQ_NFI_II_V attribute table values, 
we used the Shapiro-Wilk normality test (level of sig-
nificance P  =  0.05). In  case the normal distribution 
was detected, a paired t-test was performed. If normal 
distribution was not found, a  non-parametric 
Wilcoxon signed-rank test (Wilcoxon 1945) was 
performed (level of significance P = 0.05). The calcula-
tions were done in the R Studio software using the 'ti-
dyverse' package; the graphic output was made using 
the 'ggstatplot' package. To evaluate the power of the 
test's statistical significance, the package 'effectsize' 
was used. We  employed a  verbal scale to  describe 
the rank biserial  indicator (Funder and Ozer 2019). 
We  used the 'qqwithinstats' function for displaying 
the results as  it is capable of creating a user-friend-
ly output based on the probability density function. 
This innovative approach (Patil 2021) uses box/violin 
plot methods of display (Hintze, Nelson 1998) which 
can help to easily interpret the results of the Wilcox-
on signed-rank test and is more comprehensible than 
a long-winded text description.

The detected EQ interval values were compared 
to  those stated in  the literature (Ellenberg, Le-
uschner  2010, p. 339; or  Table  2). The suitability 
of  dividing the study area into spatial frames was 
then evaluated.

RESULTS

Revision of  the EQ values. In  the first step, 
EQ threshold values were calculated for those FVZs 
which can be compared with the so-far published 

values (Table 1), as the definition of an FVZ is iden-
tical in both cases.

The confidence intervals for the Hercynicum and 
Carpaticum FVZs are listed in Table 3 and graphi-
cally in Figure 2.

The EQ confidence intervals calculated for the 
individual FVZs in both spatial frames were more 
or  less continuous and, after interpolating their 
threshold values, created mostly continuous poly-
gons. For example, an  interpolated confidence 
interval for the 2nd FVZ in  the Carpaticum frame 
is shown: The newly interpolated confidence inter-
val ranges between 31.1 and 26.4. The spatial dis-
tribution of values in the modelled FVZs (Figure 3) 
points out the diffusive character of  the borders 
between neighbouring polygons (intervals). Higher 
EQ values (shades of  red) represent a  transition 
towards the 1st FVZ, which is  warmer and drier. 
Meanwhile, lower values (shades of  blue) point 
to  a  transition towards the colder and moister 
3rd FVZ (Figure 3).

Two-way analysis of  variance denied the null 
hypothesis of  the EQ confidence intervals' match 
in both Hercynicum and Carpaticum, and their re-
spective FVZs. A statistically significant difference 
was found between the two frames: F(1,5) = 10 715; 
P  < 0.05. The Tukey's HSD post-hoc test then re-
vealed statistically significant differences between 
(i) confidence intervals in each spatial frame indi-
vidually, and (ii) confidence intervals when com-
paring the two frames. An  exception was found 

Table 2. Forest community type and the corresponding EQ 
values (modified from Ellenberg and Leuschner, 2010, p. 339)

Forest community type EQ
Oak forest (± no beech) > 30
Beech forest with oaks 20–30
Beech forest 10–20
Beech-fir forest ~ 10
Subalpine beech forest < 10

EQ – Ellenberg quotient

Table 3. The calculated confidence intervals and mean val-
ues of the EQ for the Hercynicum and Carpaticum FVZs

FVZ (Plíva 1971)
Hercynicum Carpaticum

2.5% 50.0% 97.5% 2.5% 50.0% 97.5%

2nd beech-oak zone 33.6 31.9 30.3 31.1 28.7 26.1

3rd oak-beech zone 29.7 28.9 28.0 26.6 25.6 24.5

4th beech zone 26.8 25.5 24.3 22.8 21.1 19.5

5th fir-beech zone 23.8 22.3 20.9 19.0 17.2 15.7

6th spruce-beech 
zone 18.7 16.8 15.1 13.3 12.6 12.0

7th beech-spruce 
zone 15.2 13.5 11.7 – – –

EQ – Ellenberg quotient; FVZ – forest vegetation zone
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Figure 2. Diagram of the Ellenberg quotient (EQ) values distribution for each FVZ (2nd–7th) of Hercynicum (labelled with 
the letter H, boxplots in red) and Carpaticum (labelled with the letter K, boxplots in blue)
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Figure 3. Schematic visualisation of EQ values distribution by confidence interval, calculated on the grounds of ecological 
Fagus sylvatica niche, defined by close-to-nature communities of the 2nd FVZ in the Carpaticum frame

Red shades – the highest values of the interval that can be found in the transition towards the lower (1st) FVZ; blue shades 
– transition to the higher (3rd) FVZ; EQ – Ellenberg quotient; FVZ – forest vegetation zone
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in the confidence interval of  the 4th FVZ in Herc-
ynicum and the 3rd FVZ in Carpaticum. In this one 
case only, the difference between the two FVZ val-
ues was found statistically insignificant (P = 0.63). 
The study area can be labelled, from the point of the 
EQ, as consisting of two heterogenous frames.

Evaluation of the FVZs. In Carpaticum, a statis-
tical assessment of the FVZs was carried out based 
on the EQ confidence intervals and the NFI II field 
survey on 532 inventory plots that met the condi-
tions of a  zonal site (verification plots, Figure  1). 
In  Hercynicum, the number of  plots was notably 
higher – 3 046 in total. However, in both cases, the 
Shapiro-Wilk test did not prove the data file's dis-
tribution normality. Therefore, it  was undesirable 
to  use the paired t-test, and the non-parametric 
Wilcoxon signed-rank test was performed instead.

In the case of Carpaticum, the test did not deny 
the null hypothesis (Z = 11 336; P = 0.54), and the 
zonal FVZs of the NFI II survey do match the cli-
mate characteristics based on  the calculated 
EQ confidence intervals. The rank biserial correla-
tion = 0.04 [confidence interval CI95% (–0.05; 0.14)], 

effect size verbally rated as  'tiny'. The positive ef-
fect points to  a  positive correlation between the 
two compared approaches (EQ  and NFI  II  sur-
vey). The correlation between the FVZs modelled 
by using the EQ confidence intervals and the FVZs 
from the NFI  II  survey, although it  may be  'tiny', 
points to  the trend of  either increase or  decrease 
of density in both columns (EQ_K and NFI_II_K) 
respectively (Figure 4A). While the inventory zon-
al plots of  the 1st–6th  could have been used from 
the survey data, we needed to calculate the EQ in-
terval even for the 7th FVZ. The graphic compari-
son points to a  more balanced distribution trend 
of  the EQ_K  column, while the NFI_II_K  column 
presents an uneven value distribution (Figure 4A). 
Most notably, the representation of values is higher 
in the 3rd FVZ and lower in the 2nd FVZ.

In the case of Hercynicum, the test did deny the 
null hypothesis (Z = 1 162 096; P  = 0.02), and 
the  zonal FVZs of  the NFI  II  field survey mostly 
do  not match the climate characteristics based 
on  the calculated EQ  confidence intervals. The 
rank biserial correlation =  –0.05  [confidence in-

Carpaticum

EQ_K NFI_II_K EQ_H

1st FVZ

NFI_II_H

Hercynicum

2nd FVZ

3rd FVZ

4th FVZ

5th FVZ

6th FVZ

7th FVZ

8th FVZ

1st FVZ

2nd FVZ

3rd FVZ

4th FVZ

5th FVZ

6th FVZ

7th FVZ

(A) (B)

Figure 4. Diagram of the non-parametric Wilcoxon signed-rank test results for (A) Carpaticum and (B) Hercynicum

Green points – median value of the EQ confidence intervals of each FVZ (based on representative plots); orange points – me-
dian value of the zonal FVZs based on the NFI II field survey (verification plots); dashed black lines connect and compare the 
green and orange points (in an ideal case, a green point would correspond with an orange one on the same level; connection 
on different levels presents a misalliance); dashed grey lines depict isolated incidents; EQ – Ellenberg quotient; FVZ – forest 
vegetation zone; NFI – National Forest Inventory
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terval CI95%  (–0.09;  –0.01)], effect size verbally 
rated as  'very small'. The difference between the 
FVZs modelled by using the EQ confidence inter-
vals and the FVZs from the NFI  II  survey is  very 
small,  and  the negative effect points to a  nega-
tive correlation. The correlation between the 
FVZs modelled by using the EQ confidence inter-
vals and  the FVZs from the NFI  II survey is  very 
small, and the increase/decrease of density in both 
columns (EQ_H  and NFI_II_H) respectively does 
not show a  unified trend  (a  decreasein  density 
of  the EQ  column can mean an  increase in  den-
sity  for the NFI  II  column and vice versa). The 
comparison points to a more balanced density dis-
tribution of  the (modelled) EQ  column, while the 
NFI II column is unevenly distributed (Figure 4B).

DISCUSSION

Interval values of the EQ, defining natural forest 
communities with the presence/absence of beech, 
originate from studies performed on  German 
and Alpine vegetation and can differ depending 
on  geographic location and climatic data range, 
similarly to  the widely used Ellenberg indicator 
value (Chytrý et al. 2018). The applicability of the 
EQ, however, exceeds the Central European re-
gion (Fang, Lechowicz  2006; Mátyás et  al.  2010; 
Stojanović et al. 2013; Hohnwald et al. 2020). The 
EQ, in  this study applied to  the region of Central 
Europe, is  purely a  climate index/factor, and its 
assertion should have its regional limits, as  is  the 
case of the regional climate (Stojanović et al. 2013) 
or  macroclimate (Major  1951). The modification 
of  the EQ  value intervals of  the study area using 
the degree of naturalness of the sites (Macků 2012) 
appears as  a  promising approach, as  the EQ  val-
ues link with forest communities with relatively 
intact special composition. Those, when found 
on  the zonal sites (Dujka, Kusbach  2022), in  the 
long term reflect the effects of  the macroclimate 
as the dominant environmental gradient (Kusbach 
et al.  2017, 2018). Boosting is  a common method 
of  ecological data analysis (De'ath  2007; Hastie 
et al. 2009), appropriate where the amount of data 
is limited. The compactness of the original dataset, 
combined with a carefully chosen algorithm for se-
lecting sites that are 'typical' for each FVZ, proved 
to be sufficient for employing the boosting method, 
which is based on the principles of machine learn-
ing (Frey 2020).

For the 1st  FVZ, the absence of  beech is  typi-
cal except for wetter locations (Průša 2001). This 
completely matches the Ellenberg and Leuschner's 
(2010) definition with a threshold value of EQ > 30. 
Ambros (1993) stated the possibility of  defining 
the dry (xeric) plot variant with a natural absence 
of  beech for the EQ  >  30. Similar beech thresh-
old values were defined by  Czúcz et  al.  (2011) 
and Garamszegi and Kern (2014); in  those cas-
es, the threshold value of  beech was even low-
er, the EQ  =  29. Mellert et  al.  (2016) listed the 
EQ = 30 value as  the 'maximal value of  the inter-
mediate' in  which beech is  consecutively present. 
However, the maximal value for its marginal occur-
rence equalled 40.4. Interestingly though, Miletić 
et al. (2021) listed the occurrence of beech even for 
the EQ = 38.26  in some locations in Serbia. Simi-
larly, Stojanović et al. (2013) stated that the EQ val-
ues of the Serbian beech forests commonly surpass 
a  threshold value of  30. It  is, however, necessary 
to  remind that Serbian  Fagus  forests grow upon 
a  mostly basic substrate derived from limestone 
in  contrast with generally acidic soils weathering 
from a crystalline parent material of Central Europe. 
High EQ values, which in Central Europe indicate 
a  remarkable absence of  European beech, do  not 
necessarily indicate the same in  Serbia –  growth 
of the Fagus trees is controlled by different factors 
there, probably due to topoedaphic factors. The re-
sults of  this study point to  a  divergence between 
the values stated by  Ellenberg and Leuschner 
(2010) and Czúcz et  al.  (2011). Values for Herc-
ynicum and Carpaticum hover slightly above the 
EQ > 30. The range of values published by Mikes-
ka and Prausová (2013) seems to  be significantly 
imprecise (EQ = 26–39), namely due to  the lower 
interval boundary in  the transition towards the 
2nd  FVZ. A  lower elevation line of  natural pres-
ence/absence of beech is difficult to identify in the 
field because  of  intensive human activities and 
the alteration of  the natural special composition 
(Chytrý 2012).

In  the 2nd  FVZ, beech can be  found as  a  minor 
species (Průša 2001), i.e. 10–30%. In  the 3rd FVZ, 
beech is  majorly represented, i.e.  >  50%. Oak be-
comes a minor species, which finds its production 
optimum here contrary to  its ecological optimum 
in  the 1st  FVZ  (Vacek, Simon  2009). The division 
of mixed stands of beech and oak species into the 
two FVZ  in  the Czech Forest Classification Sys-
tem contrasts the concept of  Central European 
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vegetation (Ellenberg  2009). The difference in  the 
division of  both communities in  the Czech sys-
tem is justified by the different social status of Fa-
gus  and  Quercus and the production demands 
of forest management. In anthropogenically influ-
enced forests of mid-altitudinal locations, however, 
cannot be uncritically accepted because of (i) a lack 
of original natural communities (Culek et al. 2005), 
and (ii)  past forest management influencing the 
composition and structure of forest stands (Maleki 
et al. 2020). Lower EQ values of both FVZs were de-
tected in Carpaticum, where they fall into a range 
of  31.1–24.5  and  do  correspond more to  the val-
ues by  Ellenberg  and Leuschner (2010). They 
also match the values for the 2nd FVZ (Mikeska, 
Prausová  2013). In  Hercynicum, both zones' val-
ues are generally higher (33.6–28.0), here we  can 
also find a  parallel to  the basic Serbian forests, 
e.g.  in  the Bohemian Karst region. Although  the 
EQ  values in  this instance range from  29–33, 
the 2nd FVZ is prevalent in Hercynicum. However, 
due to  the influence of  mesoclimate, conditions 
for both the 1st and 3rd FVZ can emerge (Šamonil, 
Viewegh 2005; Šamonil et al. 2009).

The beech (4th) FVZ is  characterized by  Průša 
(2001) as an unmixed beech forest where a slight oc-
currence of sessile oak or silver fir is possible. While 
Ellenberg and Leuschner (2010) state the value 
range of EQ = 20–30 for beech communities, Mel-
lert et  al.  (2016) listed values of  11.8–22.6  for op-
timal beech growth conditions. According to  this, 
the beech FVZ would be above this interval's upper 
border (26.8–24.3) in Hercynicum. In Carpaticum, 
the values are lower (22.8–19.5). The EQ value range 
published by Mikeska and Prausová (2013) (18–27) 
is too wide, with the upper border too high. Matějka 
(2012) adds that around the  turn of  the 20th  and 
21st century, field survey of  the 4th FVZ was either 
suppressed, or  this zone was not recorded  at  all. 
Kubošová et al. (2011) also point out the need to re-
vise the surface representation of the 3rd and 5th FVZs, 
as  the mapped area of  the 4th  FVZ  seems to  be 
smaller than that of the 3rd and 5th FVZs. This prob-
lem is  also noticeable in  comparing the employed 
EQ method and the NFI II field survey in Hercyni-
cum (Figure 4B). Inventory plots of the 4th FVZ cor-
respond to  up  to  four intervals of  the  EQ  values, 
revealing the unequivocal delimitation of  beech 
communities in relation to macroclimate.

Ellenberg and Leuschner (2011) list the oc-
currence of  beech-fir stands in  the EQ  value 

range  ~  10. Průša (2001) characterizes the corre-
sponding 5th FVZ as a community with the preva-
lence of  either beech or  silver fir with a  potential 
addition of spruce and absence of oak. Mikeska and 
Prausová (2013) list the value range of EQ = 15–24, 
which would match the results of this study. How-
ever, the values differ substantially for Hercynicum, 
where the values' interval range is more expansive 
than that of Carpaticum, ranging from 19–24 from 
the average to  the upper border of  the interval. 
In  Carpaticum, it  is  the opposite (15–19). The 
comparison of the EQ method and the NFI II field 
survey in  Hercynicum seems considerably prob-
lematic, as  the zonal 5th  FVZ  range corresponds 
to up to six confidence interval values, which sug-
gests that the mapping of the 5th FVZ has been done 
in  macroclimate conditions of  the 2nd–6th  FVZs. 
This can be  due to  overestimating the actual tree 
composition (Zlatník  1955), given the fact that 
the recent representation of silver fir in the actual 
tree composition (including zonal sites) is very low 
in  comparison with the site's vegetation potential 
(Novák, Dušek 2021; Remeš 2022).

Evaluation of  the Hercynicum and Carpaticum 
spatial frames is fully justified in case of higher alti-
tudes, defined by forest communities of the 6th and 
7th  FVZs. The potential natural tree composition 
consists of a mixture of spruce, fir and beech, which 
on  the transition to  the 8th  (spruce) FVZ  recedes 
into the understory (Průša 2001). Ellenberg and Le-
uschner (2010) label the presence of beech under 
the EQ = 10 (Table 1) as a subalpine beech forest. 
The intervals' values, set in the autochthonic stands 
with the presence of beech in both Hercynicum and 
Carpaticum, are generally higher and do  not fall 
under the EQ = 10. A disproportion can be caused 
by the different ecological Fagus niche in the Alps 
(Ellenberg, Leuschner  2010). Mellert et  al.  (2016) 
list EQ = 9.5 as the minimal value of the interme-
diate value range, in which beech is consecutively 
present. However, the value for beech marginal oc-
currence is 7.7. Mikeska and Prausová (2013) state 
the values in  the range of  21–10  for both FVZs, 
with the 8th FVZ's EQ < 10. According to this study, 
the growth of beech on zonal sites can only be re-
liably defined for the 6th FVZ  in Carpaticum. The 
occurrence of higher FVZs is only marginal in Car-
paticum, and only azonal sites with other than 
a  production/commercial purpose are carefully 
mapped (Holuša, Holuša  st.  2011). In  Hercyni-
cum, however, the occurrence of  close-to-natural 
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communities with beech has been monitored even 
in the 7th FVZ, which is generally caused by higher 
mountains (e.g.  Jeseníky Mts., the Giant Mts., the 
Bohemian Forest).

Although beech can sporadically occur in  the 
8th FVZ as well (Průša 2001), in a field mapping prac-
tice, the presence of beech is used as a determinator 
for differentiating between the 7th and 8th FVZs.

The calculated intervals of  the EQ values do, 
in  our opinion, better correspond to  the real-
ity than the values listed in  the work published 
by Mikeska and Prausová (2013), based on Hruban 
(2010). The value misalliance probably does not 
stem from a different nature of the climate data (the 
climatic normal of  1961–1990) as  much as  from 
an uncritical interpretation of the calculated values 
as well as a missing method for the EQ calculation. 
It is necessary to stress that the comparisons of the 
calculated FVZ values with those by Ellenberg and 
Leuschner (2010) are tentative, based on differently 
defined communities of two different classification 
systems. Therefore, we list them for the complete-
ness of  information but make no  effort to  evalu-
ate the relevance of both classifications in relation 
to the study area.

The Ellenberg quotient could also be  used for 
predicting the composition of  communities with 
Fagus in  connection to  rapidly changing climate 
conditions, as  was done in  Serbia (Stojanović 
et al. 2013), Denmark (Jensen et al. 2004), Hungary 
(Mátyás et  al.  2010), or  southern Germany (Mel-
lert, Šeho 2022).

CONCLUSION

The Ellenberg quotient is  one of  the currently 
applied climate indices with the potential of  as-
sessing possibly suitable climate conditions for the 
occurrence of  European beech in  forest commu-
nities. In the CZ, beech is utilized as an indicator 
in a vertical zonation of forests. Although attempts 
were made to apply this concept in forestry-typo-
logical mapping, their previous results are only 
informative.

This study presents intervals of  the EQ  values 
for vertical vegetation frames of the Czech (forest) 
vegetation which were calculated using objective 
data of  the National Forest Inventory and which 
represented relatively intact forest communities 
with Fagus sylvatica. For the verification process 
of  the analysis, we  selected plots from the 'zonal 

sites' category, for which macroclimate is a signifi-
cant gradient of tree vegetation growth and occur-
rence. The statistical comparisons showed not only 
disagreements in  the FVZs' values but also differ-
ences in how the EQ climate index behaved within 
Hercynicum and Carpaticum.

Comparing the calculated EQ  intervals with the 
results of the NFI field survey also pointed to the in-
consistency between the sites' climatic potential and 
the FVZs' definitions. The results show that in  the 
case of  Carpaticum, the EQ  values better corre-
spond to the results of the NFI field survey. For Her-
cynicum, however, the results highlight the need for 
a  more profound revision. The Ellenberg quotient 
seems to be a significant factor able to crucially con-
tribute to the optimisation of the vertical vegetation 
zonality of  the Czech Republic and similar spatial-
functional patterns elsewhere. Aside from the pos-
sibility of revising the concept of vertical vegetation 
zonation, the EQ can also be an appropriate indica-
tor for verifying prediction models of potential veg-
etation migration affected by climate change.
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Abstract: According to the literature, forwarding productivity depends chiefly on log concentration, the number of as-
sortments, mean log volume, load-size, slope, and extraction distance. However, there is not much scientific knowledge 
available on forwarding in continuous cover forestry (CCF) in boreal forests, nor whether the presence of remaining 
trees actually affects forwarding productivity. Thus, the objective of  our study was to  isolate the effect of  remain-
ing trees (i.e. stand density) on forwarding productivity during CCF, specifically selection cutting. The results showed 
that productivity was explained mainly by the log concentration, while other factors had at most minor effects. Most 
importantly, stand density did not significantly affect forwarding productivity, ceteris paribus. Thus, we conclude that 
remaining trees do not affect forwarding productivity in boreal forests. Although the study results from this CCF op-
eration must only be cautiously applied to even-aged forestry, our results raise a general question: do we need separate 
productivity models for thinning and clearcut operations in boreal forests if remaining trees (stand density) do not affect 
forwarding productivity? Because of the small dataset, we consider our paper to be a pilot study whose findings need 
to be verified by studies based on larger datasets including several operators and stands.
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According to  modern forwarding literature, log 
concentration, expressed as  e.g.  roundwood vol-
ume m3 per 100 m of  strip-road [m3·(100 m)–1], 
is  clearly the most important factor influencing 
forwarding productivity (Grönlund, Eliasson 2019; 
Hildt et al. 2020). Moreover, assortment type, the 
number of  assortments, mean log volume, mean 
stem volume, number of  logs per load, load-size, 
ground slope (if steep), and extraction distance have 
also been found to  affect forwarding productivity 
(Nurminen et  al.  2006; Eriksson, Lindroos  2014; 
Strandgard et  al.  2017; Cadei et  al.  2020; Hildt 

et al. 2020). The unit of observation in forwarding 
studies is  typically a  load (Strandgard et  al.  2017; 
Cadei et al. 2020; Hildt et al. 2020), but it can also 
be a stand (Eriksson, Lindroos 2014).

Usually, forwarding productivity during thinning 
and clearcutting is modelled separately, both in bo-
real forests and beyond (Nurminen et  al.  2006; 
Eriksson, Lindroos  2014; Proto  et  al.  2018). That 
said, unlike harvester work during typical boreal 
thinning operations, forwarding does not require 
tree-selection decisions from the operator. Thus, 
given that the above-mentioned factors affecting 
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forwarding productivity are kept equal, the pres-
ence of remaining trees during thinning is the main 
difference between thinning and clearcutting.

Objectives. Today, there is  not much scientific 
knowledge available on  whether the remaining 
trees affect forwarding productivity, ceteris pari-
bus (other things equal). This shortcoming might 
be  because of  the difficulty in  isolating the effect 
of remaining trees during ordinary boreal logging 
operations. However, isolating the effect of  re-
maining trees on  forwarding productivity might 
be  easier during selection cutting, which indeed 
is the novelty and objective of our study. To address 
this knowledge gap, we analysed the effect of stand 
density (i.e. the number of remaining trees) on for-
warding productivity during selection cutting 
in  boreal forests. We  hypothesized that forward-
ing  productivity decreases with increasing stand 
density, ceteris paribus.

MATERIAL AND METHODS

Study setup. The  field study was carried out 
in  central Sweden in  spring 2022  using a  John 
Deere 1110G  forwarder (load capacity: 12 t, 
John Deere Forestry, Finland). The  forwarder 
was equipped with a  rotating and levelling cabin, 
a CF7 crane (reach: 8.5 m, Waratah, Finland), and 
a HSP 035 Duo grapple (grapple area: 0.35 m2, Has-
sela Skogsprodukter Aktiebolag, Sweden).

To accommodate the field study, three homoge-
neous plots were demarcated in a mature conifer-
dominated stand (Figure 1). The size of each plot was 
1 ha. The demarcated plots were then thinned from 
above prior to  the forwarding operation, and the 
target number of remaining trees after the thinning 
was set either to  170  trees·ha–1 or  340  trees·ha–1, 
hereafter named 'Sparse' and 'Dense', respectively. 
To  ensure approximately equal roundwood vol-
ume between the treatments and hence approxi-
mately equal number of  forwarder loads, prior 
to  the harvesting two of  the plots were randomly 
assigned to  stand density 'Dense', whereas one 
plot was assigned to  'Sparse'. According to  con-
trol measurements, the actualized stand densities 
after thinning were 182  trees·ha–1  (Sparse) and 
321 trees·ha–1 (Dense), respectively.

The plots' terrain conditions were classified ac-
cording to the Swedish Terrain Classification Sys-
tem (Berg  1992) as  follows: bearing capacity:  1; 
ground roughness:  2; slope:  1. The  soil type was 

mesic, sandy-loam till (moraine) with a field layer 
consisting mainly of Vaccinium myrtillus. The pre-
harvest growing stock was circa 230 m3·ha–1. 
The  overstory of  the study stand was relatively 
sparse because the stand is  in a  transformation 
stage; i.e. a previously even-aged stand is gradually 
being converted into an uneven one. The forwarder 
operator had nearly 40 years of experience in for-
warder work, of  which one year was in  selection 
cutting, i.e. thinning from above.

Indata, work elements and time observa-
tions. We  divided the 'loading stage' into two 
separate work elements: 'crane work' and 'driving'. 
Crane work was always the first time interval, and 
hence the first work element, of a new forwarding 
cycle. Time intervals for a crane work event com-
menced as the crane started to move, and the time 
intervals ended when the crane stopped moving. 
In  this paper 'a  crane' comprises the whole boom 
system, including the grapple. Driving events 
(i.e. time intervals) between the crane work inter-
vals were defined as  driving, given that no  crane 
work occurred simultaneously. Thus, crane work 
was prioritized over driving, i.e. simultaneous driv-
ing and crane work was determined as crane work 
(Tiernan et al. 2004; Cadei et al. 2020). We did not 
separate crane work and driving during the unload-
ing stage; there, all work was collectively catego-
rized as 'Unloading'.

All driving between the work elements unload-
ing and the crane work during loading stage was 
defined as either 'driving empty' or 'driving loaded'. 
Driving empty and driving loaded were outright 
excluded from the dataset. Time consumption for 
these purely driving work elements can be reliably 
calculated as  the relationship between distance 
driven and speed. Variations in  driving speeds 
and distances have been thoroughly analysed and 
documented, e.g.  in  the large follow-up study 
of Berg et al. (2019).

After each accomplished forwarding cycle 
(a  load), time intervals were summarized work-
element-wise. Hence, the unit of  observation was 
a forwarder load. The results are given as produc-
tive machine time (PMh). As is customary, we de-
fined PMh as delay-free machine hours (Eriksson, 
Lindroos 2014), which includes only effective work 
time. Inactivity longer than 20 s was categorized 
as pauses (i.e. ineffective time) and excluded from 
the dataset. If inactivity shorter than 20 s occurred 
between separate work elements, the inactivity 
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in question was incorporated into the initial work 
element rather than the later one.

All wood volumes in  the present study include 
the bark (solid on  bark). Load volumes were ap-
proximated based on  the forwarder's load-area, 
the average length of the logs (retrieved plot-wise 
from the harvester's hpr-file), and a  solid volume 
conversion factor (Biometria  2020). Because total 
volumes measured by  the harvester were avail-
able plot-wise via hpr-files, we could compare the 
sum of  the approximated load volumes against 
the plot-specific total volume. The sums of approx-
imated load volumes differed plot-wise by less than 
1 m3  from the harvester-measured volumes. This 

indicates that the approximated load volumes were 
sufficiently accurate.

Analysis of  covariance (ANCOVA). When 
modelling time consumption (min·m–3) during the 
loading stage, stand density (either 182  trees·ha–1 
or 321 trees·ha–1) was entered as a categorical vari-
able in  the statistical model. Forwarded log con-
centration, a quotient of load-size (m3) and loading 
distance (m), was entered as a continuous variable 
in the statistical model. Loading distance is the dis-
tance driven from the load's first to last loaded pile. 
Hereafter, forwarded log concentration is  simply 
termed as 'log concentration'. Moreover, we multi-
plied log concentration with 100  to  reduce deci-

Figure 1. Forwarding in central Sweden during the field study in the 'Sparse' treatment, i.e. 182 remaining trees·ha–1 after 
the harvesting operation (thinning from above); the overstory was pine (Pinus sylvestris) dominated and circa 85 years 
old, the understory was spruce dominated (Picea abies)

Photo: Max Hedlund
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mals and provide the variable log concentration 
per 100 m distance [m3·(100 m)–1]. It  varied from 
2.07 m3·(100 m)–1 to 10.26 m3·(100 m)–1 during the 
field study. Loading distances were determined us-
ing the forwarders' trip meter readings. Mean log 
volume, a quotient of load-size (m3) and the num-
ber of  logs, was entered as  a  continuous variable 
in  the statistical model. Mean log volume  varied 
from 0.081 m3  to  0.283 m3. The  logs were count-
ed after the field study based on  photos of  the 
loads (Figure 2).

Unloading was modelled solely based on  the 
mean log volume being a  continuous variable. 
Moreover, the number of assortments in a load was 
two with two exceptions: one load comprised only 
a single assortment, and one load comprised three 
assortments. And  because of  the uniform condi-

tions at  the roadside landing, only minor, practi-
cally non-existent, machine repositioning was 
required during the unloading, irrespective of  the 
number of assortments unloaded (Figure 2). There-
fore, including the number of assortments in a load 
in the analysis was not meaningful.

A  general linear model was used to  analyse the 
ANCOVA  models. The  significance level was set 
to  5%. ANCOVA  assumptions were checked ac-
cording to  Barrett (2011) and Johnson (2016). 
SAS  software (Version  9.4, 2020) was used for all 
statistical analyses. Prior to  the actual statistical 
analysis, the stand density was also temporarily in-
cluded in the unloading model to control whether 
the loads unexpectedly differed between the stand 
densities. As  expected, the loads did not signifi-
cantly differ between the study plots (P = 0.5015).

Figure 2. The study's roadside landing provided uniform conditions between loads; the operator could easily unload 
up to three assortments with very minimal machine movements

Photo: Anton Jernberg
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RESULTS AND DISCUSSION

ANCOVA, linear regression and post hoc. Di-
viding the loading stage into crane work and driv-
ing did not work out. Large proportions of  the 
driving occurred simultaneously with crane work; 
and because of  the hierarchy applied, we  identi-
fied this simultaneous work solely as  crane work. 
Consequently, the statistical results were poor es-
pecially for driving; meanwhile, thanks to its higher 
hierarchy, the crane work's statistical results were 
somewhat better (Table 1).

Combining crane work and driving into a  single 
work element solved the hierarchy-related problem 
and resulted in relatively good statistical results (Ta-
ble 1, Loading in total). Loading time, in  line with 
a current literature (Grönlund, Eliasson 2019; Hildt 
et al. 2020), decreased with increasing log concen-
tration (Table 1; P = 0.012). Moreover, loading time 
decreased with increasing mean log volume, simi-

larly to Hildt et al. (2020), but in our study, the de-
crease fell just outside of  the set significance level 
(Table 1; P = 0.098). That said, the inclusion of mean 
log volume slightly harmonized residual behaviour 
(no data shown).

Stand density did not have a  significant effect 
on  the loading time consumption, ceteris paribus 
(Table 1; P = 0.901). For instance, when entering the 
study's mean log concentration [4.64 m3·(100 m)–1] 
and mean log volume (0.162 m3) into the lin-
ear regression model, it  gives practically equal 
time consumption irrespective of  stand density: 
0.94 min·m–3  for Sparse, and 0.96 min·m–3  for 
Dense, respectively (Table 1).

Non-linear regression. In  addition to  combin-
ing crane work and driving, the ANCOVA results 
suggest to  us  that further simplifications are pos-
sible. Because the great majority of  the loading 
time was solely explained by the log concentration 
(Table 1, Loading in total), we simplified the linear 

Table 1. Analysis of covariance (ANCOVA). The dependent variable is effective time (min·m–3) per work element; 
categorical variable is stand density, either Sparse (182 trees·ha–1) or Dense (321 trees·ha–1); continuous variables 
are mean log volume (MLV, m3) and log concentration* [LC, m3·(100 m)–1]; MLV varied from 0.081 m3 to 0.283 m3, 
and LC from 2.07 m3·(100 m)–1 to 10.26 m3·(100 m)–1, respectively; these ranges can also be considered as feasible 
domains for the linear regression models; five loads were forwarded during the stand density Sparse and six during 
the Dense, respectively; the unit of observation is a load (n = 11)

Dependent  
variable  
(min·m–3)

ANCOVA Linear regression analysis
Adjusted
R-squareparameter F parameter estimate standard

error t-value P-value

Crane work  
during  
loading stage

stand density 0.19
Dense 0.050 0.115 0.440 0.674

0.647
Sparse 0.000 – – –

MLV 1.53 MLV –1.003 0.812 –1.240 0.257
LC–1 6.36 LC–1 1.796 0.712 2.520 0.040

intercept 0.375 0.256 1.470 0.186

Driving  
during  
loading stage

stand density 0.17
Dense –0.033 0.080 –0.410 0.695

0.519
Sparse 0.000 – – –

MLV 2.05 MLV –0.815 0.569 –1.430 0.195
LC–1 4.05 LC–1 1.005 0.500 2.010 0.084

intercept 0.261 0.180 1.450 0.190

Loading  
in total

stand density 0.02
Dense 0.017 0.135 0.130 0.901

0.774
Sparse 0.000 – – –

MLV 3.64 MLV –1.818 0.953 –1.910 0.098
LC–1 11.23 LC–1 2.801 0.836 3.350 0.012

intercept 0.636 0.301 2.120 0.072

Unloading
MLV –0.532 0.109 –4.90 0.001

0.697
intercept 0.360 0.021 17.17 < 0.0001

* roundwood volume m3 per 100 m's distance on the strip-road, formula: 100 × load volume (m3) / loading distance (m)
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regression into non-linear regression and modelled 
loading time solely based on the log concentration 
(Figure 3A). To summarize, the stand density might 
seemingly affect forwarding productivity, but in re-
ality, the log concentration is the affecting factor.

Unloading. Time consumption decreased mildly, 
but statistically significantly, with increasing mean 
log volume (Table 1, Unloading; P = 0.001). Because 
of equal unloading conditions, the time consump-
tion did not vary meaningfully between the loads, 
and the time consumption was mainly determined 
by the intercept.

Trees along the haul trail. Because some parts 
of pure driving work (i.e. driving empty and driving 
loaded) typically occur on  the strip-road (Hansson 
et  al.  2022), the remaining trees might also affect 
pure driving. That said, we knowingly excluded pure 
driving from our study because the major part of this 
work occurs on the haul trail and even at the landing. 
Trees standing along the haul trail or at the landing 

do not meet the criteria of remaining trees because 
they are not directly linked to the type of logging op-
eration (e.g. thinning, clearcutting, etc.); for instance, 
a haul trail from a thinning stand might go through 
a clearcut and vice versa. Moreover, it is unlikely that 
the remaining trees would impact pure driving more 
than they impact loading work. Furthermore, pure 
driving comprises a  lesser proportion of  forwarding 
time than loading does (Figure 3B). Therefore, moder-
ate variations in pure driving time would have a very 
mild impact on forwarding productivity anyways.

Recommendations for application of results and 
further research. Although the novelty of our study 
was to isolate the effect of remaining trees (i.e. stand 
density) on forwarding productivity during continu-
ous cover forestry (more accurate selection cutting), 
the results can also be  cautiously used to  compare 
productivity during clearcut and thinning opera-
tions. Thus, the results raise a  question: Do  we  re-
ally need separate forwarder productivity models for 

Figure 3. (A) Effective time consumption (min·m–3) for loading (incl. crane work and driving) as a function of log concentra-
tion [m3·(100 m)–1] during the study; in the nonlinear regression analysis, we used data pooled across stand density after 
harvest (Dense: 321 trees·ha–1, and Sparse: 182 trees·ha–1); (B) the distribution of forwarding time consumption during the 
study; loading time is according to the non-linear regression of Figure 3A at the present study's mean log concentration 
of 4.64 m3·(100 m)–1; unloading time is according to Table 1 at the present study's mean log volume of 0.162 m3; driv-
ing empty and driving loaded times are calculated based on the medians of the follow-up dataset of Berg et al. (2019): driving 
empty time = 240 m × (54.8 m·min–1)–1, and driving loaded time = 189 m × (45.7 m·min–1)–1; driving empty and driv-
ing loaded times are divided by the present study's mean load-size (13.4 m3) to give a time consumption per m3

forwarded log conc. Data pooled Trees/ha log conc. m3/100m Loading min/m3

1.000 3.557 321 4.13 0.81
Source DF Sum of Squares Mean Square F Value Approx 1 005 3 542 321 2 07 1 88

Pr > F 1.010 3.526 321 4.11 0.79
Model 2 11.3478 5.6739 131.42 <.0001 1.015 3.511 321 5.53 0.92
Error 9 0.3886 0.0432 1.020 3.495 321 4.83 0.86
Uncorrected Total 11 11.7364 1.025 3.480 321 3.61 1.39

Approx 1 030 3 465 182 10 26 0 63
Std Error 1.035 3.451 182 6.00 0.64

a 3.5573 0.7265 1.9138 5.2008 1.040 3.436 182 5.27 0.47
b -0.8858 0.1523 -1.2303 -0.5413 1.045 3.421 182 5.10 1.02

1.050 3.407 182 4.20 1.17
a b 1.055 3.393

a 1 -0.9533007 1.060 3.378
b -0.9533007 1 1.065 3.364

1.070 3.350
1.075 3.337
1.080 3.323
1.085 3.309
1.090 3.296
1.095 3.283
1.100 3.269
1.105 3.256
1.110 3.243

Number of Observations Read 12 1.115 3.230
Number of Observations Used 11 1.120 3.218
Number of Observations with Missing Values 1 1.125 3.205

1.130 3.192
Source Sum of Mean 1 135 3 180

Squares Square 1.140 3.167
Model 1 0.01553 0.01553 24.02 0.0008 1.145 3.155
Error 9 0.00582 0.00064646 1.150 3.143
Corrected Total 10 0.02135 1.155 3.131
Root MSE 0.02543 R-Square 0.7274 1.160 3.119
Dependent Mean 0.26439 Adj R-Sq 0.6972 1.165 3.107
Coeff Var 9.61675 1.170 3.095

1.175 3.084

Variable Parameter Standard Standardized 1 180 3 072
Estimate Error Estimate 1.185 3.061

Intercept 1 0.36003 0.02097 17.17 <.0001 0 1.190 3.049
Medelstock 1 -0.5319 0.10853 -4.9 0.0008 -0.8529 1.195 3.038

1.200 3.027
1.205 3.016
1.210 3.005
1.215 2.994
1.220 2.983

Berg et al. 2019 km/h m/min 1.225 2.972
Driving empty speed 3.29 54.8 Average, mean log volume 0.162 1.230 2.961
Driving loaded speed 2.74 45.7 Average, log conc 4.642 1.235 2.951

1.240 2.940
Mean driving empty distance 240 m 1.245 2.930

Mean driving loaded distance 189 m 1.250 2.919
Extraction distance 215 m 1.255 2.909

Driving empty and driving loaded time 8.52 minuter/lass 1.260 2.899
0.64 minuter/m3 1.265 2.889

1.270 2.879
1.275 2.869

Load volume 13.4 m3 1.280 2.859
1.285 2.849

Min/m3 % 1.290 2.839
Average, mean log volume 0.162 Unloading 0.274 Unloading 15.0% 1.295 2.829

Driving empty 240 Driving empty and loaded 0.637 Driving empty and loaded 34.9% 1.300 2.820
Average, log conc 4.64 Loading 0.913 Loading 50.1% 1.305 2.810

Driving loaded 189 1.310 2.801
1.82 1.315 2.791

1.320 2.782
1.325 2.772
1.330 2.763
1.335 2.754
1.340 2.745
1.345 2.736
1.350 2.727
1.355 2.718
1.360 2.709
1.365 2.700
1.370 2.692
1.375 2.683
1.380 2.674
1.385 2.666
1.390 2.657
1.395 2.649
1.400 2.640
1.405 2.632
1.410 2.624
1.415 2.616
1.420 2.607
1.425 2.599
1.430 2.591
1.435 2.583
1.440 2.575
1.445 2.567
1.450 2.560
1.455 2.552
1.460 2.544
1.465 2.536
1.470 2.529
1.475 2.521
1.480 2.514
1.485 2.506
1.490 2.499
1.495 2.491
1.500 2.484
1.505 2.477
1.510 2.469
1.515 2.462
1.520 2.455
1.525 2.448
1.530 2.441
1.535 2.434
1.540 2.427
1.545 2.420
1.550 2.413
1.555 2.406
1.560 2.399
1.565 2.392
1.570 2.386
1.575 2.379
1.580 2.372
1.585 2.366
1.590 2.359
1.595 2.352
1.600 2.346
1.605 2.339
1.610 2.333
1.615 2.327
1.620 2.320
1.625 2.314
1.630 2.308
1.635 2.301
1.640 2.295
1.645 2.289
1.650 2.283
1.655 2.277
1.660 2.271
1.665 2.265
1.670 2.259
1.675 2.253
1.680 2.247
1.685 2.241
1.690 2.235
1.695 2.229
1.700 2.223
1.705 2.217
1.710 2.212
1.715 2.206
1.720 2.200
1.725 2.195
1.730 2.189
1.735 2.183
1.740 2.178
1.745 2.172
1.750 2.167
1.755 2.161
1.760 2.156
1.765 2.151
1.770 2.145
1.775 2.140
1.780 2.135
1.785 2.129
1.790 2.124
1.795 2.119
1.800 2.113
1.805 2.108
1.810 2.103
1.815 2.098
1.820 2.093
1.825 2.088
1.830 2.083
1.835 2.078
1.840 2.073
1.845 2.068
1.850 2.063
1.855 2.058
1.860 2.053
1.865 2.048
1.870 2.043
1.875 2.038
1.880 2.034
1.885 2.029
1.890 2.024
1.895 2.019
1.900 2.015
1.905 2.010
1.910 2.005
1.915 2.001
1.920 1.996
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thinning and clearcut operations if  remaining trees 
(stand density) do not affect forwarding productivity?

That said, even the highest stand density in  our 
study was relatively sparse, and consequently the dif-
ference between Sparse and Dense was not as drastic 
as the difference between Nordic thinning and clear-
cut operations. In  fact, the number of  remaining 
trees varies radically when forwarding during even-
aged forestry; from dense (first thinning) to practi-
cally no  trees at all (clearcut). Therefore, our study 
results from this selection cutting operation must 
only be cautiously applied to even-aged forestry.

Although there are some international field stud-
ies with manually collected datasets that are large 
and representative (e.g.  Hildt et  al.  2020), Nordic 
field studies are typically based on  a  very small 
number of  loads or only one operator (Nurminen 
et  al.  2006; Manner et  al.  2013; Grönlund, Elias-
son 2019). Our study is not an exception: our small 
dataset and the fact that the study included only 
one operator decrease the representativeness of our 
study. That said, our field study was well-controlled 
and produced logical results in line with current lit-
erature. Nevertheless, our findings need to be veri-
fied by studies based on larger datasets that include 
several operators and stands. Therefore, we  con-
sider our study to be a novel pilot study that raises 
relevant questions for further investigation.

CONCLUSION

The ANCOVA did not support our hypothesis, 
which was that forwarding productivity decreases 
with increasing stand density. Instead, forwarding 
productivity did not decrease with increasing stand 
density, i.e. the number of remaining trees did not 
affect forwarding productivity during selection 
cutting, ceteris paribus. That said, our study was 
a pilot study, and more research is needed on this 
topic before definitive conclusions can be made.
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