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Abstract: In some cases, it is difficult to promote climax tree species in the forest stand composition. In the Czech
Republic, silver fir (Abies alba Mill.) is a typical example. This study offers an evaluation of the use of two improving
compounds for tree plantations in the initial stage of growth in Central Bohemia. In the experiment, we measured
the initial growth performance of a young fir plantation treated with a brassinolide compound (concentration 1 : 100
and 1 : 200) and Bio-Algeen® prior to planting and compared it with control treatment: we assessed height, root collar
diameter, vitality and mortality rate during the period 2014-2019. Cumulative mortality rate of the plantation reached
25% at the end of the monitoring period, without any significant differences between variants. Height increment of the
variant treated with Bio-Algeen® was significantly (P < 0.05) lower than the growth of brassinolide-treated variants, all
treated variants were comparable with the control variant. The plantation underwent a drought-stress period in 2014
and 2015, which resulted in worsened vitality and colour across variants. As a result of the simple economic analysis,
the most expensive inputs are planting stock and labour, therefore the price and application of additional substances
should not affect decision-making.

Keywords: Abies alba; brassinolide; Bio-Algeen®; forest regeneration; silviculture

Forests are an essential part of the terrestrial en-
vironment. In some parts of the world, previous
woodland areas are devastated or already non-
existent due to human activity and it has a drastic
impact on the well-being of humans (Hobley 2005;
Vacek et al. 2021b). Where diverse forests are pres-
ent, also the support of biodiversity is very high
in comparison with non-forested areas like agricul-
tural land (Grainger 2013).

In Central Europe, some forests have been drasti-
cally changed in the past in terms of structure and
tree species composition (Holubik et al. 2014; Cu-
kor et al. 2020). Silver fir (Abies alba Mill.) was one
of the most impacted climax species, which was
an abundant species on the area of today’s Czech
Republic, as it expanded naturally across Central
Europe in response to climatic change after the last
glacial period, before the beginning of extensive
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Neolithic human activities (Tinner, Lotter 2006).
But through history, other species, particularly
Norway spruce (Picea abies L. Karst.), were pre-
ferred at the expense of silver fir (Vacek et al. 2015;
Podrazsky et al. 2018).

Silver fir is the main canopy tree species espe-
cially in the 4"—6 forest vegetation zone (Z4rnik,
Holus$a 2005; Poleno et al. 2009). The most favour-
able conditions for silver fir are northern slopes
with high air humidity (Dinca et al. 2022). In these
conditions it forms mixed forests together with
European beech (Fagus sylvatica L.) and Norway
spruce (the so-called Hercynian mixture) (Musil
2003). The uneven-aged mixed stands with a com-
plicated internal structure are typical (Hofmeister
et al. 2008; Slanaf et al. 2017; Stefan¢ik et al. 2021;
Dinca et al. 2022). In the other forest vegetation
zones, fir usually occurs only as a mixed or inter-
spersed tree species and it usually has reduced
vitality. It maintains its share there mainly thanks
to its ability to survive in the shade for a long time,
possibly thanks to its ability to grow on alternately
moist and waterlogged soils, where it has an irre-
placeable function in terms of the stability of for-
est stand production (Korpel 1989; Dobrowolska
et al. 2017; Mikulenka et al. 2020). Silver fir is also
an important tree species in terms of wood pro-
duction (Stefan¢ik 2019; Mikulenka et al. 2020;
Proktipkova et al. 2021). Stands of silver fir showed
lower sensitivity to different climatic factors than
Norway spruce stands in recent studies (van der
Maaten-Theunissen et al. 2013; Dobrowolska et al.
2017; Vitali et al. 2017). In provenance trials, Czech
populations showed better growth in compari-
son with foreign, particularly Italian provenances
(Fulin et al. 2023).

Since the mid-19" century, the decline and
even mortality of silver fir have been recorded.
The dieback reached the peak in the second half
of the 20t century. The air pollution is considered
as the main but not the only reason for fir dieback.
Nowadays, a substantial improvement in the health
status is observed across Europe (Elling et al. 2009).
Unsuitable clear-cutting management, air pollution
and outbreaks of Dreyfusia caused a rapid decline
of this species (Mrkva 1994; Boettger et al. 2014;
Dobrowolska 2017; Novak et al. 2019; Mikulenka
et al. 2020). In recent years, the decline of silver fir
has also been attributed to climate change (Hane-
winkel et al. 2013; Boettger et al. 2014; Konopkova
et al. 2018). In particular, the repeated summer
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heatwaves and long-term drought periods had
a significant impact on the health status of silver fir
(Buintgen et al. 2014; Gazol et al. 2015; Konopkova
etal. 2018). Silver fir is often preferred by ungulates
for browsing that is a substantial obstacle to natu-
ral or artificial regeneration (Hésler, Senn 2012).

Ministry of Agriculture of the Czech Republic
(Ministry of Agriculture 2020) estimates the origi-
nal proportion of silver fir in the forest cover be-
fore the intensive influence of humans to 19.8%,
but nowadays its representation is only around
1.2% in the Czech Republic. Meanwhile, the out-
lined recommended representation by Ministry
of Agriculture (2020) in the future is 4.4%. Gener-
ally, silver fir is considered as an ameliorative (or
also “site improving”) and stand stabilising species
on many sites, similarly like European beech (Po-
drdzsky, Remes 2010; Gallo et al. 2018). According
to the Czech legislation (Regulation No. 298/2018),
silver fir is included among the tree species with
site improving and stand stabilizing functions.
In the above-mentioned regulation the minimal
share of tree species is demanded through forest
restoration. Its ameliorating effects were confirmed
by recent studies (Podrazsky et al. 2018). It is also
important that the roots of silver fir reach much
deeper and are able to gain sufficient nutrients
from the whole soil profile (Novotny 2023). Other
studies showed, however, only a minor ameliorat-
ing effect of silver fir in comparison with Norway
spruce. Higher content of total N, P, Ca and slightly
accelerated litter decomposition were recorded,
pedochemical characteristics were comparable
(Trestik, Podrazsky 2017).

Silver fir is often preferred for forest reforesta-
tion, in the efforts for diversification and increas-
ing the stability of forests (Pach, Podlaski 2015). Fir
is considered as a shade-tolerant climax tree spe-
cies which can survive the under the crown cano-
py for decades, but insolation is needed to reach
a substantial height increment (Polach, Spulak
2022). On the other hand, the environmental con-
ditions on large-scale salvage-logged clear-cuts are
adverse (Poleno et al. 2009; Vanék, Mauer 2014).
The planting of fir in the conditions of full inso-
lation usually does not show a negative influence
on the height growth, however, the conditions
of the clear-cut area initially contribute to in-
creased mortality and frost injury, and worsened
vitality of the young plants (Vanék, Mauer 2014).
Therefore, silver fir is a desirable tree species for
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use in stand reconstructions as underplanting
under dying Norway spruce stands (Simon et al.
2006; Vencurik et al. 2015). The appropriate way
may be to plant silver fir in the mixture with rowan
tree (Sorbus aucuparia) which offers the desired
protective shelter but does not substantially inhib-
it the growth of fir (Kacalek et al. 2023).

A possible solution is the two-phase forest re-
generation, which, however, takes a longer period
of time, in the order of decades to reach the climax
state (Safranek et al. 2018; Polach, Spuldk 2022).
Is it possible to support climax tree species in a way
so that at least in some parts of large areas it is pos-
sible to count on their existence and production al-
ready in the first stages of forest regeneration?

The aim of this study was to find differences be-
tween the plantation treated with a brassinolide
compound and Bio-Algeen® and the control variant
to decide whether these substances could be useful
for the initial intensive care of a target tree species —
silver fir. The specific objectives were to determine
differences between variants with regard to (i) mor-
tality rate, (ii) height and root collar diameter,
(iii) height and diameter increment, (iv) vitality and
(v) economic costs. It was hypothesized that the
brassinolide compound (BRs)- and Bio-Algeen®-
treated part of the plantation would show increased
growth and vitality and decreased mortality.

MATERIAL AND METHODS

Study site

The experimental plot was situated at the Truba
Research Station close to Kostelec nad Cernymi
lesy, Czech Republic (GPS: 50°0.36'N, 14°50.25'E,
altitude 365 m a.s.l.). The surface is flat, the soil
is sandy loam, and the area is exposed to direct sun-
light for most of the day. The stand conditions rep-
resent afforestation of abandoned agricultural land.
The area was protected by a deer-exclosure fence.

Considering that the positive effect of both used
improving substances should manifest more clearly
in the adverse conditions, we intentionally chose
the locality for establishing an experimental plan-
tation with such stand conditions that do not rep-
resent the optimal stand demands of silver fir.

An automatic meteorological station is moni-
toring weather conditions within the experimen-
tal plantation (data logger type: LEC 3010, Libor
Danes Company, Czech Republic; GPS: 50°0.382'N,
14°50.236'E; elevation: 365 m a.s.l., 3" forest vegeta-

tion zone). Long-term average annual temperature
is 7.9 °C and annual rainfall around 670 mm (1961-
2021; Ondrejov meteorological station, 490 m a.s.1.).
The comparison with basic climatic conditions mea-
sured on the research plot in 2014-2019 is shown
in Table 1. Precipitation throughout the year was
measured by a standard non-heated tipping buck-
et rain gauge with the circular surface of 500 cm?
i.e. diameter ~ 25.3 cm. Precipitation in the vegeta-
tion period was calculated as the sum of daily pre-
cipitation in the period from April to September.
Analysis of soils on this research site was done in de-
tail in a previous study (Gallo et al. 2020).

Planting and planting stock

Five-year-old bare-rooted planting stock of sil-
ver fir was used. Planting stock was grown in the
Burda Forest Nursery, Milevsko, Southern Bohe-
mia, according to the 2 + 3 cultivation formula,
i.e. seedlings were grown on a seedbed for two
years, then they were transplanted to a nursery bed
and grown there for another three years. The ex-
perimental plantation was established at 1 m x 1 m
spacing in April 2014 and the rows of the control
and treated seedlings alternated. The unusually
dense spacing was used in order to restrict the used
area to achieve as homogeneous stand conditions
as possible.

In total, 880 transplants were planted: 352 plants
treated with Bio-Algeen®, 176 BRs-treated (con-
centration 1 : 100), 176 BRs-treated (concentration
1:200) and 176 plants in the control variant. Ap-
plication of Bio-Algeen and BRs was done twice,
on May 20, 2014 and on June 9, 2015. Control trees
were without any treatment. Weed control was

Table 1. Climatic conditions on the experimental plot
measured by automatic station

Average Temperature Sum Precipitation
annual in vegetation ofannual in vegetation
Year temperature  period precipitation  period
§9) (mm)
2014 10.4 15.5 563 379
2015 10.6 16.2 451 211
2016 9.3 15.4 525 301
2017 9.6 15.5 533 340
2018 10.9 18.2 389 219
2019 10.2 15.9 528 315
Mean 10.2 16.1 498 294
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done by trampling during annual measurements
and engine-trimmer was used, as required, at least
once a year. The monocotyledonous grass (e.g. the
genera Calamagrostis, Festuca, Arrhenatherum,
Alopecurus, Holcus) prevailed, there were also di-
cotyledonous genera (e.g. Hypericum, Acetosella,
Urtica). Initial measurements of height and root
collar diameter were performed in spring 2014
(initial values). Periodic measurements of height
and root collar as well as records of mortality rates
were taken annually in autumn in 2014-2019 (after
the vegetation period). Mortality rates were calcu-
lated as the percentage of dead transplants related
to the initial numbers of plants. Vitality and colour
of trees were assessed visually according to a vital-
ity scale (Kunes et al. 2011; Gallo et al. 2017).

Treatment

Two improving substances were used to enhance
initial vitality of the plantation — a brassinolide
compound (BRs) and Bio-Algeen®. The brassino-
lide compound is a part of brassinosteroids group
(Novékova et al. 2014, 2015; Gallo et al. 2017) and
it was patented in 2003 (Kohout et al. 2003). Bio-
Algeen® is a preparation based on the hydrolyzate
of the brown alga Ascophyllum nodosum produced
in the form of granules, spray or wet root coating
material (Hanzal et al. 2015).

Brassinolide. The norm was 20 mL of the solu-
tion per tree. In the original preparation, the con-
centration of brassinolide was 0.4 mg-L~!. This was
diluted at 1 : 100 or 1 : 200, i.e. in 1 : 100 dilution
there was 0.004 mg-L~! and in 1 : 200 dilution there
was 0.002 mg-L~'. Divided by 50, the dose in mg
of brassinolide per one seedling comes out.

Bio-Algeen®. Regarding the application, it was
sprinkled with a dropper, 1 L per seedling, which
was 352 litres per plantation. It was done immedi-
ately after planting.

Economic calculation

One of the important aspects that is monitored
when assessing the effectiveness of new methods
is the financial performance and evaluation of eco-
nomic parameters. The table below shows the fi-
nancial values of the primary inputs for growing
transplants that were used for the research. Basic
costs comprise transport costs, planting stock, out-
planting labour, fencing and subsequent weeding
and protection. Extra costs comprise particularly
the treatments with different substances. An over-
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Table 2. Overview of costs entering simple economic

analysis

Item / Activity EUR-unit™! per 1 ha EUR-ha™!

Basic costs

1 plant 4 444

(transplant) 0.5 (spacing 1.5 x 1.5) 2222

Labogr costs 05 _ 2999

planting 1 tree

Transport 0.4 2 x 100 km 80
P (EUR-km™)

Weeding 300 - 300

Fence - - 400

Extra costs

BRs 1:100 50 - 50

BRs 1:200 50 - 25

Bioalgeen® 70 - 70

BRs preparation 10 _ 10

and app.

Bioalgeen®

preparation and 20 - 20

app.

BR - brassinolide

view of costs entering the simple economic analysis
is in Table 2.

The costs related to the purchase of planting
stock, outplanting labour, transport, weeding and
protection were compared. The common spacing
(rather sparser in comparison with the experimen-
tal plantation) was used in the model forest stand
for calculation. The transport costs are, of course,
strongly dependent on the distance. The price
of planting stock was derived from the current
prices in the Czech Republic (Burda 2019), the ex-
change rate of EUR to CZK was 1 : 26. For the pur-
poses of the analysis, we considered the labour costs
of outplanting of one transplant to be EUR 0.5. The
fencing costs were estimated to be 4 000 EUR-km™!,
based on our previous experience. In this case,
500 m to fence 1 ha (400 m of a perfect square plus
extra 100 m for irregularities in the real shape) was
considered.

Transport costs are calculated as the costs of ve-
hicle with trailer per km, which were approximated
to 0.4 EUR-km™'. In our model case, the transport
from Milevsko nursery to Truba Research Station
was calculated (100 km). In the case of purchasing
a larger number of trees, transport is usually free.
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Application of BRs was done to 352 individu-
als, spreading duration and movement from tree
to tree were approximately 10 s per tree. 352 plants
therefore mean 3 520 s + considering the dilution
and preparatory work around, resulting in app. 2 h.
The price could not be established as it is an experi-
mental product, but considering the amount, it can
be almost negligible.

Application time of Bio-Algeen® was also 2 h — de-
livery and sprinkling of the seedling are a matter
of 2 s, but everything around (10 s) the total time
is 2 h. The 10-litre canister cost was ca 100 EUR,
1 seedling was diluted = 1 L containing 2.5 mL
of Bio-Algeen®. Total cost of Bio-Algeen® can be es-
timated to 10 EUR.

Comntrol. The control variant had an obvious ad-
vantage because neither cost of additive chemicals
nor additional labour of the application of those
chemicals was required.

Data analysis

The analysed data included the trees which had
survived until autumn 2019. Data relating to the
trees that died by autumn 2015 were retrospec-
tively excluded. Some severely damaged living trees
(especially those injured by a brush cutter during
weed cutting) were also excluded.

Data were digitized and adjusted in MS Ex-
cel (Version 365, 2022). Statistical analyses were
done in R software (Version 4.0.2, 2020). An-
nual mortality rate was assessed by test for quan-
tities corresponding to binomial distribution
using a predefined script [Linda (2020) according
to Agresti et al. (2008)]. In height and root collar
diameter increments, the Shapiro-Wilk test was
used to test normality of data. Subsequently (as
the data showed other than normal distribution),
the Kruskal-Wallis test with multiple comparisons
was used to find possible significant differences be-
tween the variants. Then, the Kruskal-Wallis mul-
tiple comparison test from the package 'pgirmess’
was used to test particular differences. The prin-
cipal component analysis (PCA) was performed
in Canoco 5 program (Smilauer, Lep$ 2014) to eval-
uate the relationship between seedling parameters,
climate factors and treatment variants. Data were
log-transformed and standardized before analysis.
The results of the multidimensional PCA analysis
were visualized in the form of ordination diagram.

For vitality assessment, a scale for rapid visual
assessment of the health status was used (Gallo

etal. 2017): A — excellent; B — good; C — somewhat
worsened; D — significantly worsened; E — dry.
Dead trees were also excluded from the analy-
sis of vitality and colour. For evaluation of needle
colour, a three-degree scale was used (1 — green,
2 — green-yellow, 3 — yellow). Vitality and colour
assessment was done only in the years 2014 and
2015. In the next years these parameters were not
recorded because the majority of trees overcame
the postplanting shock (or died) and no extensive
colour and vitality differences were observed.

RESULTS

Mortality rate. No statistical differences in an-
nual mortality between variants were observed.
Notably increased annual mortality was registered
in 2015 for all variants. Otherwise, values of an-
nual mortality were generally low, in BRs 1 : 100
and control variant they were zero in the last three
monitored seasons (Table 3). Although the climatic
conditions in 2018 were similar to those in 2015,
almost no annual mortality was registered. In the
fifth season after planting (2018), the root systems
of the trees were well developed. Therefore, the
survival rate in the extreme drought period was
very high, contrarily to the second season (2015).

Cumulative mortality rate of the plantation
reached 25% at the end of the monitoring period
in 2019. Mortality according to each treatment
is shown in Figure 1. The lowest cumulative mor-
tality was registered in control treatment (20.5%),
while the highest was in BRs 1 : 100 treatment
(29.5%). P-values were not statistically significant.

Height and root collar diameter. Mean height
development of fir individuals differentiated ac-
cording to variants is shown in Figure 2. It was
similar in all treatments with Bio-Algeen® show-

Table 3. Annual mortality rate (%) of different treatments
of silver fir plantation in the period 2014—2019 on the
research plot Truba

Treatment Year

2014 2015 2016 2017 2018 2019
Bio-Algeen®  2.27* 21.22* 1.11* 0.37*° 0.00° 0.37°
BRs 1:100 0.00* 26.70* 3.10* 0.00* 0.00* 0.00?
BRs 1:200 0.57* 24.00* 1.50* 0.00* 0.76* 0.00*
Control 0.57* 18.86* 1.41* 0.00* 0.00* 0.00?

Different letters indicate significant differences; BRs — brassi-

nolide
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Mean root collar diameter development is shown
in Figure 3. The yearly values were similar in all
treatments. In absolute numbers, control treat-
ment showed the lowest root collar diameter

monitoring period. BRs

Figure 3. Mean root col-
lar diameter (cm) de-
velopment of different
treatments of silver fir
plantation in the period
2014-2019 on the re-
search plot Truba

BRs — brassinolide
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Figure 4. Median height increment (cm) of different treat-
ments of silver fir plantation in the period 2014-2019
on the research plot Truba

Different letters indicate significant differences accord-
ing to Kruskal-Wallis multiple comparisons test; error
bars — standard deviation; BRs — brassinolide

1 : 200 showed the highest value (32.2 mm), while
BRs 1: 100 and Bio-Algeen® reached 30.7 mm and
29.9 mm, respectively.

Height and root collar diameter increment.
Total number of evaluated trees was 626. In height
increment over the monitoring period, the Kruskal-
Wallis test showed significant differences between
variants (Kruskal-Wallis chi-squared = 12.371,
df = 3, P-value = 0.006213). Subsequent Kruskal-
Wallis multiple comparison test revealed that
height increment of the variant treated with Bio-
Algeen® was significantly lower than the growth
of BRs-treated variants. All treated variants were
comparable to control variant (Figure 4).

Bio-Algeen® BRs1:100 BRs1:200

Variant

control

Figure 5. Median root collar diameter increment (mm)
of different treatments of silver fir plantation in the period
2014-2019 on the research plot Truba

Different letters indicate significant differences accord-
ing to Kruskal-Wallis multiple comparisons test; error
bars — standard deviation; BRs — brassinolide

In evaluating the root collar diameter increment
over the monitoring period, BRs 1 : 200 exhibited
significantly higher increment in comparison with
control treatment. However, it was not significantly
different from BRs 1 : 100 or Bio-Algeen®, which
were not significantly different from the control
(Figure 5).

Vitality. Visually assessed vitality and colour
are in Tables 4 and 5, respectively. In case of Bio-
Algeen®, most trees were in vitality category B
in 2014, but they shifted to C in 2015. In contrast,
B remained the most abundant category in 2014
and in 2015 for BRs 1 : 100, even though the qual-

Table 4. Relative frequency (%) of silver fir individuals in different vitality classes according to different variants in 2014

and 2015 on the research plot Truba

Year 2014 2015

Variant A B C D E A B C D E
Bio-Algeen® 34.66 40.91 17.61 4.55 2.27 7.10 23.30 39.49 7.10 23.01
BRs 1:100 38.07 53.98 6.25 1.14 0.57 8.52 28.41 25.57 10.23 27.27
BRs 1:200 46.29 40.57 12.00 1.14 0.00 20.00 24.57 25.71 571 24.00
Control 43.18 46.02 9.66 0.57 0.57 12.50 25.00 28.98 14.20 19.32

Vitality classes: A — excellent; B — good; C — somewhat worsened; D — significantly worsened; E — dry; BRs — brassinolide
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Table 5. Relative frequency (%) of Abies alba individuals in different colour classes according to different variants

in 2014 and 2015 on the research plot Truba

Year 2014 2015

Variant 1 2 3 1 2 3
Bio-Algeen® 34.6 60.2 5.2 66.1 27.7 6.3
BRs 1:100 37.7 58.9 3.4 58.6 31.3 10.2
BRs 1:200 41.7 56.0 2.3 70.9 23.1 6.0
Control 38.3 53.7 8.0 58.5 27.5 14.1

Colour classes: 1 — green, 2 — green-yellow, 3 — yellow; BRs — brassinolide

ity also heavily shifted to other categories. For BRs
1:200 in 2014, the most abundant category was A,
but then C and B in the next year. For the control,
a similar pattern like in other treatments was reg-
istered, i.e., shift from better to worsened vitality.

Regarding the visually assessed parameter - co-
lour of previous year needles, the development was
contrary to overall vitality — it mostly shifted from
yellow-green in 2014 to green in 2015 in all variants
(Table 3).

Economic analysis. Estimated results of the
simple economic analysis are shown in Table 6. The
input costs are the same (planting stock, outplant-
ing, transport, weed control and fence), the differ-
ences are in the extra care of individual treatments.
The most expensive was Bio-Algeen® treatment
(total cost 5 254 EUR-ha™!) compared to the cheap-
est control variant (5 224 EUR-ha™!). The extra care
of BRs variants was 10 EUR-ha~! lower.

Relationship between increment, mortality, cli-
mate and treatments. Results of the principal com-

ponent analysis expressing the relationship between
seedling parameters, climate factors and fir treat-
ments are presented in the form of ordination dia-
gram in Figure 6. The first ordination axis represents

Table 6. Results of simple economic analysis comparing
three different variants: Bioalgeen®, BRs and control
at the experimental plantation of Abies alba at Truba
research plot

o Bio-Algeen® BRs Control
Item / activity
(EUR-ha™!)

Planting stock 2222 2222 2222
Outplanting 2222 2222 2222
Transport 80 80 80
Weed control 300 300 300
Fence 400 400 400
Extra care 30 20 0
Total 5254 5244 5224

BRs — brassinolide

1.0 1
[ year of observation

@ treatment variant

diameter increment rate

BRs 200
height increment rate

L 2016
precipitation annual

mortality rate

2015

Figure 6. Ordination diagram
showing results of principal com-
ponents analysis of relationship
between seedling parameters
(root collar diameter increment
rate, height increment rate, an-
nual mortality rate), climate
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O @
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factors (annual temperature,
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48.24%, the first two axes 66.21% and the four axes
together account for 95.20% of data variability. The
x-axis represents the root collar diameter increment
rate and the y-axis represents climate factors (air
temperatures and sums of precipitation). Mortal-
ity rate of seedlings was increasing with decreasing
sum of precipitation and increasing temperature.
Height increment was positively correlated with
root collar diameter increment. The lowest explana-
tory variable in the ordination diagram was height
increment ratio. The differences between treatment
variants were significant, compared to small differ-
ences between years in the period 2014-2019. Gen-
erally, BRs 1 : 200 treatment was the most suitable
for the growth of silver fir compared to the control.

DISCUSSION

The existence of forests in many areas is threat-
ened. An ideal way of the ecosystem preservation
is natural dynamics and natural regeneration (Va-
cek et al. 2019; Brichta et al. 2020; Proktpkova et al.
2020; Fuchs et al. 2021; Hammond et al. 2021). These
processes are not functional on many areas for dif-
ferent reasons. One of possible ways to save forests
is artificial regeneration (reforestation) and affor-
estation on new non-forest areas and areas where
forests were previously removed (Vacek et al. 2018,
2021a; Cavalli et al. 2022; Cukor et al. 2022; Zeidler
et al. 2022). In such cases, intensive care is efficient
to decrease the initial mortality of trees (Gallo et al.
2020). Moreover, afforestation plays a significant
role in the mitigation of climatic changes due to the
global carbon cycle (Cukor et al. 2017a).

In many cases, planting trees became a contro-
versial topic (Chytry et al. 2001). Phrases like “more
harm than good” or “controversial strategy” are
used regarding the effects of plantations on climate
change and fires (Elbein 2019; Yanes 2020). Their
effect on plant communities is also significant (An-
drés, Ojeda 2002). It is important to understand
historical context of deforestation, scale of original
forest cover and all benefits of forests and trees.

A number of field experiments done as well
as practical experience showed that the cultivation
of climax species under the conditions of large-
scale clear-cuts is difficult and much more de-
manding on post-planting care in comparison with
the use of pioneer species which grow spontane-
ously on many sites (not on all however) (Eisenhau-
er et al. 2001; Martinik et al. 2018). It is up to the

owners to decide whether they want to invest
in more demanding measures. Silver fir requires
fencing against game damage and often also weed-
ing or at least weed control by trampling (Vacek
et al. 2014; Vacek 2017; Gallo et al. 2020). Regen-
eration of fir is strongly influenced by vegetation
cover. For example, Prokapkova et al. (2021) from
Poland showed that the tallest fir regeneration in-
dividuals were observed in the Rubus cover, while
the highest density of fir natural regeneration was
observed in the moss cover. A number of papers
also reported that a warm summer and repeated
long-term drought with lower precipitation total
had a significant negative impact on the vitality and
health of silver fir (Thomas et al. 2002; Camarero
et al. 2011; Linares 2011; Linares, Camarero 2012;
Biintgen et al. 2014; Gazol et al. 2015; Vejpustkova
et al. 2023). Similarly, a high mortality rate was
observed in our study in 2015 (second year after
planting) due to the synergism of extremely high
air temperature in vegetation and droughts.

BRs 1 : 200 treatment performed the best in rela-
tion to mean root collar diameter, as well as vitality
and colour changes under drought stress. It is in ac-
cordance with previous research, where a particu-
lar concentration of BRs performed better than
the control, but different concentration performed
worse (Novédkovd et al. 2015). However, the results
of different studies are inconsistent. BRs also showed
a positive effect on overcoming drought stress in the
germination of Norway spruce, Scots pine (Pinus syl-
vestris L.) and Douglas fir (Kunes et al. 2016). BRs
had negative effects on growth and mortality of Scots
pine in another study (Novakova et al. 2014).

Bio-Algeen® treatment showed lower height in-
crement in comparison with BRs treatments, but
comparable with the control variant while showing
root collar diameter increment comparable with all
other variants. Benefits of Bio-Algeen® were there-
fore not proven. Study by Lorenc et al. (2016) rec-
ommended Bio-Algeen® for application in forest
nurseries, as its application boosted growth. Simi-
larly, another study showed positive economic and
production results regarding the application of Bio-
Algeen® to seedlings in both nursery and plantation
site (Hanzal et al. 2015). Another way of applying
algae-related material is the application of alginite
rocks (Tuzinsky et al. 2015; Cukor et al. 2017b, c).

The simple economic analysis showed moderate
differences in costs over the variants, as the ad-
ditional substances are not crucial in the inputs,
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especially in comparison with the costs of plant-
ing stock and labour. On the other hand, from the
ecological point of view, the ameliorative effects
of silver fir are not clearly determined, in most fac-
tors it has better results than Norway spruce, but
not very convincingly and its sensitivity to envi-
ronmental conditions is problematic (Ttestik, Po-
drdzsky 2017; Podrazsky et al. 2018).

There are still many questions regarding the re-
search of BRs and Bio-Algeen®. What about the ef-
fects of the combination of those substances? What
about combining BRs and Bio-Algeen® with different
fertilizers or alginite rocks? There are many possible
combinations of different substances to enhance
growth and vitality of young forest plantations. Such
activities of initial care are aimed at creating more
diverse and stable ecosystems in future, ensuring
their functionality in later stages using mostly silvi-
cultural measures (Vacek et al. 2020).

CONCLUSION

Silvicultural measures to support biodiversity
are crucial for nature protection under the current
conditions of intensive human impact on forest
ecosystems and ongoing climate change. In this ex-
periment, the plantation of target tree species Ab-
ies alba was treated with a brassinolide compound
and with Bio-Algeen® alongside with the control
variant to find the best possible treatment for opti-
mized growth and vitality of this infrequent species.
The plantation showed stable growth and vitality
and minimal rates of mortality, except the year 2015
with hot and dry summer. None of the treated vari-
ants showed significantly better values of growth and
mortality in comparison with the control. Therefore,
we cannot confirm the hypothesis that brassino-
lide compound or Bio-Algeen application increased
growth and vitality and decreased mortality of sil-
ver fir plantation. Regarding the economic aspect,
control variant is the cheapest, missing all additive
operations, but there can be some benefits brought
by additional chemicals like improved radial growth,
vitality and colour under stressful conditions. With
the combined knowledge and practice of natural re-
generation support, as well as intensive care of the
plantation of valuable target species, it is possible
to preserve and even extend the areas of fully func-
tional forest ecosystems. Depending on the level
of previous transformation of forest stands, different
methods of afforestation and management intensity
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might be used. On suitable sites, it is possible to cul-
tivate rare and demanding tree species directly with-
out the preparatory stage of forest. Silviculture is the
only tool to reintroduce rare tree species to places
where they have been missing for a long time due
to previous human activity and impact.

Acknowledgment: The paper was elaborated us-
ing the facilities at Truba Research Station (Depart-
ment of Silviculture, Faculty of Forestry and Wood
Sciences, Czech University of Life Sciences Prague)
in Kostelec nad Cernymi lesy.
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Abstract: Abies hidalgensis is an endemic species from the state of Hidalgo, Mexico, that has been registered only
in nine fragmented relict populations that have a total of 1 000 individuals among them. Intensive forest management
takes place in five of the populations under specific programs focused on Pinus spp. Still, it is necessary to know the
impact of these activities on the genetic diversity of the threatened species, if restoration and conservation strategies are
to be proposed. The aim of this work was to estimate the effect of forest management on the genetic structure of A. /i-
dalgensis using seven nuclear molecular markers developed for A. guatemalensis (Ab07, Ab08, Ab09, Ab12, Ab15,
Ab20, Ab23). The species was sampled growing under two different conditions; (i) areas under forest management and
(if) conserved areas. Two indexes of genetic diversity were evaluated, observed and expected heterozygosity. The genetic
structure was determined by an analysis of molecular variance and a Bayesian assignment model. A bottleneck analysis
was also carried out. The populations were found to have a common genetic base (differentiation coefficient F,. = 0.056,
number of migrants per generation Nm = 43), which suggests recent fragmentation of the distribution, which in turn
increases the bottleneck effect in managed areas (Wilcoxon probability Wp = 0.007 and 0.016). This explains the appar-
ently high heterozygous level (H, = 0.69) and low inbreeding. Our results are important as they may be used to design
strategies for management and conservation of A. hidalgensis.

Keywords: bottleneck; fir; genetic structure; genetic variation; population genetics

Diversity and genetic structure are critical popu-
lation attributes for management and conservation
of plant species classified under some level of risk
due to their size, fragmentation, sensitivity, or re-
stricted distribution (Gordon et al. 2012; Awad
et al. 2014; Wu et al. 2015) because they fluctuate
more quickly in response to spatial and temporal
factors such as isolation, extent of the original dis-
tribution, deforestation, fragmentation, intrinsic
demographic factors of the species, and associa-
tions such as competition, pollination or predation,

life forms, harvesting, stochastic natural events,
or anthropogenic dispersal, among others (Hed-
rick 2005; Conord et al. 2012; Vranckx et al. 2012;
Zhang et al. 2012; Wyatt et al. 2021).

In particular, the fragmentation associated with
forest management for timber and non-timber
purposes has controversial effects on plants, with
a varying intensity, depending on silvicultural
practices, stand structure, and species character-
istics present in the community before and dur-
ing extraction (Gautam et al. 2021). For example,

© The authors. This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).
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pioneer species benefit from management because
it increases their population size while they share
a common genetic base (post-colonisation expan-
sion); whereas long-lived trees mostly suffer a re-
duction in fertility and consequently lose their
genetic variability (Poelchau, Hamrick 2013). The
negative effects for long-lived species may include
areduction in the number of alleles and genotypes,
loss of heterozygosity, and reduction of gene flow
and effective population size (Lowe et al. 2015).
Nevertheless, for some widely distributed spe-
cies, there are no differences in genetic diversity
between managed and unmanaged stands (Paffetti
etal. 2012; Aravanopoulos 2018; Rungis et al. 2019).

However, in principle, relict species with restrict-
ed distribution, endemics, and species with low
population sizes should not be subjected to forest
exploitation. Nevertheless, if their distribution co-
incides with other important timber species, they
will be affected collaterally (Pérez-Lopez et al. 2020).
In addition, some species are illegally extracted be-
cause they are confused with others of greater dis-
tribution or removed due to a change in land use for
grazing or clearing. For example, in Araucaria an-
gustifolia (Bert.) O. Kuntze, an endangered Brazilian
plant species, forest management reduces the num-
ber of alleles and therefore genetic diversity (Me-
dri et al. 2003). Phuong Thuy et al. (2020) observed
poor genetic diversity (k2 = 0.2223) in Pinus kwang-
tungensis Chun ex Tsiang compared to other species
of the same genus [Pinus koraiensis Sieb. et Zucc
H, = 0.61, (Tong et al. 2020); 2. densiflora Siebold
& Zucc H, = 0.652, (Ahn et al. 2021)] due to reduc-
tion of population size and habitat fragmentation.
Additionally, it has been documented that relict
populations in fragmented landscapes show low ge-
netic diversity and high differentiation due to spatial
isolation and high levels of inbreeding (Young et al.
1996; Szczecinska et al. 2016; Li et al. 2018).

Abies hidalgensis Debreczy, Racz, & Guizar (De-
breczy, Ricz 1995) is endemic to the state of Hidal-
go, Mexico, and its distribution is extremely limited.
To date, nine relict populations with a total of few-
er than 1 000 individuals have been identified (Ro-
sales-Islas et al. 2023). It is therefore on the Red List
of threatened species in the Vu D2 category but is not
covered by Mexican legislation (SEMARNAT 2010).

Abies hidalgensis is distributed in the municipali-
ties of Agua Blanca de Iturbide, Tenango de Doria,
and Acaxochitlan, Hidalgo, in nine relict populations.
Several of them have been subjected to forest extrac-
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tion (Las Aguilas, El Tejocote, Ejido San Pedrito, Los
Manantiales, and Zacacuautla), either controlled
through the Silvicultural Development Method
(SDM) or uncontrolled through elimination directed
at corpulent trees, with or without the permission
of the owners. In most of the stands under forest
management, the cover has been replaced with the
genus Pinus due to its economic importance. In addi-
tion, livestock activities were detected in these areas.

Of the nine populations, only two conserve a par-
tially original cover (Ejido San Cornelio and Ejido
San Pedrito). In these, extraction activities are not
evident, extraction of specimens of commercial size
has not been reported, and there is a scarce pres-
ence of stumps or evidence of extraction of trees,
either of A. hidalgensis or the associated species.
In these areas, it is possible to observe different
development strata, with high densities of indi-
viduals. Two other populations have disappeared
because of changes in land use.

The extraction activities are an example of col-
lateral damage, since the scarce knowledge of its
morphology,distributionand,ingeneral,aboutitstax-
onomic status has resulted in the extraction of spec-
imens in areas under forest management. INEGI
(2016, 2017) reports the extraction of 250 m3r!
(m?® of round wood) and 191 m3r! of Abies reli-
giosa (Kunth) Schltdl. & Cham. in the municipality
of Agua Blanca, where this species is not distribut-
ed, but A. hidalgensis is.

The genetic structure of this type of species
is evaluated by means of molecular markers to en-
able the impact of forest management to be esti-
mated at the genetic level and to identify promising
tree populations for the delimitation of conserva-
tion units, risk assessment, and design of manage-
ment strategies (Gonzalez 2003; Godoy 2009).

The objective of this work was to evaluate the ef-
fect of logging on the genetic variation of A. hidal-
gensis using nuclear molecular markers that would
enable identification of losses associated with
the population reduction caused specifically by the
documented logging to assist in the design of resto-
ration and conservation strategies.

MATERIAL AND METHODS

Study sites

The populations at Las Aguilas and Ejido San
Cornelio (managed and conserved, respectively)
located at coordinates 20.369°N, -98.361°E and
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20.361°N, -98.347°E were selected for the study
(Figure 1). Forest extraction in Las Aguilas is regu-
lated by SDM, and the individuals of A. hidalgensis
are distributed in regeneration areas of Pinus patu-
la. This population has about 30 specimens; in con-
trast, the population of Ejido San Cornelio has
about 396 individuals. Other populations were not
considered for contrast since the number of indi-
viduals in the managed conditions was small (fewer
than ten adults), distributed in small areas and/or
geographically close. In addition, the localities un-
der management are changing, some have even
disappeared, and the relict individuals are merely
ornamental within stands dedicated to timber pro-
duction. Therefore, free access to the trees is not
possible it requires agreements with the owners
of the properties.

The populations are located in pine-oak forest
and mountain cloud forest (INEGI 2018), between
2100 m a.s.l and 2 320 m a.s.l. The region is char-
acterised by a humid temperate climate C(m), with
a maximum and minimum temperature of 21 °C
and 6 °C respectively, precipitation of 1 200 mm
to 1 500 mm per year with typical summer rains
and 0% to 18% of the total annual precipitation
in the winter (Garcia 1973; INEGI 2008).

Field data recording
The group distribution of individuals makes it dif-
ficult to take samples with genetic independence,

98°30'W

Mexican Republic

20°30'N

Veracruz

20°20'N

Hidalgo State

Abies hidalgensis
populations

20°10'N

¥ Populations studied
@® Populations not studied

98°20'W

so we worked based on population conditions.
However, it is common to obtain samples of indi-
viduals 20 m to 30 m apart within the population
(Mosca et al. 2012; Stojni¢ et al. 2019). In the Ejido
San Cornelio (conserved), sampled specimens were
at least 30 m apart, while in the Las Aguilas popu-
lation (managed), the number of samples collected
represents almost the total number of reproductive
specimens in the population, so the distance be-
tween some individuals is less.

Leaf samples from the middle to the upper part
of the crown of 30 reproductive specimens per
condition were collected and placed in sealed
bags with silica gel, labelled, and kept refrigerated
at —20 °C before extracting DNA (Awad et al. 2014).

Laboratory analysis

DNA was extracted from leaves following the
CTAB method of Doyle and Doyle (1987). 2 g
of plant tissue were macerated with liquid ni-
trogen until a fine powder was obtained, and
1 mL of extraction buffer was added (CTAB-PVP
2% -Tris-HCl 100 mM pH 8, NaCl 1.4 M, EDTA
20 mM pH 8, and 1 pL of 2-B-mercaptoethanol)
to continue mashing. The mixture was centrifuged
at 800 rpm for 8 min. The precipitate was obtained
and washed up to three times with the extraction
buffer and then incubated at 37 °C for 1 h with
10 uL of RNAse (1 mg-mL~). Next, 10 pL of pro-
teinase K (10 mg-mL™!) was added and incubated

98°10'W

Hidalgo. = s

Figure 1. Studied popula-
tions of Abies hidalgensis
in Hidalgo, Mexico
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again at 60 °C for 1 h. Subsequently, 600 pL of chlo-
roform : isoamyl : alcohol (25 : 24 : 1) and 250 pL
2% NaCl were added due to the high resin content
(Sanchez-Coello et al. 2012), and shaken at 300 rpm
for 1 h at 25 °C. Finally, the mixture was centrifuged
at 10 000 rpm for 10 min, and the supernatant was
recovered and precipitated with 2/3 parts of the fi-
nal volume (300-500 pL) of cold isopropanol, al-
lowing it to settle for 12—24 h at —20 °C. After 12 h,
it was centrifuged at 12 000 rpm for 10 min, the
supernatant was removed without losing the pre-
cipitated product, and 1 ml of cold absolute etha-
nol was added and centrifuged at 14 000 rpm for
10 min. Upon completion, the precipitated prod-
uct was removed from ethanol and allowed to dry
to be resuspended in 50 pL of sterile distilled water
or TE buffer (10mM Tris-HCI, 1ImM EDTA Na,).
The genetic material was quantified by spectropho-
tometry in a MAPADA nano spectrophotometer
(MAPADA instruments, China).

Seven nuclear microsatellite markers developed for
A. guatemalensis Rehder by Rasmussen et al. (2008)
were used (Table 1). The mix for a tested PCR reac-
tion was 2 pL genomic DNA (> 50 ng-uL™!), 1.6 pL
MgCl, (25 mM), 2.4 pL buffer (5x), 0.5 uL dH,0,
0.7 pL of forward and reverse primers (5 pM), 0.3 pL
of deoxynucleotide triphosphates (ANTPs) (10 mM)
and 0.3 uL (1U) of Promega® TagDNA polymerase for
a total of 8.5 pL. The PCR technique was performed
in a Thermo Scientific Artik endpoint thermal cycler
(Thermo, USA).

The PCR program consisted of an initial denatur-
ation step of 9 min at 94 °C; cycling in three steps re-
peated 30 times consisting of denaturation at 94 °C
for 55 s, annealing for 50 s at 57 °C (primer Ab07 and
Ab09), 50 s at 59 °C (primer Ab08 and Ab15), 50 s
at 58 °C (primer Ab12 and Ab20), and 50 s at 61 °C
(primer Ab23) and annealing at 72 °C for 55 s and
the final extension at 72 °C for 7 min. PCR products
were visualised on 15% acrylamide gels, run at 90
volts x 90 min and stained with ethidium bromide
(10 mg:mL™) for 10 min. The gels were visualised
in a transilluminator and recorded photographically.

Data analysis

Genetic diversity. The alleles (bands) were de-
termined with the GelAnalyzer application (Ver-
sion 19.1). The number of alleles was filtered
by Poisson probability; null alleles (frequency less
than 5%) were ruled out, which made it possible
to eliminate genotyping errors, including non-
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amplified alleles. Gene frequencies were calculat-
ed to determine the average number of amplified
samples per locus/condition (N), the average num-
ber of alleles (A), the effective number of alleles

1
Xpi )
p, are the allele frequencies, the Shannon informa-

tive index for each primer / = -1 x X(p, x Inp)), the
observed and expected heterozygosity (H, and H,

e

by locus and by condition, where the

H,-H
respectively), and the fixation index f :%,

e

which is zero if there are Hardy-Weinberg propor-
tions (Hedrick 2005). The GenAlEx package v. 6.5
(Peakall, Smouse 2006) was used for this.

Genetic structure. The genetic structure was
evaluated by Wright’s (1951) F statistics (total in-
breeding coefficient F,,, inbreeding coefficient F,,
differentiation coefficient F,) within and between
study conditions to determine the distribution
of genetic variability within the individual, among
individuals in localities, and among the analysed
localitiess. The number of migrants per genera-
tion (Nm) was also determined pairwise. Molecu-
lar analysis of variance (AMOVA) was performed,
assuming an infinite allele model with 999 permu-
tations. For these analyses, the GenAlEx v. 6.5 soft-
ware (Peakall, Smouse 2006) was used. Additionally,
to analyse the distribution of genetic variation with-
in conditions, a Bayesian assignment analysis was
carried out with the STRUCTURE 2.3.4 program
(Pritchard et al. 2000). For each hypothetical ge-
netic group (number or hypothetical genetic groups
K = 2-5), 50 000 iterations were performed, with
50 000 Markovian repetitions, assuming the Ad-
mixture model and including the correlated allele
frequencies (Falush et al. 2003). The process was re-
peated 10 times to calculate the confidence interval.
Structure selector was used to determine the num-
ber of genetic groups from the AK model (Evanno
et al. 2005) and obtain the genetic structure graph
(Li, Liu 2018).

Bottleneck. A bottleneck analysis was performed
considering a stepwise mutation model (SMM)
using the Bottleneck v. 1.2.02 program (Cornuet,
Luikart 1996) with resampling of 1 000 steps to the
recalculation of the heterozygosity. The mutation-
drift equilibrium model assumes that the severe
reduction in the effective size of a population is re-
flected in an expected deficiency or excess of the
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Table 1. Molecular markers used for analysis of the population structure of Abies hidalgensis in Hidalgo, Mexico

Locus Forward primer 5'— 3' Reverse primer 3' « 5' Size range T (°C)
Ab07 ACTGGCATTTGTCGCATTC CCTCGGAGGACAAGATTTGC 219-257 57
Ab08 ATCGAGAGGCCCAGGTAGAC GACATAGCTGATAGTGACGCAAC 128-161 59
Ab09 AGCTTATTTGCACGCTGAAG TTTTCTTTATGAGAAACCAAGTTCC 129-174 57
Ab12 AGGTTGTGTAAGCCCGTGTAG CCCTTTGTTGATAGAGGGAAAC 223-244 58
Abl5 AACTAACTCCTATGTGTCAAAATATCC GCATGGAGGATAAGTAAAGATGG 239-254 59
Ab20 GATCCAGGTTTAGCGTATCTGAG CAATGAATCTCTGCAACTGACC 134-169 58
Ab23 GGCATTATTTCCCACTTTTCC TCAGATACATACTTGGGTTGGTG 181-207 61

T, — annealing temperature

recalculated heterozygosity relative to the observed
heterozygosity and whose intensity will depend
on the time in which the reduction occurred and
the resulted frequency of heterozygous individuals
after the population reduction.

RESULTS

Genetic diversity. The microsatellites used were
polymorphic. A total of 35 alleles were detected, with
arange of 2 to 10 alleles per locus in both study con-
ditions, and with an average of 5 for the managed
condition and 4.86 for the conserved condition. The
number of alleles for the Ab07, Ab09, Ab12, Abl5,
Ab20 and Ab23 loci were 10, 5, 4, 2, 4, 3, respectively,

Table 2. Number of alleles and effective alleles, Shannon
index by locus

for both study conditions. The Ab08 locus presented
seven alleles for the managed condition, one private
allele, and six alleles for the conserved condition.

The frequency of some alleles for the Ab07, Ab0S,
Ab09, Ab20 and Ab23 loci showed differences be-
tween the study conditions [Table S1 in Electronic
Supplementary Material (ESM)]. At these loci, the
most frequent alleles are different between conditions.

The number of effective alleles is generally low
for the loci studied. In particular, the Ab12, Ab15,
Ab23 loci present less than three effective alleles.
Consistent with this, the Shannon index is low
for the Ab15 locus in both conditions, while the
Ab23 locus is low only for the managed condition
(Table 2).

index, observed and expected heterozygosity and fixation

Study condition Locus N, N, 1 H, H, f
Ab07 10 7.595 2.139 0.933 0.868" -0.075
AbO08 7 5.732 1.838 0.567 0.826*** 0.314
Ab09 5 3.734 1.456 0.433 0.732%** 0.408
Forest management Ab12 4 2.456 1.013 0.600 0.593* -0.012
Ab15 2 1.946 0.679 0.833 0.486*** -0.714
Ab20 4 3.509 1.313 0.500 0.715* 0.301
Ab23 3 1.972 0.742 0.400 0.493" 0.188
Ab07 10 7.229 2.098 0.800 0.862" 0.072
AbO08 6 5.187 1.706 0.433 0.807%** 0.463
Ab09 5 3.854 1.461 0.433 0.741%** 0.415
Conserved Ab12 4 3.789 1.358 0.967 0.736" -0.313
Ab15 2 1.897 0.666 0.633 0.473" -0.340
Ab20 4 3.742 1.352 0.333 0.733*** 0.545
Ab23 3 2.605 1.012 0.667 0.616" —-0.082
"P>0.05; *,*,** P <0.05, P< 0.01, P < 0.001 respectively; N — number of alleles; N, — effective number of alleles; / — Shannon

index; H — observed heterozygosity; H, — expected heterozygosity; f - fixation index, significant difference between H and H,
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The Ab07 and Ab23 loci for the managed condi-
tion are in the Hardy-Weinberg (HW) equilibrium;
in contrast, the Ab08, Ab09 and Ab20 loci are het-
erozygous deficient, and Ab15 locus has an excess
of heterozygotes. In the conserved condition, the
Ab07, Ab12, Abl5, Ab23 loci are in the HW equi-
librium, while the Ab08, Ab09 and Ab20 locus
shows a high excess of homozygotes. (Table 2). The
fixation index f showed that the Ab08, Ab09 and
Ab20 loci have greater inbreeding in both study
conditions (Table 2).

The H, mean for both conditions was significant-
ly different from the H, mean, so they are not under
the HW equilibrium. The f fixation index gener-
ally showed that the species has little inbreeding.
In particular, the conserved condition presented
more inbreeding (Table 3).

(A)

2.5 1

2.0 1

Delta K

0.5 1

https://doi.org/10.17221/13/2023-JES

Genetic structure. F, indicates small but sig-
nificant genetic differentiation between study
conditions (P < 0.001), while F;; and F,, indicate
significantly different inbreeding between condi-
tions (Table 4). In particular, the Ab08, Ab09 and
Ab20 loci for the Fj; and F,, statistics indicate
an excess of homozygotes. The Ab15 locus indi-
cates an excess of heterozygotes for both statistics;
however, it is not statistically different. The F, or Sta-
tistic for five of the seven evaluated loci indicates
small but significant differentiation between the
study conditions.

The estimated number of migrants (Nm) per gen-
eration is 4.22 between conditions, which indicates
a high gene flow, but when we compare by locus,
these values are diverse (Table 4). This high gene
flow indicates a common origin; therefore, the ob-

Forest management

Conserved

Figure 2. Results of Structure analysis using Structure selector; each vertical bar represents the inferred ancestry in each
genetic group (A) estimation of the most probable K using the delta K method by Evanno et al. (2005); (B) bar plot rep-

resenting the genetic structure at K = 3.

K — number or hypothetical genetic groups; delta K (the method) — mean (|L"(K)|)/sd(L(K)); L(K) — likelihood distribution

difference; L"(K) — values of the second-order rate of change of the likelihood distribution; sd — standard deviation
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Table 3. Shannon index, observed and expected het-
erozygosity, and fixation index by study condition and
population mean

Study

condition I H, H, f
Forest 131+ 021 0.61 +0.08 0.67 + 0.06* 0.06 + 0.14
management

Conserved 1.38+0.17 0.61 +0.09 0.71 + 0.05* 0.11 + 0.14
Mean 135+ 0.13 0.61 +0.05 0.69 + 0.04 0.08 + 0.10

*P < 0.05 significant differences of the Hardy-Weinberg equi-
librium; I — Shannon index; H, — observed heterozygosity;
H, — expected heterozygosity; f — fixation index

Table 4. F coefficients and number of migrants by locus
and total population

Locus Fyr Fi Fr Nm
Ab07 0.026** 0.015 0.041 11.28
AbO08 0.029** 0.402***  0.419*** 9.13
Ab09 0.059** 0.426***  0.459*** 5.66
Abl2 0.044* -0.162 -0.111 8.19
Abl5 —0.006 -0.517 —-0.526 215.75
Ab20 —-0.015 0.438***  0.430*** 52.12
Ab23 0.240***  0.055 0.282%** 1.47
Mean 0.056***  0.135***  0.183*** 43.37 + 29.44

%P < 0.05, P < 0.01, P < 0.001 respectively; F¢, — differen-
tiation coefficient; F— inbreeding coefficient; F, - total in-

breeding coefficient; Nm — number of migrants per generation

served differences are caused by the different man-
agement between the study conditions.

A low Nei’s genetic distance (0.195) and high
identity (0.823) were observed, which indicates
that it is the same species.The AMOVA results in-
dicate that the genetic divergence between popula-
tions is 5.6% and among individuals 12.8%, while
the divergence within individuals is 81.36% (Ta-
ble S2 in the ESM). The greater observed diver-
gence within individuals is influenced by a private
allele, the 146 allele (frequency = 0.2) for the Ab08
locus, in the managed condition.

The number of genetic groups estimated from the
Bayesian analysis in STRUCTURE is three (K = 3)
(Figure 2A). The managed condition shows a larger
predominance of one genetic group, while the rest
seem to be more evenly distributed, although for the
first evaluated specimens, one of the last two genetic

groups is predominant. In the conserved condition,
there is apparently a greater predominance of two
genetic groups that present less dominance com-
pared to the managed condition (Figure 2B).

Bottleneck. Six loci in the managed condition
(Wilcoxon test, P = 0.007) and all loci in the con-
served condition have excess heterozygosity under
the mutation-drift equilibrium model. These re-
sults indicate that both conditions show evidence
of a recent genetic bottleneck, which is stronger
in the conserved condition.

DISCUSSION

Both conditions are in disequilibrium and main-
tain an apparently high connectivity, high levels
of heterozygosity (slightly higher in the conserved
condition), and greater genetic homogeneity among
individuals under management conditions. This
is because forest management activities are aggres-
sive and are fragmenting the landscape, so genetic
connectivity is a reflection of the past; a relatively
recent history of extraction has eradicated all the
individuals in some areas, and the few isolated trees
are related adults grouped within a radius of less
than 30 m. Similarly, low genetic diversity has been
observed for some relict species in fragmented
landscapes, but unlike our results, they show high
differentiation between populations due to spatial
isolation and high levels of inbreeding (Young et al.
1996; Szczecinska et al. 2016; Li et al. 2018) which
in these specific cases is due to the time elapsed
since fragmentation, since a few generations (one
to four) are enough for population genetic diver-
gence to manifest (Lavigne et al. 2001).

However, this can take decades in long-lived
trees, like the ones sampled in this work (Eguiarte
et al. 2007; Wiberg et al. 2016). Thus, the loss of ge-
netic diversity depends on the degree of fragmenta-
tion related to gene flow and dispersal mechanisms,
the demographic structure and the time elapsed
since the reduction in population size (Bialozyt
et al. 2006; Aldrich et al. 1998).

However, even when heterozygosity is high for
A. hidalgensis, Rasmussen et al. (2008) observed
114 alleles using the same microsatellites as in this
study on A. guatemalensis, a related species (Cruz-
Nicolés et al. 2021), but unlike this study, 18 popu-
lations were evaluated in a wide distribution range.
In our work, such population representativeness
is impossible due to the conservation conditions
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described. We only obtained between 4 and 5 ef-
fective alleles average depending on the condition,
so there is a real loss of allelic diversity but an ar-
tificial, short-lived extreme increase in the hetero-
zygosity, which is explained by recent bottlenecks,
since allelic diversity is much more sensitive to ge-
netic changes (Spencer et al. 2000).

High levels of genetic diversity have also been ob-
served in other conifers with relict populations such
as Picea omorika (Panc¢) Purk (Aleksi¢ et al. 2009)
and Picea chihuahuana Martinez (Jaramillo-Correa
et al. 2006), and in other species of the genus Abies
(Table 5). Therefore, the high levels of H and H, are
the product of frequent past events of mixing of ge-
netically differentiated populations and the recent
drastic population reduction (Luikart et al. 1998),
which decreases the number of alleles in a micro-
satellite concerning its allelic range (Garza, Wil-
liamson 2001), although such effects are temporary.

For example, in the particular case of A. ziyua-
nensis; another highly threatened fir species en-
demic to China, which like A. hidalgensis has low
population numbers and declining population size
mainly due to human activities, the species has
areduced total number of nuclear alleles (29) (Tang
et al. 2008), similar to A. hidalgensis (35). The num-
ber of polymorphic loci found in A. ziyuanensis

https://doi.org/10.17221/13/2023-JES

was five; at three of the eight evaluated loci ,only
one allele was identified. Despite being polymor-
phic in A. hidalgensis, the Ab15 locus only had two
alleles identified, so it is evident that the reduction
in genetic diversity is related to the loss of alleles.

In A. nebrodensis, a highly threatened species
with a single population, Vendramin et al. (1995),
observed a higher H than H, and indicated that
it could be due to selection in favour of hetero-
zygotes. In contrast, in this study, four loci were
observed with an excess of homozygotes, which,
based on the population structure, could be due
to the Wahlund effect, which homogenises diver-
sity within populations and ends up generating
high inbreeding in later stages of succession (Lit-
rico et al. 2005). All tested loci would be expected
to exhibit the same trend in the balancing selec-
tion hypothesis, still both excess and deficiency
can be observed in both conditions. Considering
that selection is unlikely to act on more than one
locus, the observed deviations are consistent with
the drastic reduction in population size that occurs
stochastically and randomly.

On the other hand, based on the f fixation in-
dex, A. hidalgensis shows little inbreeding. How-
ever, if the reduction in effective population size
is recent and since only adult trees were assessed,

Table 5. Comparison of genetic diversity of A. hidalgensis with other species of the genus Abies

Molecular

Species Mean N, MeanAr H /H H F F Reference
marker e o e e ST 1S

Abies guatemalensis SSR 28.600 - 0.822 0.862 0.051  0.045 Rasmussen et al. (2010)

Abies guatemalensis - - - 0.069 - -

Abies religiosa oenpvime - - - 0.108 - - Aguirre-Planter et al.

Abies flinckii Y - - - 0.113 - - (2000)

Abies hickelii - - - 0.100 -

Abies pinsapo nSSR 2.825 - 0.528 0.596 - 0.120 Cobo-Simén et al.
pinsap ISSR 1.058 - - 0035 - - (2020)

Abies ciclica - 2.77 0.578 0.595 - 0.029

Abies marocana - 2.86 0.405 0.572 - -

Abies bornmuelleriana SSR — 4.22 0.668 0.799 - — Awad et al. (2014)

Abies cephalonica - 4.17 0.713 0.821 - -

Abies alba - 3.93 0.663 0.808 - -

Abies ziyuanensis SSR 3.600 - - 0.437  0.250 - Tang et al. (2008)

N, — effective number of alleles; Ar — rarefied allelic richness; H — observed heterozygosity; H, — expected heterozygosity;

F, — differentiation coefficient; F ; — inbreeding coefficient; nSSR —nuclear microsatellites;

SSR — Simple Sequence Repeats
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it is unlikely to be observed. In this regard, Led-
ing et al. (2006), found significantly different lev-
els in the inbreeding coeflicient in A. bracteata
D. Don ex Poiteau between samples of adult trees
and seeds, so that in the next generations of A. hi-
dalgensis more significant inbreeding could be ex-
pected, which would be a critical factor for the
design of management and conservation strategies.
Consequently, the level of inbreeding concerning
Wright’s F statistics is low (Wright 1951).

Implications for conservation. The patterns
of genetic diversity detected in this study can
be used in designing management and conservation
strategies for A. hidalgensis. The total of the popu-
lations known up to now was not analysed. Howev-
er, two populations are evaluated, where the most
significant distance between specimens occurs and
where one has a good degree of conservation.

Conserving alleles in the context of populations
is a fundamental strategy because, as already men-
tioned, they are more susceptible to loss due to bot-
tlenecks. Since they are unique, it is important
to obtain representative seeds of all populations for
breeding purposes, especially of those specimens
with the 146 allele. Given the climate fluctuations
that imply new adverse scenarios, any allele is a po-
tential benefit. Increasing the population size with
the greatest possible diversity is urgently neces-
sary since its ability to adapt to changes depends
on it (Gargiulo et al. 2019).

In the case of A. hidalgensis, conservation efforts
should focus on preventing habitat loss due to hu-
man impacts and future climate change impacts,
as well as assessing the feasibility of carrying out
ex situ conservation of genetic resources or assist-
ed migration, given its limited ability to migrate.
In addition, the seeds are difficult to obtain because
they are found in isolated and tall individuals; the
species does not form a seed bank, the seedlings
emerge infrequently (Rosales-Islas, personal ob-
servation), and most of them die before reaching
the juvenile stage. So, seeds and seedlings are a res-
ervoir of genetic variability (Mosseler et al. 2003)
where all recovery, propagation, and management
efforts should be directed.

CONCLUSION

Abies hidalgensis has a high heterozygosity
but suffers a negative effect of logging associated
with a reduction of the population size and show

a limited allelic richness distributed differently
in response to forest management. However, its
populations maintain a common genetic base that
has not yet been differentiated because fragmenta-
tion and reduction in population size are very re-
cent. We are observing a corpse that still does not
know it is dead, since the total eradication of indi-
viduals in some areas generates a total loss of con-
nectivity, which increases the level of threat to the
species and accelerates its extinction rate; there-
fore, conservation actions are paramount.
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Abstract: Forest thinning can be used as an adaptive measure to improve the growth and resistance of Norway spruce
forests affected by climate change. The impact of different thinning intensities on sap flow, growth, and tree water deficit
of 40-year-old Norway spruce was tested. High thinning intensity (-61% of basal area) resulted in increased tree-level
sap flow compared to the control (+27%), but it caused a decrease in the stand-level transpiration (—34%) due to reduced
leaf area index. Low-intensity thinning (—28% basal area), high-intensity thinning, and control showed similar responses
of sap flow to vapour pressure deficit and global radiation, suggesting unchanged isohydric behaviour. Both low- and
high-intensity treatments displayed greater radial growth than the control. There were no differences in tree water de-
ficit between the treatments. The low-intensity treatment can be considered the best water utilisation treatment with
increased growth and unchanged transpiration at the tree level. The high-intensity treatment had similar radial growth
as the low-intensity but lower stand-level transpiration, implying improved soil water availability. The study expands
the ecophysiological understanding of thinning as a valuable silvicultural practice for adapting forest management
of Norway spruce to the effects of climate change.

Keywords: increment; Picea abies; silviculture; transpiration; tree water deficit

Thinning is a common silvicultural technique ing trees due to reduced competition (Krajnc et al.
used to manage growth and development of for- 2019). Norway spruce (Picea abies (L.) Karst.)
ests. Alteration of stand density and structure can  in Central Europe is especially affected by a combi-
improve growth and stress resistance of remain- nation of abiotic and biotic stresses which threaten

Supported by SustES — Adaptation strategies for sustainable ecosystem services and food security under adverse environmental
conditions, project No. CZ.02.1.01/0.0/0.0/16_019/0000797 and by the Ministry of Education, Youth and Sports of the Czech
Republic within the CzeCOS program, grant No. LM2023048. P.F. was supported by grants of the Slovak Research and Develo-
pment Agency No. APVV-17-0644, APVV-21-0412. I.Z. was supported by an internal project grant from CzechGlobe.

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

205



Original Paper

Journal of Forest Science, 69, 2023 (5): 205-216

its productivity and stability (Bosela et al. 2021;
Sedmdkova et al. 2022). The decrease in precipi-
tation and higher evaporative demand in the past
decades are already negatively affecting the growth
of Norway spruce and pushing its ecological opti-
mum to higher altitudes and latitudes (Krejza et al.
2021). Modern forestry should utilise thinning
techniques as an adaptive measure to stabilise the
existing Norway spruce stands. The use of thinning
at a relatively young tree age can improve growth,
allometry, and soil water availability, which can
make the trees more resistant and resilient to ex-
pected climate change (Pretzsch, Mette 2008;
Bhandari et al. 2021; Dusek et al. 2021). Heavy
thinning can also improve understory conditions
for the survival of natural regeneration or planted
seedlings, with the aim of transforming a pure Nor-
way spruce stand to a more heterogenous mixed
stand (Lin et al. 2012; Reventlow et al. 2021).

Thinning affects the growth of Norway spruce
in several ways. By reducing competition for re-
sources such as light, water, and nutrients, thinning
allows the remaining trees to grow more efficient-
ly and with improved vigour (Jiménez et al. 2019;
Houtmeyers, Brunner 2020). This can increase the
trees’ overall size and radial growth, as well as their
resistance to environmental stressors and patho-
gens (Houtmeyers, Brunner 2020). Thinning from
below (reduction of understory trees) increases the
mean diameter and height of the remaining trees
(Eliasson, Lageson 1999). Removal of the trees from
this layer has a greater impact on soil-zone com-
petition than on light competition (Kenkel 1988;
Fernandez et al. 2012). Regardless, the under-
story trees exhibit a higher probability of mortal-
ity due to competitive pressure imposed by the
trees in the uppermost canopy layer (Powers et al.
2010). Therefore, thinning from below can be seen
as a great management tool to improve resistance
and growth of the large trees from the canopy layer.
The thinning intensity is also an important factor
affecting the response of remaining trees to the sil-
vicultural intervention. Higher-intensity thinning
can have a more pronounced effect on the remain-
ing large trees but can negatively affect total stand
biomass production in the short-term (Mikinen,
Isomiki 2004).

Sap flow is the movement of water and nutrients
from the roots to the branches and leaves, driven
mostly by changes in the water pressure through
the soil-plant-atmosphere continuum (Zhang et al.
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1997; Yang et al. 2022). Thinning can increase sap
flow by reducing competition for resources and al-
lowing for increased light penetration and greater
leaf area per tree (Kellomiki et al. 2023). Great-
er nutrient availability due to lower competi-
tion can also lead to formation of more efficient
tracheids capable of greater sap flow (Ward et al.
2008). At the same time, thinning can also reduce
stand-level respiration as the total leaf area or leaf
area index is reduced and leads to less water being
lost in the process (Forrester et al. 2013; Wang et al.
2019). Lower stand-level transpiration in stands
with higher thinning intensity can lead to greater
soil water reserves under higher evaporative de-
mand, compared to unthinned stands (Rimal et al.
2022). In addition to measuring tree water status
through sap flow, the automatic dendrometer that
records stem radial variations (SRV) is a valuable
tool for monitoring tree growth patterns and diur-
nal water changes in the stem (Krejza et al. 2021;
Szatniewska et al. 2022). Dendrometers can pro-
vide a useful method for assessing tree water status
(i.e. tree water deficit; TWD), which can indicate
stress and potentially compromised vitality sta-
tus of forest trees (Zavadilova et al. 2023). Dur-
ing prolonged droughts, trees use more of their
stored water to maintain their essential functions
(Salomén et al. 2022). As the stored water is de-
pleted, TWD becomes more pronounced, lead-
ing to reduced growth, hydraulic constraints, and
even death in extreme cases (Preisler et al. 2021).
Changes in stand density (i.e. thinning) may have
favourable effects on soil water availability and
consequently improve water status and reduce the
remaining trees’ dependence on stored trunk water
(Jiménez et al. 2019). Investigation of multiple en-
vironmental factors can improve current ecophysi-
ological knowledge, which can enable us to use
proper management strategies to achieve higher
resistance and productivity of forest ecosystems.
In this study, we analysed stem radial growth and
sap flow dynamics in Picea abies trees two years af-
ter different thinning intensities. We aimed to vali-
date the following hypotheses: (i) thinning will have
a positive impact on radial growth and a tree-lev-
el sap flow, and (if) will cause a decrease in stand-level
transpiration. Moreover, we wanted to test if (iii) the
unthinned plot will experience a greater TWD due
to higher competition for soil water sources than the
thinning treatments and will use more stored stem
water for the sap flow. The relevance of these objec-
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tives is enhanced by the site conditions that repre-
sent a lower altitude edge (625 m a.s.l.) for Norway
spruce cultivation in the region.

MATERIAL AND METHODS

Study site description. The study site was located
near Rajec, Czech Republic (49°26'45"N, 16°41'49"E;
625 m a.s.l.). The soil type was modal podzol with
maximum soil depth of 60—80 cm. The stand was
established in 1979 by afforestation of a previous-
ly clear-cut Norway spruce forest. Three-year-old
seedlings were planted during the spring of 1979
ina2m x 1 m spread (Krejza 2016). The pure Nor-
way spruce stand was divided into three equally
large plots of 625 m?. Two plots were thinned from
below during the spring of 2018 with two different
thinning intensities (30% and 60% of basal area re-
moved). The third plot was left unthinned as a con-
trol treatment. The diameter at breast height (DBH)
measurements were conducted during the 2020
vegetation season, two years post-thinning on each
plot (Figure 1, Table 1). The leaf area index (LAI)
was measured in July 2020 by the SS1 SunSCAN
(Delta-T Devices Ltd., the United Kingdom) at five
different positions at each plot to cover the hetero-
geneity of the canopy stands (Table 1). The broader

800+

600

400+

Frequency (trees per ha)

2004

area is covered mostly by coniferous species (77%),
of which Norway spruce is most abundant (54%),
but based on phytocenological classification, the
natural cover was historically dominated by Euro-
pean beech (Svétlik 2016). According to climatic
conditions, altitude, and the southern slope of the
stand, the site is not suitable for Norway spruce un-
der the prospects of climate change. The evidence
of that is a massive bark beetle infestation in the
neighbouring old Norway spruce stand that was
clear-cut and is being afforested with mixed broad-
leaved and coniferous species.

Meteorological measurements. Meteorological
data were measured on the site above the canopy
at 40 m height on a meteorological tower with the
sensor for relative air humidity and air temperature
(EMS 33, Czech Republic), incoming global radia-
tion (CNR 1, Kipp & Zonen, the Netherlands), and
precipitation (386 C, MetOne, USA; Figure 2). The
mean annual temperature in 2020 was 9 °C which
is 1.2 °C above the long-term yearly average (7.8 °C;
Krejza et al. 2022). The amount of precipitation
in 2020 was 879 mm, 200 mm more than the long-
term annual average (679 mm; Krejza et al. 2022).

Sap flow measurements. We measured the
sap flow using EMS81 (EMS Brno, Czech Repub-
lic) modules on four trees per treatment during

Treatment
B control
I low
M high

Figure 1. Tree diameter
structure of the stands;
grey area indicates DBH
classes of selected trees

DBH classes (cm)
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Table 1. Overview of the stand structure, Leaf Area Index and average (mean * SE) sap flow at tree and stand-level

for all three treatments

Stand density =~ Stand BA Mean DBH

Thinning

Mean sap flow (sampled trees) Stand transpiration

intensity (tree-ha™!) (m*ha™') (cm) LAl (kg-yearl-tree™!) (mm-year)
Control 3504 3.506 13+52 5.02+0.90 1900 + 375 227
Low 1424 2.514 18 +51 3.95+1.42 1889 + 813 219
High 624 1.358 20+5.2 3.08+0.75 2 507 + 888 149

BA - basal area; DBH — diameter at breast height; LAl — Leaf Area Index

the 2020 growing season. The measurement prin-
ciple is based on the Tissue Heat Balance method
(Cermak et al. 2004). The post-processing of data
includes establishing a baseline that eliminates
noise caused by heat losses in the system under
zero-flow conditions (Kucera et al. 2020). More-
over, the 23 days (12% of data) where precipitation
exceeded 10 mm-day! were excluded according
to the declining regression curve between sap flow
and rainfall. The collected 10-min data were aver-
aged to hourly and then aggregated to daily values.
The tree sap flow (Q,.) was standardised per one
cm of the tree circumference (Q, kg-day!l.cm™).
Tree-level sap flow was also upscaled to stand-level
sap flow via a scaling factor calculated from the ra-
tio of the sampled trees’ sap flow and the sap flow
of all trees in the selected diameter classes (Cermak
et al. 2004). The scaling curves are visualised for all

three plots in supplementary files [Figure S1 in the
Electronic Supplementary Material (ESM)].

Stem variation measurements. Stem radial
variation (SRV) was obtained by measuring chang-
es in tree circumference by automatic band den-
drometers (DRL26, EMSBrno, Czech Republic)
on four trees per treatment. The tree periderm was
carefully removed before installing dendrometers
to reduce the impact of hydroscopic shrinkage and
swelling of the tree’s outer bark. To measure the
water-related changes in the stem, TWD (in mm)
was calculated using dendrometer records that
were de-trended for growth (Ehrenberger et al.
2012; Zweifel 2016). In the first step, a growth line
was constructed by drawing lines between the
daily maximum stem circumference values and
the next equal stem circumference value, ignoring
periods of incomplete stem circumference recov-
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ery due to stem shrinkage induced by water short-
age. In the second step, the TWD was calculated
as a difference between the actual SRV and growth
line. The normalisation of the dendrometer data
was not necessary as the difference in the average
DBH of all the sampled trees was found to be statis-
tically insignificant among plots.

Statistical analyses. All statistical analyses were
conducted with R software (Version 4.2, 2022).
Two-way ANOVA was used to test the sap flow
differences between treatments and DBH classes.
As the assumptions of homogeneity and normal-
ity were not met for the dendrometer data, we used
Kruskal-Wallis” test for the analysis of variance.
Differences between treatments and DBH classes
were further analysed with nonparametric Fisher’s
LSD (least significant difference) test for multiple
pairwise comparisons and the parametric Tukey’s
HSD (honest significant difference) test for mean
comparisons. Both post-hoc tests were conducted
with the Holm method (Holm 1979) for adjustment
of the P-value. All statistical analyses were conduct-
ed at a significance level of a = 0.05. Relationships
between environmental conditions and sap flow
were tested by linear and logarithmic regressions.

RESULTS AND DISCUSSION

Effect of thinning on standardised sap flow
and stand transpiration. The effects of thinning
on sap flow and transpiration in Norway spruce
are complex and can depend on various factors
such as the intensity of thinning, the age and size
of the remaining trees, and local environmen-
tal conditions (Lagergren et al. 2008; Clausnitzer
et al. 2011). In this study, the thinning treatment
had a significant impact on standardised sap flow
(Q) in stands with high-intensity thinning but not
low-intensity thinning (Figure 3A, Table S1 in the
ESM). High-intensity treatment showed overall
higher maximum values of Q throughout the veg-
etation season compared to control and low-inten-
sity treatment (Figure 3B), comparable with results
observed by McJannet and Vertessy (2001) and
Park et al. (2018).

The main factor which could explain the increase
of individual tree Q in the high-intensity treatment
is the lower competition for soil water and nutrient
availability due to the removal of smaller trees. An-
other explanatory factor could be increased light
availability. However, most of the trees removed

during thinning were chosen from the understory;
hence, the soil-water competition alternations are
probably a more dominant factor affecting the Q
changes. Greater access to soil water resources
could be directly reflected in higher transpiration
and, therefore, higher Q rates (Clausnitzer et al.
2011; Szatniewska et al. 2022). Higher competition
leads to lower Q values and reduced competi-
tion via thinning can lead to a rapid increase of Q
in the following vegetation season (Lagergren, Lin-
droth 2004; Gebauer et al. 2011). Trees with the
dominant social position and reduced competition
pressure can show larger xylem conductivity, as in-
dicated by Zhang et al. (2019). Given the warmer
and wetter vegetation season in 2020 compared
to the long-term average, changes in Q may have
been notably influenced by the higher nutrient
availability. Nutrient limitation of Norway spruce
can lead to the reduction of total leaf area and,
consequently, lower transpiration and tree level
Q (Phillips et al. 2001). Better access to nutrients
can also lead to the development of wider tracheids
of Norway spruce which could support larger Q
rates (Ward et al. 2008). The lower-intensity thin-
ning had no significant effect on tree level Q, which
corresponds to the non-significant effect of similar
thinning (50% stand density) on tree level Q ob-
served in Gebauer et al. (2011).

The results of Q per DBH classes showed that
23 c¢cm and 26 cm DBH classes of high-intensity
treatments had significantly higher Q than cor-
responding DBH classes from the control treat-
ment (Figure 4). The smaller 17 cm and 20 cm DBH
classes showed no significant difference between
high-intensity and control treatments. Moreover,
all four DBH classes showed no significant dif-
ference in Q between low-intensity thinning and
control treatment. The high-intensity thinning ef-
fect had a stronger impact on the larger trees than
the smaller trees. As the taller trees with greater
DBH occupy higher canopy layers, they might exert
higher competitive pressure on smaller trees after
thinning. The Q results represent the state of the
stand two years after thinning. Therefore, the re-
duction of stand density can have a long-lasting ef-
fect on the larger trees via changes in competition.

The linear regression analysis between vapour
pressure deficit (VPD), global radiation (GR), and Q
revealed that all three treatments reacted similarly
to the changing VPD and GR during the vegetation
season (Figure 5). There were no significant chang-
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showed a relative reduction of sap flow after the

10 hPa VPD threshold captured by logarithmic func-
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terisation of Norway spruce as an isohydric species
(Pashkovskiy et al. 2019; Zavadilova et al. 2023).

Upscaled Q data showed that the high-intensity
treatment had 34% lower than the control and
the low-intensity treatment had 4% lower stand
transpiration (Figure 6). The lower stand-level Q
of the high-intensity treatment can be explained
by the smaller leaf area, which was also reflected
in lower LAI (3.1), compared to low-intensity (4.0)
and the control (5.0) (Table 1). Rimal et al. (2022)
similarly showed that thinning of Norway spruce
led to reduced LAI of remaining trees and cor-
responded to lower transpiration derived from
the model. The individual-level increase of Q for the
high-intensity treatment is balanced at the stand
level due to a decrease of LAI reducing total water
use of the stand. Tsamir et al. (2019) similarly found
that stand transpiration decreased with thinning in-
tensity while tree transpiration increased. The study
by Gebhardt et al. (2014) also demonstrated that
high-intensity thinning reduced total stand evapo-
transpiration and led to greater soil water availabil-
ity even three years after thinning. The proportional
decrease of stand transpiration to a reduction of the
basal area through thinning indicates that our find-
ings align with Wang et al. (2019).

Thinning in a pine-spruce forest led to a significant
reduction of the stand-level canopy transpiration
but quickly recovered in the following year (Claus-
nitzer et al. 2011). Our results contradict this previ-
ous observation as results were measured two years
after thinning took place, and we still observe sig-
nificant differences for the high-intensity treatment.
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Effect of thinning on growth and tree wa-
ter deficit. Both low-intensity and high-intensity
treatments showed significantly greater radial
growth compared to the control treatment when
measured two years after the thinning (Figure 7A).
Improved radial growth after thinning is a general
fact stemming from lower competition, better light
conditions, and possibly greater nutrient access for
the remaining trees (Jaakkola et al. 2005; Gspaltl
et al. 2013; Bianchi et al. 2022). These positive ef-
fects for Norway spruce span both short-term and
long-term periods (Sohn et al. 2013). Reduced
stand density of Norway spruce forests can also
improve the growth resistance during drought pe-
riods (Laurent et al. 2003). The post-drought re-
covery of radial growth can be further improved
by a higher-intensity thinning regime (Kohler et al.
2010). As the total tree density decreases in thinned
stands, the total wood production will be lowered,
but the remaining canopy layer trees provide larger
economic value than wood from the understory
layer (Cao et al. 2008; Ara et al. 2022). Higher-in-
tensity thinning can reduce the total stand wood
production compared to unthinned stands, but the
difference decreases over time due to excessive tree
mortality in high-density unthinned plots (Méki-
nen, Isoméki 2004). It is pertinent to note that the
older Norway spruce stands in this region are nega-
tively affected by bark beetle infestation. Therefore,
thinning alone can be ineffective if the trees can-
not reach maturity (70-130 years); transforma-
tion of such forests to mixed/broadleaved forests
is needed (Hillayov4 et al. 2022).

We observed no significant differences in tree
water deficit between the treatments (Figure 7B).
The high-intensity treatment experienced slightly
greater TWD at the start of the vegetation sea-
son, and the low-intensity treatment experienced
a greater TWD during the end of the vegetation
season. It is possible the spring and autumn phenol-
ogy were slightly altered, but we likely did not have
a sample size large enough to recognise the shift.
Norway spruce has a shallow root system; it is like-
ly that all three treatments used the internal stem
water storage similarly (Schifer et al. 2019). The
year of the measurements was colder and received
more precipitation than the long-term average;
therefore, the differences in 7WD could be more
pronounced if the trees experienced drought.

Comparison of sap flow and growth reaction
to thinning. The low-intensity thinning showed
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greater radial growth but no significant change
in sap flow compared to the control (Figure 3A,
Figure 7A). This could suggest that the low-inten-
sity treatment improved its water use efficiency for
radial growth (Gebhardt et al. 2014; Niccoli et al.
2020). For example, Fernandes et al. (2016) found
that thinning increased the water use efficiency
of Pinus halapensis. On the other hand, the radial
growth increased proportionally to sap flow in the

high-intensity treatment. The treatments could
have altered carbon allocation patterns; the high-
intensity treatment might invest more carbon into
crown expansion (higher light availability) or root
growth (lower soil-zone competition), and the low-
intensity treatment might retain carbon allocation
patterns more similar to the control (Skovsgaard
et al. 2006; Campbell et al. 2009). Low-intensity
thinning can have an immediate effect on the wa-
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ter utilisation of Norway spruce trees for radial
growth, but high-intensity thinning could alter
the overall growth efficiency in the long term. Ad-
ditional research focused on both water use effi-
ciencies (carbon isotopes or eddy-covariance) and
carbon allocation patterns of thinning intensity
treatments could provide valuable information for
adaptive forestry. The higher-intensity treatment
might also improve the conditions for the regen-
eration and growth of understory seedlings (Lin
et al. 2012). The best results for conversion of the
Norway spruce stands would be achieved by their
transformation to mixed forests with a heteroge-
nous stand structure (Reventlow et al. 2021). Mixed
heterogeneous forests are much more resilient un-
der drought stress compared to Norway spruce
monoculture stands (Pardos et al. 2021). Heavy
thinning can improve the conditions in the forest
for the establishment of other intermixed species.

CONCLUSION

Both low-intensity and high-intensity thinning
had a positive impact on the radial growth of Nor-
way spruce. Moreover, the high-intensity treatment
showed greater tree-level sap flow due to the lower
competition but reduced stand-level transpiration
as a result of the lower leaf area index. The low-inten-
sity treatment could be considered the most water-ef-
ficient management strategy at the individual tree level
due to higher growth and unchanged transpiration
compared to the control. On the other hand, the high-
intensity thinning lowers stand-level transpiration,
which could improve the overall soil water availabil-
ity during a drought. Thinning practices should also
be supported by actions that transform the pure Nor-
way spruce forests into more resilient mixed forests.
Further research, including an investigation into water
use efficiency and soil water content, can be beneficial
for adaptive forestry under climate change.
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Abstract: Forests are atmospheric CO, sinks, but their losses and degradation accelerate the emissions of carbon stored
as a sink. Deforestation and forest degradation are widespread in Bangladesh, but their impact on greenhouse gas
(GHG) emissions is unknown. We assess land use and land cover (LULC) change and forest loss in this study by clas-
sifying different Landsat satellite imagery with a focus on forest cover loss from 1989 to 2020. Tier 1 standards were
used to estimate the carbon removal and emissions from a small-scale tropical forest. Over the last three decades, the
forest area has decreased by 2.40%, 3.74% and 7.52%, respectively. The primary causes of forest loss are large-scale
tea garden and homestead expansion, as well as increase in agricultural activities. Because of a reduction in the forest
area, the annual gain of carbon in forest biomass has also decreased. Although overall carbon emission was a net gain
for the Maulvibazar hill forest, it has decreased from 331.24 Gg-yr~! in the first decade (1989 to 2000) to 307.7 Gg-yr~!
in the most recent decade (2011 to 2020), which is an alarming trend. As a result, this research will contribute to leaders’
commitment to “halt and reverse forest loss and land degradation by 2030” at the 26" United Nations Climate Change
Conference of the Parties (COP 26) in 2021 to improve carbon sequestration, combat climate change and conserve
biodiversity.
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Climate change — the outcome of anthropogenic
global warming — is the single biggest environ-
mental crisis the Earth is facing (Mal et al. 2018).
Carbon emissions from deforestation are the most
significant source of climate change, and they are
the dominant driver of global warming (Ahmed
et al. 2017). But trees can also act as a carbon sink

to combat the climate change. Terrestrial systems,
predominantly plants, represent an important car-
bon store, estimated globally at 638 Gt, of which
44% is present in plant biomass (FAO 2015). Carbon
stock varies across forest types. While an average
of 303 tons of carbon per ha are retained in tropical
forests (L et al. 2010), 66 tons of carbon per ha and
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44 tons of carbon per ha are retained in temperate
and boreal forests, respectively (Thurner etal. 2014).
Land cover change has significant effects on carbon
emission. Roughly 1.1Pg(C)-yr! was emitted due
to tropical land use change (Pan et al. 2011). The
vast majority of forest losses is the result of agri-
cultural and habitation-related land-use changes
(Akinyemi 2017) and human interventions (Ahmed
et al. 2020). Forest land has deteriorated as a result
of development and other anthropogenic activities,
resulting in biodiversity loss and increased CO,
levels in the atmosphere. As a result, determining
regional and national carbon stocks is critical for
developing policies and programs for reducing CO,
emissions from the forest (Salunkhe et al. 2018).
Satellite data is widely used to analyze land use
land cover (LULC) changes in a given region over
time (Alam et al. 2020). In Bangladesh, remote sens-
ing data can be used to assess the state of spatial de-
velopment, and developing appropriate policy plans
may be a cost-effective approach (Rahman et al.
2019). Besides, satellite remote sensing data and GIS
techniques can be used to identify decadal trends
in forest cover and the source of deforestation (Chen
et al. 2013; Vanonckelen et al. 2015; Islam et al.
2021). Avoiding the forest loss and lowering carbon
emissions are critical in this era of climate change.
To mitigate climate change, various frameworks
such as the Reducing Emissions from Deforestation
and Degradation (REDD+) and Clean Development
Mechanism (CDM) may be more effectively imple-
mented (Sangermano et al. 2012; Potapov et al. 2014).
The countrys forest resources are heavily exploit-
ed, but their restoration efforts are limited. Between
2000 and 2014, total tree canopy coverage increased
slightly but natural forest acreage decreased dra-
matically (Potapov et al. 2017). Otherwise, global
greenhouse gas emissions will rise due to deforesta-
tion in developing countries, particularly in tropical
and subtropical regions (Bustamante et al. 2016).
Natural hill forests are being destroyed as a result
of illegal logging, shifting farming, and other land
uses (Hansen et al. 2013; Islam et al. 2017). Al-
though remotely sensed imagery was used to stratify
the forest in Bangladesh, the method used to es-
timate forest carbon release was different. Hoque
et al. (2019) used methods developed by Islam et al.
(2011) and Turner et al. (1995) to estimate carbon
release from the Teknaf and Rajapalong Hill Tracts
in Cox’s Bazar and Khadimnagar in Sylhet. In this
work, changes in the carbon stock in forest biomass
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were quantified using the gain-loss approach in ac-
cordance with IPCC 2006 guideline. greenhouse
gas (GHG) estimation is required for national-level
carbon inventories. Taking these facts into account,
the present study was conducted (i) to correctly
identify and quantify the magnitude of land use
land cover change from 1989 to 2020 in the Maul-
vibazar region as a proxy for the hill forest of Ban-
gladesh, and (ii) to quantify the amount of carbon
removal and emission from forest biomass.

MATERIAL AND METHODS

Study area. The study area includes the entire
Maulvibazar region composed of seven upazilas:
Barlekha, Juri, Kamalganj, Kulaura, Maulvi Bazar
Sadar, Rajnagar, and Sreemangal (Figure 1). Maul-
vibazar District, located at 24.3095°N latitude and
91.7315°E longitude, has a land area of 2 799 km?.
It is bounded by the Indian states of Tripura and
Assam in the south and east, and by the Bangladesh
districts of Habiganj and Sylhet in the west and
north. The temperature ranges from a low of 26.8 °C
in February to a high of 36.1 °C in June. The average
monthly humidity ranges from 74% in March to 89%
in July (Kawsar et al. 2015). This area is divided into
three agroecological zones: the Old Eastern Surma
Kusiyara Floodplain, the Northern and Eastern
Piedmont Plains, and the Northern and Eastern Hills
(FAO 1988). This district is home to more than 70%
of Bangladesh tea gardens. The most common forests
in Maulvibazar are Lawachara National Park, Ra-
jkandi Reserve Forest, Muraichara Eco Park, Mad-
hovkundo Eco Park, and Lathitila Forest. Top tree
species in northeastern hill forests of Bangladesh
are Tectona grandis, Artocarpus chaplasha, Lager-
stromia speciosa, Chikrassia tabularis, Xylia dol-
abriformis etc.

Data acquisition. Four Landsat satellite images
(1989, 2000, 2011, and 2020) were obtained from
Earth Explorer (earthexplorer.usgs.gov) to assess
the land cover change of Maulvibazar over a 31-year
period. Table 1 summarizes the Landsat data used
in the study. The month of January was chosen for
image selection because there was no cloud cover.
The winter season in the area lasts from November
to February. Because vegetation phenology occurs
throughout the year, it was intended to collect im-
ages from the same month.

Image preprocessing and LULC classification.
Layer-stacking multiband images were created us-
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ing QGIS software (QGIS 2021). All of the multi-
band images were visualized using a false-colour
composite. The study area was clipped through
using a shapefile. Following that, a training shape-
file was created. A number of 65 training points
for each (1989, 2000, 2011, and 2020) year and for
each class were taken using QGIS to ensure ap-
propriate classification. The R statistical package
(Version 4.2.1., 2021) and the “Random Forest”
(RF) algorithm were employed to categorize spec-
tral images. For building decision trees, the RF al-
gorithm employs a bootstrap approach (Pavanelli
et al. 2018) and a non-parametric machine learning
method frequently utilized in satellite image clas-
sification (Zhang et al. 2018). The RF classification
was carried out in R using the programs “raster’,
“maptools’, “biomod2’, “rgdal’; “plyr” and “Ran-
dom Forest”. The training data and validation data
were split into 0.75 : 0.25. The variables that went
into the algorithm were band 1, band 2, band 3,

Table 1. Characteristics of satellite images

Image acquisition

Sensor Path/Row Resolution
date
Landsat 4-5 TM Jan 13, 1989
Landsat 4-5 TM Jan 12, 2000
137/43 30 m
Landsat 4-5 TM Jan 26, 2011
Landsat 8 OLI Jan 19, 2020

Maulvibazar district

Figure 1. Study area map
of Maulvibazar district
of Bangladesh

band 4, band 5, band 6, band 7, band 8, band 9,
NDVI (Normalised Difference Vegetation Index),
NDWI (Normalised Difference Water Index). The
training data and validation data were split into
0.75 : 0.25. The variables (covariates) were surface
reflectance band 1, band 2, band 3, band 4, band 5,
band 6, band 7, band 8, band 9, NDVI, NDWI.
The area of the LULC map was calculated using
ArcGIS. In QGIS-SAGA, cross-tabulation was used
to accomplish the change detection analysis. LULC
is classified into six groups (built-up, crop/fallow,
forest, homestead, tea garden, and water), as shown
in Table 2. For an extended period, cropland and

Table 2. Land use land cover classification scheme

Land use/cover types Description

industrial, residential, transportation,

Built-up road, urban, commercial
agriculture area, crop fields,
fall
Crop/fallow vegetable lands, fallow lands
Homestead a home consists of a tree,
pond/crop field
mainly Lawachara National Park,
Madhabkundo Eco-park, Rajkandi
Forest .
Reserve Forest, Muraichara
Eco-park etc.
Tea garden scattered shade trees with tea
Water river, permanent water, lakes, ponds
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fallow land were put together since so much crop-
land had been fallow (awaiting harvest or seed
sowing), even though that area is still cropland.
Figure 2 displays all the methodologies used in the
study in a single diagram.

Accuracy assessment. According to the classi-
fication accuracy results, for 1989, 2000, 2011 and
2020, the overall classification accuracy was 97%,
93%, 88% and 94%, and overall kappa statistics were
0.95, 0.90, 0.89 and 0.91, respectively (Table 3).
These estimates indicate that the classification ac-
curacies were of substantial agreement. This lev-
el of agreement is acceptable for the classification
of land use and land cover changes.

Estimating emissions/removals of carbon
from forest biomass. Tiers 1-3 are three general
methodologies for evaluating greenhouse emis-
sions and removals. The number of tiers represents
the amount of information required and the level
of complexity. This study used Tier 1 of the IPCC
2006 methodology. Furthermore, in many tropical

Data
collection

74
|

|
processing

¥,
classification

[ Production of ][Change matrix

Literature review
and National
statistics

IPCC guideline

Estimation of carbon
removal and

LULC map analysis

emission from forest

Figure 2. Flow chart of the methodology

Table 3. Accuracy assessment for the classified images

Overall Overall
Reference ) ) classification kappa
year Classified image accuracy statistic

(%)

1989 Landsat 4-5 TM 97 0.95
2000 Landsat 4-5 TM 93 0.90
2011 Landsat 4-5 TM 88 0.89
2020 Landsat 8 OLI 94 0.91
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countries, forest inventories are scarce. Using the
Gain-Loss Method, we estimate carbon discharges
from changes in carbon stocks in a living biomass
pool in this study. The area of the forest was ex-
tracted from classified satellite images. After the
classification of satellite images, the dark green
colour represents the forest area (hill forest in the
northeastern region was considered instead of in-
dividual tree species) (Figure 3). The area of for-
est land and non-forest land was calculated using
the land-use conversion matrix. We collected tim-
ber and fuelwood extraction data from the Forest
Department and through review literature (GoB
2019; FAO 2020). This calculation uses pre-deter-
mined default settings for the Tropical Forest. The
carbon in forest biomass was estimated using the
formulas shown below [Equations (1-7)]:

AC, = AC, - AC, (1)
where:
AC, —annual change in carbon stocks in biomass (the

sum of aboveground and belowground biomass
terms), considering the total area [tonnes(C)-yr1];

AC. - annual increase in carbon stocks due to biomass
growth for each land subcategory, considering
the total area [tonnes(C)-yr~1];

AC, - annual decrease in carbon stocks due to biomass
loss, considering the total area, [tonnes(C)-yr].

AC; = A x Gypay x CF (2)

where:

A — area of land remaining in the same land-use
category (ha);

G.o7a — Mean annual biomass growth
[tonnes dry matter (d.m.)-ha-tyr-1];

CF - carbon fraction of dry matter
[tonnes(C)-(tonne d.m.)™!]

ACL = Lwood—removals + quelwood + Ldisturbances (3)

where:

— annual carbon loss due to wood

‘wood-removals
removals [tonnes(C)-yr~!];

— annual biomass carbon loss due

to fuelwood removals [tonnes(C)-yr1];

fuelwood

) — annual biomass carbon losses due
disturbance

to disturbances [tonnes(C)-yr1].

G (G, x (1 +R)] (4)

TOTAL —
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Figure 3. Deacadal
changes of LULC
during 1989-2020
periods
0, LULC - land use
I km
and land cover
where: FG,,, - annual volume of fuelwood removal as tree
G,, - average annual aboveground biomass growth parts (m®yr);
(tonnes d.m.-ha~t-yr); D — basic wood density (tonnes d.m..-m3).
R — ratio of belowground biomass to aboveground
biomass, in tonne d.m. belowground biomass Ly . = A x B, x (1 +R) x CF x fd (7)
(tonnes d.m. aboveground biomass)1.
where:
= H x BCEF, x (1 + R) x CF (5) By  —average aboveground biomass of areas affected;
wood-removals R . . . .
fd — fraction of biomass lost in disturbance.
where:
H — annual wood removals, roundwood (m3-yr!);
RESULTS

BCEF, - biomass conversion and expansion factor for
the conversion of removals in merchantable

Land use and land cover (LULC) changes

The map of LULC was created to properly iden-
tify and adjust different classes in the research area,
with a particular emphasis on forest change. Six
LULC classes (built-up, crop/fallow, forest, home-
Liyeiwood = [FGpees X BCEF, x (1 + R) + FG % (6)  stead, tea garden, and water) are pointed out in the

volume to total biomass removals (including
bark) [tonnes of biomass removals-(m?
of removals)™!].

x D] x CF LULC map (Figure 3) which was classified.
where: LULC change from 1989 to 2000. In general,
FG,.. — annual volume of fuelwood removal of whole all of the LULC categories in Maulvibazar have
trees (m3.yr1); changed. The transition matrix illustrates the
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processes and patterns of land-use change (Fig-
ure 4). From 1989 to 2000, built-up, homestead,
and tea garden increased, while crop/fallow, for-
est, and water decreased (Table 4). The built-up
area increased by 26.80%, with most crop/fallow
land converted to built-up. The permanent crop/
fallow land area was 125 340 ha, with the major-
ity of crop/fallow land transferred to homestead.
Otherwise, the forest area shrank by 2.40%. In the
homestead case, most crop/fallow (9 623 ha)
area was converted to homestead, with 9 454 ha
remaining. The tea garden was also increased
by 8.57%, with the conversion of the most signifi-
cant areas of forest and crop/fallow land. The area
of persistent water bodies was 4 527 ha between
1989 to 2000.

LULC change from 2000 to 2011. Land use and
land conversion have been ongoing since the early
20* century. From 2000 to 2011, the built-up area
grew by 9.30% (Table 4). The persistent crop/fal-
low area was 117 356 ha, and it decreased at a rate

125 340

BORNC N

110938

I
e L
| el

2011-2020

https://doi.org/10.17221/111/2022-JFS

of 2.64%. The forest was reduced by 3.74%, with
an annual decrease rate of 185.96 ha-yr™!, and the
majority of the forest was transferred to a tea gar-
den. Between 2000 and 2011, homestead and tea
gardens increased by 23.72% and 3.79%, respective-
ly. In the homestead case, most of the crop/fallow
land was converted to homestead, followed by oth-
ers. Tea gardens also increased by 3.79%. Water
bodies were retained at 5 272 ha between 2000 and
2011 (Figure 4).

LULC change from 2011 to 2020. Between 2011
and 2020, built-up, homestead, and tea garden in-
creased by 32.70%, 21.10%, and 12.96%, respective-
ly, compared to the previous decade (Table 4). The
built-up area grew due to converting the maximum
crop/fallow area to built-up. The homestead was
close to the built-up area, which has seen a signifi-
cant increase, with the largest intrusion of crop/
fallow to the homestead. Tea gardens expanded
as 9 412 ha of crop/fallow and 8 633 ha of forest
were converted to tea gardens, followed by oth-

117 356
built-up

crop/fallow
forest
homestead
tea garden

water

114 314

1989-2020

Figure 4. Chord diagram showing land conversion due to land use land conver change of the study area in different

years (in ha)
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Table 4. Changes in land use and land cover in Maulvibazar

Change (%)

Class
1989-2000 2000-2011 2011-2020 1989-2020

Built-up 26.80 9.30 32.70 83.90
Crop/fallow  -5.19 —2.64 —-3.84 -11.24
Forest -2.40 -3.74 -7.52 -13.10
Homestead 10.44 23.72 21.10 65.47
Tea garden 8.57 3.79 12.96 27.29
Water 60.21 —-13.48 —26.42 1.99

ers (Figure 4). Crop/fallow, forest, and water all
decreased by 3.84%, 7.52%, and 26.42% (Table 4).
Instead, the annual water loss was 256.5 ha-.yr,
leaving 4 427 ha of water.

LULC change from 1989 to 2020. Significant
changes have occurred over the last 31 years in the
research area. The total built-up area has increased
by 83.90%. The greatest amount of crop/fallow
land is converted to the built-up land. Between
1989 and 2020, crop/fallow and forest declined
by 11.24% and 13.10%, respectively (Table 4). The
majority of the forest has been converted into a tea
garden and homestead. Simultaneously, 15 209 ha
of crop/fallow land and 7 624 ha of forest land
were transferred to the homestead. Even though
water levels fluctuated over time, overall water lev-
els increased by approximately 1.99%. From 1989
to 2020, the figure depicts the temporal trend and
relative variations in LULC in the Maulvi Bazar re-
gion (Figure 4).

Area (ha)

1989 2000

Year

250 000
200 000 -

150 000
100 000 -

50 000
0 -

Deacadal LULC changes. The built-up area
was increased every year. It expanded from 0.90%
in 1989 to 1.66% in 2020. The homestead area
was also increased drastically from 8.14% in 1989
to 13.47% in 2020. The increased size of the tea
garden was documented at 13.9% in 2020 com-
pared to 10.92% in 1989. Crop/fallow has dropped
from 56.7% to 50.33% in the last 20 years. Forest
land showed a decreasing trend. In the last three
decades, the trend of changing of water has been
inconsistent (Figure 5).

Change of forest biomass carbon stock

Nature’s carbon-removal machines, forests, are
a precious natural resource. The benefits to society,
economy, and climate they give cannot be avoided.
The annual increase in biomass carbon stocks due
to biomass growth from persistent forest land and
the afforested area was 6.05 tonnes(C)-ha-l.yr-i.
Removal of wood and fuelwood resulted in the
total annual carbon loss of 105.69 tonnes(C)-yrt.
Other disturbances (insect/pest, landslide, over-
grazing, encroachment, etc.) were not considered.
Finally, the net biomass carbon stocks were esti-
mated to be 331 242 tonnes(C)-yr! between 1989
and 2000 (Table 5).

Between 2000 and 2011, the total amount of per-
sistent forest land and the afforested area was
52 719 ha. Carbon stores in biomass were docu-
mented at 318.83 Gg(C)-yr! after removing wood
and fuelwood from the forest (Table 5). Carbon
stock in biomass was decreased by around 3.74%

Class

¥ built-up

[ crop/fallow
B forest

I homestead
[ tea garden
B water

2011 2020

Figure 5. Land use land cover change in Maulvibazar district in 1989 to 2020
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Table 5. Net carbon stock change in biomass from forest

https://doi.org/10.17221/111/2022-JFS

Area AC L L AC AC
Year Land use category G wood-removals fuelwood L B
(ha) [tonnes(C)-yr1]
FL-FL 42219 202 442 13.70 2.23 15.93 202 426
non FL-FL 12 546 128 906 74.41 15.35 89.76 128 816
1989-2000
total [t(C)-yr!] 54765 331 348 88.11 17.58 105.69 331 242
total [Gg(C)-yr!] 54765 331.35 0.08 0.01 0.1 331.24
FL-FL 40 645 194 894 17.12 3.12 20.24 194 874
non FL-FL 12 074 124 061 85.86 11.23 97.09 123 964
2000-2011
total [t(C)-yr!] 52719 318 955 102.98 14.35 117.33 318 838
total [Gg(C)-yr!] 52719 318.96 0.10 0.01 0.12 318.83
FL-FL 35250 169 023 15.52 2.53 18.05 169 005
non FL-FL 13 507 138 788 78.23 10.63 88.86 138 699
2011-2020
total [t(C)-yr!] 48 757 307 811 93.75 13.16 106.91 307 704
total [Gg(C)-yr!] 48 757 307.81 0.09 0.01 0.11 307.70

FL-FL - forest land remaining forest land; non-FL — non-forest land (built-up, crop/fallow, homestead, tea garden, water);

AC, —annual change in carbon stocks in biomass; L
L

wood-removals

fuelwood

—annual carbon loss due to biomass removals [tonnes(C)-yr1];
— annual carbon loss due to fuelwood removals [tonnes(C)-yr~!]; AC . — annual increase in carbon stocks due to bio-

mass growth; AC, - annual decrease in carbon stocks due to biomass loss

along with the decrease of forest land compared
to the previous decade.

From 2011 to 2020, the total annual carbon gain was
estimated to be 6.3 tonnes(C)-ha-l-yr! from 48 757 ha
ofland. In the case of carbon losses, maximum carbon
loss from wood removal [93.75 tonnes(C)-yr~!] was
followed by fuelwood removal [13.16 tonnes(C)-yr~!].
Finally, the net annual biomass carbon stock was esti-
mated to be 307 704 tonnes(C)-yr~! (Table 5).

DISCUSSION

The land cover change in Bangladesh Maulviba-
zar landscape was assessed using medium-resolu-
tion satellite data from 1989 to 2000, 2000 to 2011,
and 2011 to 2020. A loss in forest cover was re-
vealed to be related to significant changes in land
use and land cover change. During the last three
decades, the forest has shrunk by 13.10% (Table 4).
Murshed et al. (2021) also reported greater defor-
estation in Bangladesh, which was linked to higher
population growth rates and agricultural land ex-
pansion. This shift in forest cover is also closely
tied to human activities and management on a lo-
cal scale (Ahammad et al. 2019). South Asia also
lost 29.62% of its forest cover (Reddy et al. 2018).
As the forest cover area shrinks day by day, this sce-
nario will face the immense challenge posed by the
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Glasgow Leaders’ Declaration on Forests and Land
Use, which pledges to halt forest loss in less than
a decade (UN Climate Change UK 2021). As a re-
sult, the persistent forest land should be declared
as protected area, as 71% of the world’s protected
areas have contributed to the prevention of forest
loss (Yang et al. 2021).

Looking at the intensity of change at the cate-
gorical level of the six transformed land use/land
cover categories, homestead, crop/fallow, and tea
garden conversion to forest land has contribut-
ed significantly to major forest loss in the north-
eastern region of Bangladesh over the past three
decades (Figure 4). Deforestation caused by the
permanent land use change is responsible for 27%
of global forest loss (Curtis et al. 2018). Cropland
expansion in South East Asia, such as conversions
of coffee, tea, upland rice, and other commodities,
was responsible for 88% of total forest loss (Zeng
et al. 2018). Otherwise, large-scale land acquisi-
tions (LSLAs) are a significant contributor to forest
loss in the Global South (Davis et al. 2020). Finally,
the land-use change, primarily due to conventional
agricultural expansion and deforestation, accounts
for roughly 17% of global greenhouse-gas emis-
sions (Barker et al. 2007).

The values for changes in biomass carbon stock
are positive, indicating that there is a biomass
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gain in the carbon stock of Maulvibazar hill for-
est. However, the net gain has decreased from
331.24 Gg(C) in the first decade (1989 to 2000)
to 307.7 Gg(C) in the recent decade (2011 to 2020)
due to forest area loss (Table 5). Mukul et al. (2014)
noticed 179.1 million Mg of carbon in forest bio-
mass in Bangladesh, whereas the tree carbon stock
is associated with anthropogenic disturbance and
stand characteristics. According to Saimun et al.
(2021), the carbon storage capacity of tropical
forest ecosystems is gradually declining, which is
a major concern to us because forest deteriora-
tion affects the structure, composition, and variety
of forests and carbon stocks, functioning, and bio-
logical processes (Gao et al. 2020). As a result, the
government of Bangladesh is taking steps to collect
national carbon stock data and develop the REDD+
Readiness Roadmap.

Although annual carbon loss increased from
the first decade to the second decade (0.11 Gg
to 0.12 Gg) due to increased wood and fuelwood
collection from logging activities, it then decreased
to 0.11 Gg (Table 5). Gathering of wood and fu-
elwood has a long-term effect on the deteriora-
tion of forests (Ahammad et al. 2019). According
to Pearson et al. (2017), land use change, includ-
ing deforestation, emitted 1.3 + 0.7 Gt(C)-yr~!, with
timber collection accounting for 53%, fuelwood
harvesting accounting for 30%, and forest fires
accounting for 17%. Tropical deforestation is ex-
pected to increase from 0.467 Pg-yr~! in the 2010s
to 0.628 Pg-yr~! in the 2090s (+35%), making tropi-
cal forests a major carbon source in the 21% century
(Vieilledent et al. 2022).

The most notable contribution to the global envi-
ronmental change is LULC change. The Maulviba-
zar region has grown in size over time. An increase
in the population was a primary driver of built-up
expansion, which had a negative impact on the ecol-
ogy, environment, and biodiversity in the surround-
ing area (Rahman et al. 2019; Chakroborty et al.
2020). Crop/fallow land in the research area was
diminishing year after year. Because of agricultural
land depletion, biodiversity and ecological services
have suffered, and food insecurity has increased
(Kafy et al. 2021). Homesteads in the Maulvibazar
region grew rapidly, ranking second only to agricul-
ture in terms of national food supply and income
while also preserving biodiversity (Mattsson et al.
2018). Many fallow lands were converted to tea
cultivation areas, and the government encouraged

the development of tea gardens rather than rub-
ber gardens in the Sylhet Division of Bangladesh,
which produces 96% of the country’s tea. Maulviba-
zar produces 63% of the tea, while Sylhet and Habi-
ganj districts produce 33% (Islam, Al-Amin 2019).

CONCLUSION

We present a comprehensive assessment of LULC
change with a special focus on the forest change,
whereas the IPCC’s Tier 1 default parameters are
used to calculate the annual change of carbon stock
in forest biomass. The forest land area was shrink-
ing as most forest land was converted to home-
steads, tea gardens, and crop/fallow land. Although
tropical forests have a high capacity for carbon
storage, forest degradation, such as wood and fu-
elwood collection, appears to contribute to carbon
emissions into the atmosphere. Our findings high-
light the immediate risk of carbon stock depletion
linked to Bangladesh’s rapid deforestation, which
will assist the forest department and legislators
in making forest protection and conservation deci-
sions by determining the current state of forest car-
bon. It is also helpful in mapping the country’s hill
forest areas for long-term development, biodiver-
sity conservation, and environmental protection.
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