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Satellite data becomes an important tool for monitoring global change in forest cover. Further
development of remote sensing technologies creates opportunities for solving more complex
problems requiring multi-time analysis of satellite data. Assessment of success reforestation after
a disturbance in forest cover is such an important task. The traditional method of an assessment
of successful reforestation is laying out the ground plots, which task requires significant time
and resources. Fieldworks and transfer of land to forest cover land is carried out according to
the method, which is developed by the Federal Agency for Forestry of Russia. This method
has various criteria of success reforestation for every region. Arkhangelsk region, Vologda
region and Republic of Karelia became the territories for research. Forest vegetation of this
region belongs to the taiga zone and is divided into five groups: the area of pre-tundra forests
and sparse taiga, northern taiga, middle taiga and south taiga. International forest classification
relates this area to boreal forest. The task of transfer land to forest cover land can be optimized
by using remote sensing data. This research shows analysis of recovery of the normalized
difference vegetation index, the shortwave vegetation index and the normalized burn ratio in
the framework of reforestation objects. Filed data was collected for every object and this data
includes a number of young trees, average height and species composition. Processing of a
considerable number of satellite imageries requires significant computing power because of
the Google Earth Engine platform using for analysis data. The most suitable index was chosen
in the analysis of the obtained data for the development of an automatic method for transfer
land to forest cover land. The most suitable index for dividing lands on forest cover and non-
forest cover lands is the shortwave vegetation index. Optimal threshold for transferring land is
achievement of recovery index of 80 % from initial values before disturbance. The automatic
method was developed using unsupervised classification and threshold values of recovery index.
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Introduction

Land use change is the major driver of global environmental change resulting
in loss of biological diversity, changing the global carbon cycle, affecting local cli-
mate and the hydrological cycle [15]. Forest cover change is particularly important,
as forests can sequester atmospheric carbon and mitigate climate change. While the
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tropical domain experienced greater forest loss when compared to other climate do-
mains [10], boreal forests store the largest amount of carbon of all global biomes
[14]. Unfortunately, reliable statistics on boreal forest is not necessarily available
and existing national scale forest statistics might be incomplete and inconsistent [14].
However, remote sensing systems have the potential to provide spatially distributed
and temporally frequent data on forest cover, and offer great opportunities to better
understand patterns, processes and underlying causes of forest cover change [1, 12].

Using of multitemporal analysis of the normalized difference vegetation index
(NDVI), the shortwave vegetation index (SWVI), the normalized burn ratio (NBR)
and components of Tasseled Cap transformations is usual for assessment vegetation
cover, but the spectral index values depend on the phenology of vegetation and cli-
matic conditions [6, 7]. Forest recovery after the disturbance has different periods for
different climatic zones. This statement is true for boreal forest, which is located in
some climatic zones. Achievement of 80 % of the initial value of the spectral index
requires a different period for the extremely cold and cold temperature zones for
the North American boreal forest region. Multitemporal analysis of several climatic
zones requires a definition of a phenological period for each zone [13]. Analysis
Tasseled Cap component shows that spectral indeces after disturbance can change for
three decades in the territory of the North American boreal forest region. The region
can be divided into eastern and western boreal forest shield, which has a different
type of forest recovery. This fact is related to difference in precipitation, average
temperatures and types of soils [5, 7, 12].

The burned severity is an important aspect of forest regeneration after forest
fires. The extent of burned severity often divided into five classes: slight, low, medi-
um, high, very high. This extent influences on the time of forest recovery. Therefore,
spectral methods, based on difference or division of the values of the spectral indices
before and after disturbance, are important for an assessment of the burned areas. For
instance, Stand Regrowth Index (SRI) and Relative Regrowth Index (RRI) are based
on after- and pre-disturbance of the NDVI values [8, 9, 18].

Method of unmixed spectral analysis is based on a statement that every pixel can
include different fraction [11, 19]. These fractions are named endmembers. The end-
members can be vegetation with photosynthesis, vegetation without photosynthesis and
bare soil. Fractional Vegetation Cover (FVC) and NDVI are based on correlation of dif-
ferences of ND VI value of a pixel and average values of bare soil and vegetation [16, 18].

Using the spectral index requires field data for calibration indices for the as-
sessment of reforestation and finding a relationship between a value of the index
and real conditions of forest regeneration such as structure of recovered vegetation,
number, and tree species per pixel and tree canopy. Comparison of the multitemporal
Landsat data and airborne laser scanning (ALS) data defined pixel, which can be con-
sidered as a forest area using criteria of the Food and Agriculture Organization (FAO)
if the pixel achieves 80 % of the NBR value before disturbance [2, 3, 17].

The practical issue of using satellite imageries for the assessment reforestation
is finding the threshold for transfer cutting and burned areas to forest cover land.

Materials

The main research area is the North-Western region of Russia (Fig. 1). It is
Arkhangelsk and Vologda regions and the Republic of Karelia. Forests are considered
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as northern taiga, moderate taiga and south taiga in this territory. The study region has
an average forest cover of 60 % with predominant coniferous species, where major
tree cover consists of mature and over-mature stands with low forest stock. Average
species composition for the whole Arkhangelsk region is 70 % spruce, 20 % pine
and 10 % birch with a small number of aspens. Most of the trial plots are located in
Arkhangelsk region.

The studied regions are characterized by the development of the logging indus-
try and large areas of mature and over-mature forest were cut down. Cutting of forest
stands takes place in the form of clear and selective cutting.

Also, the north part of Arkhangelsk region belongs to the Arctic land area ac-
cording to the Russian rules of the land division. According to the data of the State
Forest Register of Russia dated on 2016, the Arctic land of Arkhangelsk region in-
cluded 39,059 miln ha of land suitable for forest cultivation, and 29,765 mln ha or
76 % from land suitable for forest cultivation were cut down.

Main pattern of reforestation for all three regions is regrowth broadleaf species
on cutting areas, which has low economical value for logging industry. Reforestation
of coniferous species then occurs via change of species. The natural reforestation
requires considerable time to restore coniferous forests.

The lack of natural regeneration on the part of cutting areas is caused by
insufficient trees undergrowth, removing of trees undergrowth in the process of
cutting, the absence of seed trees and adverse climatic conditions. Developed
moss cover and forest litter prevent successful seed germination and rooting of
seedlings.
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Fig. 1. Regions where trial areas were laid out
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Ground plots were made in the period of 2015-2019 (Fig. 1) using spectral
characteristic of forest recovery for the analysis. Fieldworks in 2016-2019 were
carried out according to the Russian Temporary Procedure of the State Monitoring of
Forest Regeneration in 2016 [4].

The ground plot has a square shape with sides equal to 20 m. The amount of
young trees divided into groups according to their species and heights is taken into
account inside the border of the ground plot. There is one ground plot per 10 ha of
cutting area (Fig. 2).

1.1-15 m
>>1.5m

coniferous

L
A

>= 400 m’

20m
1.1-15 m
>>1.5m

v

v

broadleaf

Fig. 2. Methods of creation of ground plots and groups of heights for different groups of tree
species

Data of several ground plots on one cutting area are averaged and recorded
in the report. The averaged data of the report is used to make a decision to
transfer the non-forest cover land to the forest cover land. The procedure of
state monitoring defines required conditions such as number, average height of
trees and parameters of ground plots for transferring non-forest to forest land
(Table).

Conditions for transferring non-forest land to forest land

Tree species Trees, pcs/ha Average height, m
Pine 1500 0.7
Spruce 1500 1.0
Birch, aspen, alder 2000 1.5
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Almost all the objects on which the ground plots were made have reached the
criteria of transfer to forest land during year fieldwork. The number of ground plots
was equal to 57.

Satellite imageries of Landsat 5, 7, 8 are used for the analyses of spectral
characteristics of the ground plots. These images had atmospheric correction, which
was already done in the Google Earth Engine (GEE) collection.

The Global Forest Lost dataset for the period of 2000-2017 was used as a
framework for unsupervised classification and tree cover datasets dated on 2000 [7].

High-resolution imageries of Google and Yandex services and Hansen’s forest
loss dataset were used for drawing the border of cuttings and burned areas.

Methods

The work under the project was divided into several parts: processing of field
materials, drawing borders of research objects; analysis of spectral dynamic of NDVI,
SWVI, NBR, detection of spectral recovery indices after disturbance (cutting, forest
fire) at the moment of field observation; and developing a method for transferring
non-forest land to forest land.

Collection of multitemporal values for research objects was carried out using
the GEE platform. Research object is cutting or burned areas, where ground plots
were done for field observation. Indices were calculated using middle resolution
satellite imagery Landsat.

Algorithm for collection index values includes the following steps:

1. Research object is drawn using high resolution satellite imageries. This
object can be a forest regeneration area after cutting or a forest fire with a high level
of severity.

2. The search of all accessible satellite imageries for each research object. The
search has some selection criteria: cloudiness of imagery less than 50 %, the time
period of search only summer months (June, July and August). All selected imageries
are included in the collection.

3. The boundary of the research object is increased by 1000 m. This area is
used for detecting cloudiness pixels. The imagery is excluded from the collection if it
has a cloudy pixel in this border.

4. The boundary of the research object is reduced by 30 m. This excludes
pixels of forest edge and other objects, which do not belong to the cutting or
burning areas.

5. Average values of NDVI, SWVI and NBR are calculated for each research
object for each satellite imagery in the collection.

The script including all the steps is available here: https://code.earthengine.
google.com/6ad67cf35ae901ead018832e4482¢774. Average values of multi-time
indices are downloaded on personal computer for processing.

Next step is finding the values of indices before disturbance, year of disturbance
and field observations. Phenological differences have a significant influence on the
values of the indices since the selected indices have to be dated by the close days of
the year. The considerable number of research objects did not cover satellite imageries
in the year of disturbance. Therefore, only pre-disturbance value and value at the time
of the field observations were used in the analysis.
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The charts of recovery of NDVI, SWVI and NBR were drawn for the analysis
of reforestation on the areas of the research objects (Fig. 3).
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Fig. 3. NDVI, NBR and SWVI recovery indices for each research site
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The calculated recovery indices based on NDVI, SWVI, and NBR are indirect
measures of forest vegetation restoration and show the degree of reforestation at the
studied sites. The indices are shown in Fig. 3, where green is land classified as forest
cover land; orange is non-forest cover land. The average values of the recovery index
for forest cover land for the past 10 years assigned are displayed as a red line.

We propose to calculate the degree of reforestation (recovery index) as a
percentage according to the following formula:

Rzﬁ

pre

b

where 7, — index at the moment of field observation; / ,, — pre-disturbance index.

> Tpre

The recovery index based on NDVI does not show the degree of stand
restoration and is not suitable for the land division onto forest cover and non-forest
cover lands. Almost, all research objects have values of recovery index over 80 %
including the objects with a short period of reforestation (from 1 to 4 years).

The recovery indices based on SWVI and NBR are the most promising, as they
clearly show the degree of reforestation in the cutting and burned areas. All research
objects in the figures with the recovery indices can be divided into 3 groups: non-
forest cover land with the recovery index less than 80 %; forest cover land with the
recovery index less than 80 %; forest cover land with the recovery index over 80 %.

Analysis of the chart of the SWVI recovery index shows that research objects
have recovery over 80 % after 10 years. A part of the research objects have recovery
index from 40 to 80 % in the period from 6 to 9 years. The objects were transferred
into forest cover land. The objects, which were not transferred to forest cover land,
had the recovery index less than 40 %.

Results

The SWVI recovery index was selected after the analysis of dynamic spectral
indices as more suitable for the assessment of land reforestation. An automatic
method for transferring non-forest cover to forest cover land was developed based on
k-means method of non-supervised classification. Scheme for transfer non-forest to
forest cover land is showed in Fig. 4.

The first step is the classification of satellite imagery on 15 clusters in the
framework of the Hansen’s forest loss layer in the period from 2000 to 2014 [6].
Average SWVI values were calculated for each cluster.

classification in SWVI mean If class have
framework forest loss for every SWVI mean
layer cluster >> threshold

satellite
image

calculate reforestation
SWVI mask

creation forest mask: threshold
tree canopy 1.Tree canopy >> 60 % SWVI mean of (80% of SWVI

layer 2. Subtract of forest forest mask
mean forest)

changes

Fig. 4. Scheme for transferring land to forest cover land
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The second step is creating forest mask, which includes mature and over-mature
forests without disturbances. The forest mask is created using tree cover layer [10] and
includes pixels that have canopy equal or more than 60 %. After that, the average SWVI
value was calculated for the forest mask and threshold for transferring non-forest cover
to forest cover land, which equals 80 % from the average forest mask value.

The third step is comparing the average SWVI value of each cluster with
threshold for transferring to forest cover land.

Developed method was applied for imagery of the Landsat 8 satellite with
ID: LCO8_L1TP 181015 20180719 20180731 01 TI.

Conclusion

Analysis of research objects using remote sensing technology shows the
possibility of creating methods for transfer non-forest to forest cover land. Optimal
threshold values of recovery SWVI is over 80 % from the initial values before
disturbance. Calculation of the initial index value for every pixel is a very difficult
task, because initial value of forest was calculated using forest mask, which includes
pixels mature and over-mature forest without disturbance.
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CIyTHUKOBBIC JIAHHBIC CTAHOBSATCSI BAXKHBIM MHCTPYMCHTOM JJIi MOHHUTOPHHTA U3MCHCHHUH,
MPOUCXOMAIIMX B JICCHOM MOKpoBe. JlanmpHEWIee pa3BUTHEC TEXHOIOTUN TUCTAHIIMOHHOTO
30H/IMPOBAHMS 3EMITH CO37[aeT BO3MOXKHOCTHU JJIsi PEUICHUsS OOJIee CIIOKHBIX 3a1ad, TpeOy-
FOIIIMX MHOTOKPATHOTO aHajk3a CIyTHUKOBBIX JMaHHBIX. OIIGHKA YCICIIHOCTH JICCOBOCCTA-
HOBJICHHSI TTOCJIC BOSHUKHOBCHUSI HAPYIICHUI B JICCHOM IMOKPOBE SIBJSICTCS TaKOM 3a1adycid.
TpaauIMOHHBINH METO] OIICHKH YCIICIIHOCTH JICCOBO30OHOBIICHHS — 3aKJIaIKa MIPOOHBIX ILJI0-
maneil — TpeOyeT 3HAYMTEIBHBIX BPEMCHHBIX 3aTpar W pecypcoB. IlojieBbiec paboOThI U OT-
HECCHHUE 3EMEJIb K 3eMJISIM, 3aHSATHIM JICCHBIMH HACAXICHUSIMHU, Yepe3 3aKIJIAJKy MPOOHBIX
IUIOMIAJICH IPOU3BOISITCS TI0 METOJIMKE, pa3paboranHoi DenepaibHBIM areHTCTBOM JIECHOTO
xo3sticTBa Poccun. JlaHHass MeTOAMKA MMECT PAa3JIMYHBIC KPUTCPUHU YCIICIIHOTO JIECOBO300-
HOBJICHHS TSI KQXKJOTO PErHoHAa. TeppUTOpPHSIMHU HCCICIOBAHUS CTamu ApXaHTeiabCcKas U
Bomnoronckast obnactu, a takke PecnyOnuka Kapenus. PacturenbHOCTh 1aHHOTO perroHa
OTHOCHTCSI K TAC)KHOW 30HE M PA3ICIIACTCS HA MATh TPYIIL PAOHBI IPUTYHAPOBBIX JIECOB
U PENKOCTOMHOM Talru, CeBEpO-TACKHBIM, CPEIHETACKHBIH U FOHKHO-TACKHBIA DPaiOHBI.
MexayHapoaHasi KiTacCU(pUKaIUs OTHOCUT JNaHHBIC Jieca K TpyIme O0opeaibHbIX. Vcmonb-
30BaHMEC CITYTHHKOBBIX JAHHBIX MO3BOJIUT ONTHMU3HPOBATH MEPOIPHUSTHS MO OTHECCHUIO
JICCHBIX YYaCTKOB K 3EMJISIM, 3aHSATHIM JICCHBIMH HacaXJACHUSAMHU. [IpOBE/ICH aHATN3 UHICK-
coB Boccranosienus NDVI, SWVI u NBR na o6nekrax jaecoBo3obHoBienus. Ha kaxmplii
HCCJICYCeMBbIil 00BEKT IMOTyUCHBI MTOJICBBIC TAHHBIC O KOJIMYCCTBE MOAPOCTa, CPETHEH BBICOTE
JPEBOCTOSI M MOPOHOM cocTaBe. OOpaboTKa OOJBIIOT0 KOJUUECTBA CITyTHUKOBBIX CHUMKOB
TpeOyeT 3HAYUTENILHBIX BBIYUCIUTEIBHBIX MOIIHOCTEH, TIOATOMY JIJIsl TIPOBEICHUS aHAN3a
ucronb3oBanach miardpopma Google Earth Engine. Ha ocHOBe 1mory4eHHBIX TaHHBIX BHIOpaH
HauOoJIee MPUTOTHBIN JJIs1 CO3IAHMSI ABTOMATUYCCKON METOIMKH TI0 IEPEBOLY 3€MEITh B JICCO-
MOKPBITYIO Miomaas uuaekc SWVI kak Hamnydiuil cieKTpaabHbIA UHAEKC I pa3aeaecHus
3eMeJb Ha JOCTUTIINE M HE JOCTHUTIINE KPUTCPUEB OTHECECHUS K 3EMJISIM, 3aHSATHIM JICCHBI-
MU HacaxaeHussMU. ONTUMaIbHBIM MTOPOTOM JJIS IEPEBOIA 3eMeNb CTallo HocTkenue 80 %
BOCCTAHOBIICHUSI OT MEPBOHAYAIBHBIX 3HAUCHHI MHJICKCA JIO0 BOZHUKHOBEHUS HAPYIICHHUNA B
JISCHOM TMOKpOBe. Vcmonb30BaHne MeToa A-CPETHUX M TIOPOTOBBIX 3HAUCHHI MHIEKCA IS
MepeBo/ia MO3BOJIIIO CO3aTh ABTOMATH3HUPOBAHHYIO MCTOTUKY.
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