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Abstract

The dependence of vegetation indices NDVI (Normalized Difference Vegetation Index) and EVI (Enhanced 
Vegetation Index) on the content of pigments in plants was studied at three sites with environmental disturbance: 
at the territory of diesel fuel spill, in the region of natural oil occurrence, and at a post-fire site. The studies have 
shown that the stability of plant species against pollution with petroleum products increases in the sequence: 
sedge < cereals < field horsetail < willow < moss. Determination of interrelation between remotely measured 
optical characteristics of the vegetation cover and the concentrations of pigments revealed a direct dependence 
of NDVI and EVI values on the concentrations of pigments in field horsetail and cereals, and inverse dependence 
for willow, moss, and sedge. In the region of natural oil occurrence under the conditions of pollution with oil, a 
substantial decrease in total chlorophyll content is observed for wild strawberry, artemisia, and thyme in com-
parison with the reference conditions. A decreased content of chlorophylls and carotenoids was detected at the 
post-fire site in padus, and an increased pigment content in dwarf elder, which provides evidence of the higher 
stability of dwarf elder to the action of high temperatures. The vegetation indices at the post-fire site are sub-
stantially lower than at the background (intact) site.
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INTRODUCTION

Much attention in oil and gas field develop-
ment and operation is paid to predictions of 
emergency incidents and mitigation of the conse-
quences of oil spills [1]. Oil most substantially af-
fects the living components of ecosystems [2]. For 
instance, oil pollution with oil may have a nega-

tive effect on plants (by causing disturbance of 
metabolism, growth rate reduction, and death) 
due to the direct toxic action or indirect influence 
through worsened aeration and water regime of 
soil [3].

Visible morphological changes of plants under 
the action of oil pollution are accompanied by the 
deviation of biochemical parameters, in particu-
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lar changes in the concentrations of photosynthe-
sising pigments, namely chlorophylls, carotenoids, 
anthocyanins. Their concentrations in plants often 
decrease under the effect of oil pollution, which 
has been confirmed for different types of soil and 
for different climatic zones [4]. However, the ef-
fect of soil pollution with oil on the vital functions 
of plants can also be positive. For example, some 
researchers reported the stimulating effect of oil 
on plant growth [5].

The main method to determine the concentra-
tions of photosynthetic pigments in plants is con-
sidered to be spectrophotometry [6]. Along with 
this method, a broad application has been won by 
the Earth’s remote sensing (ERS), described for 
the first time in [7]. This method is based on the 
contrast between the maximal absorption within 
the red range due to chlorophyll pigments and 
the maximal reflection in the infrared range, 
caused by the cellular structure of leaves. The 
best known and widely used plant vitality index 
is the normalised difference vegetation index 
(NDVI). Some works have demonstrated a corre-
lation between NDVI and chlorophyll content in 
agricultural crops [8–12]. Analysis of the data ob-
tained in the studies with winter wheat shows 
that the coefficient of correlation between vege-
tation indices and relative content of chlorophyll 
on average over all the studied fields during all 
the years of investigation is 0.79. This is evidence 
of rather high degree of NDVI conjugation with 
the amount of photosynthetic pigments in the or-
gans of winter wheat [12].

ERS is widely used to analyse the vegetation 
cover after fire events [13–15]. It was determined 
in the studies that ground fires had an effect on 
chlorophyll content. At all sections under study, 
after ground fires the amount of chlorophyll in 
the needles of affected pines is substantially 
lower than at intact (environmentally safe or so-
called background) sites, reaching 69–73 % of the 
reference value after intense ground fires, and 
81–88 % after weak-intensity ground fires. The 
same regularity was observed also for carotenoid 
content.

To analyse the vegetation in the case of land 
pollution with oil, ERS is also used [16, 17]. The 
minimal and maximal values of the index for ter-
ritories under investigation were determined, and 
the trends to its increase during a 10-year period 
was revealed, which is evidence of vegetation 
cover restoration, its non-depressed state and im-
provement of the environmental state at oil pro-
ducing territories. The authors state that land-

based studies of the vegetation cover are neces-
sary to verify the data obtained. A combination of 
land-based and satellite data will allow one to 
improve the procedure for assessing the state of 
vegetation cover and extend the possibilities of its 
application over other territories [17].

The goal of the work was to determine the 
correlations between remotely measured vegeta-
tion indices of the plant cover and the quantita-
tive content of pigments at the disturbed and in-
tact sites of the Earth’s surface.

EXPERIMENTAL

Objects of investigation 

The effect of pigment concentrations in plants 
on the values of vegetation indices NDVI, EVI 
(Enhanced Vegetation Index) was studied at 
three objects.

The territory of diesel fuel spills. Catastroph-
ic large-scale event happened near Norilsk on 
29.05.2020: diesel fuel (DF) spill as a result of un-
sealing the reservoir at Thermal Power Plant 
No. 3 in Kayerkan. About 6.3 thousand tons got 
onto the ground, 15.4 thousand tons got into the 
Ambarnaya river and its source, as well as into 
many brooks associated with the river [18]. Two 
months later, the team on mission from the Insti-
tute of Petroleum Chemistry SB RAS (Tomsk) 
sampled plants from the diesel fuel spill sites and 
from background (environmentally safe) terri-
tories.

At the sites of DF spills (the Nadezhdinsky 
brook, the Daldykan and Ambarnaya rivers, the 
source of the Pyasina river) and at background 
sites, the plants listed below were investigated 
(sampling point coordinates are also indicated):

field horsetail (Equisetum arvense), back-
ground – 69.325642 N, 87.922644 E, DF spill – 
69.331561 N, 87.909352 E, the Nadezhdinsky brook;

willow (Salix vitaminalis), background – 
69.343628 N, 87.863732 E, DF spill – 69.344742 N, 
87.860995 E, the Daldykan river;

cereals (Deschampsia cespitosa), background – 
69.387622 N, 87.743853 E, DF spill – 69.461950 N, 
87.927200 E, the Ambarnaya river;

moss (Campylium stellatum), background – 
70.086972 N, 88.146722 E, DF spill – 70.092278 N, 
88.145139 E, the source of the Pyasina river;

sedge (Carex aquatilis), background – 
69.325642 N, 87.922644 E, DF spill – 69.481033 N, 
88.447117 E, the Ambarnaya river.
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The region with natural oil occurrence. At 
the site of Sokhochul oil occurrence in northern 
Khakasia and at a background site, the following 
plant species were sampled on 23.07.2024: wild 
strawberry (Fragaria vesca L.), cream scabiosa 
(Scabiosa ochroleuca L.), fringed artemisia (Arte-
misia frigida Willd.), creeping thyme (Thymus 
serpillum). The coordinates of the site of oil oc-
currence are 54.46460 N, 89.90111 E, and the 
background site 54.46444 N, 89.90467 E.

Post-fire region. In the forest area near To-
bolsk (the Tyumen Region), the following plant 
species were sampled on 10.07.2023 in the zone 
of fire event and at the background site: padus 
(Prunus padus), dwarf elder (Sambucus nigra). 
The coordinates of post-fire site are 58.352343 N, 
68.357856 E, and the background site 58.347327 N, 
68.383461 E.

Methods of investigation

Plant pigments were isolated by extraction 
with ethanol, and their concentrations were de-
termined by spectrophotometry. A weighted por-
tion of dry leaves, 0.2 g, was placed in a porcelain 
mortar, then 0.1 g of sand, 0.1 g of chalk, and 
3–4 cm3 of ethanol were added. The mixture was 
triturated; the resulting extract was filtered off 
on a Schott filter. Extraction was carried out sev-
eral times to obtain a colourless solution. The 
combined extract was transferred to a volumetric 
flask 25 mL in volume, and ethanol was added to 
the mark. Chlorophylls (а and b) and carotenoids 
were quantified from the changes in the optical 
density of pigment extract using an SF-56 spectro-
photometer (Experimental Design Bureau Spektr, 
Russia) at the wavelengths corresponding to the 
absorption maxima of chlorophylls (а, 663 nm, 
and b, 645 nm) and the absorption maximum of 
carotenoids (k, 440.5 nm), after which the concen-
trations of pigments were calculated according to 
equations [19]:

Сa = 13.7D665 – 5.7D649� (1)

Cb = 25.8D649 – 7.6D665� (2)

Ck = 4.695D441 – 0.268(Ca + Cb)� (3)

where Сa, Cb are the concentrations of chloro-
phyll а and b, respectively, mg/g; Cc is the con-
centration of carotenoids, mg/g; D is the optical 
density of solutions at a certain wavelength. 

To assess the state of vegetation from the data 
of multispectral ERS, the most popular index is the 
normalised difference vegetation index (NDVI) [7], 

calculated from reflectance in the red and near 
infrared spectral regions:

NDVI = (ρnir – ρred)/(ρnir + ρred)� (4)

where rnir, rred are the values of spectral bright-
ness of the surface in the near infrared and red 
spectral regions, respectively. 

However, as noted by many authors [20, 21], 
NDVI is sensitive to the background reflectance, 
which limits the application of this index. As al-
ternative to NDVI, the enhanced vegetation index 
EVI is used: its calculations take into account the 
spectral brightness of the surface in blue wave-
lengths, so that the effect of soil and atmosphere 
on the values of this index is minimised [22]. Cal-
culation of vegetation index EVI is carried out 
using the equation:

EVI =
rnir – rred

(1 + L)� (5)
(rnir + C1)(rred – C2)(rblue + L)

where rblue is the spectral brightness of the sur-
face in the blue region; L is a correction factor 
taking into account the effect of soil; C1, C2 are 
aerosol stability coefficients, using the blue chan-
nel to correct the aerosol effect in the red chan-
nel. The values of this index vary within the 
range from –1 to +1. For green vegetation, the 
index varies from 0.2 to 0.8.

In the present work, we assessed the state of 
the vegetation cover using the MODIS satellite data, 
specifically 16-day composites with the spatial res-
olution of 250 m, containing NDVI and EVI values. 
The collection of satellite data Terra/MODIS has 
been formed and is regularly supplemented at the 
research centre of the Institute of Petroleum 
Chemistry SB RAS.

RESULTS AND DISCUSSION

The territory of diesel fuel spill 

Laboratory studies (Table 1) have shown that 
the plants of field horsetail species do not respond 
to pollution at the territory of diesel fuel spill. 
The content of photosynthesis pigments in the 
leaves of this species growing on polluted soil re-
mains at approximately the same level as in the 
plants from the uncontaminated background site. 
The species most sensitive to pollution turned out 
to be sedge and cereals. A substantial decrease in 
the content of both chlorophylls and carotenoids 
in the leaves was detected, in comparison with 
the similar parameters for the reference plants 
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(uncontaminated background). The sum of chlo-
rophylls decreases by 31 % against the back-
ground level, while carotenoids exhibit a decrease 
by 35 %. For cereals, the sum of chlorophylls has 
decreased by 53, and carotenoids by 52 %. Willow 
and moss were detected to be the most resistant 
plant species. In willow, the sum of chlorophylls 
has been observed to increase by 117, and carot-
enoids by 66 %. The highest parameters were de-
tected for moss. The sum of chlorophylls increased 
by 189, and carotenoids by 220 %. Oil pollution is 
likely to stimulate the production of photosynthe-
sis pigments in such plant species as willow and 
moss. The studies have shown that plant resist-
ance against pollution with oil products increases 
as a sequence: sedge < cereals < field horse-
tail < willow < moss. 

Determination of the relationship between re-
motely measured optical characteristics of the 
vegetation cover and pigment concentrations has 
demonstrated a direct correlation of NDVI and 
EVI with pigment content in the field horsetail 
and cereals, which corresponds to the expected 
results because there indices usually correlate 
with the content of chlorophylls and carotenoids. 
An inverse dependence is observed for willow, 
moss, and sedge. This may be due to such factors 
as predominance of other plant species at the 
sites, or specific responses of the listed compounds 
to pollution. 

The region of natural oil occurrence

The studies show that oil has a negative ef-
fect on the plant photosynthesis pigments, in-
cluding chlorophylls a and b, as well as carote-
noids (Table 2). These changes manifest them-
selves in different manners for each of plant 

species, but there are some general trends. Thus, 
a substantial decrease in the sum of chlorophylls 
is observed in wild strawberry, artemisia, thyme 
under pollution with oil in comparison with the 
reference conditions. This decrease points to the 
destruction of photosynthetic mechanism, which 
has a negative effect on the total activity of plants 
in relation to pigments. For instance, the sum of 
chlorophylls decreased by 50 % in strawberry, by 
45 % in artemisia, and by 59 % in thyme. Quite 
contrary, for scabiosa, oil has a stimulating effect: 
the content of the sum of chlorophylls increases 
by 34, and carotenoids by 7 %. In other plants, 
carotenoid content decreases: in strawberry – by 
50, artemisia – by 29, thyme – by 62 %. The val-
ues of vegetation indices decrease in the oil oc-
currence site in comparison with the background. 

TABLE 1

Content of pigments in the plants and vegetation indices  
for the territories of diesel fuel (DF) spills  
and background sites 

Plant/territory Са + Сb Carotenoids Vegetation 
index 

NDVI EVI

Sedge/background 0.48 0.14 0.5345 0.2685

Sedge/DF 0.15 0.05 0.5658 0.2387

Cereals/background 0.84 0.25 0.6266 0.3514

Cereals/DF 0.45 0.13 0.5795 0.2521

Horsetail/background 0.14 0.03 0.5345 0.2685

Horsetail/DF 0.13 0.03 0.2135 0.2605

Willow/background 0.52 0.14 0.4865 0.1987

Willow/DF 0.61 0.21 0.4781 0.1777

Moss/background 0.19 0.05 0.7739 0.4821

Moss/ DF 0.36 0.11 0.7709 0.4475

Note. Here and in Tables 2, 3: Са + Сb – total concentration 
of chlorophylls a and b.

TABLE 2

Pigment content in plants and vegetation indices of oil occurrence region 

Plant Са + Сb Carotenoids Vegetation index 

NDVI EVI

Background site 

Wild strawberry 1.38 0.32 0.7242 0.4564

Cream scabiosa 1.65 0.38 0.7242 0.4564

Fringed artemisia 1.44 0.34 0.7242 0.4564

Creeping thyme 1.63 0.37 0.7242 0.4564

Oil occurrence site

Wild strawberry 0.69 0.16 0.6942 0.4264

Cream scabiosa 1.76 0.41 0.6942 0.4264

Fringed artemisia 0.99 0.24 0.6942 0.4264

Creeping thyme 0.66 0.14 0.6942 0.4264
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Post-fire region

The plants growing at the territories after fire 
events were investigated (Table 3). Padus at the 
background site was determined to retain high 
chlorophyll content (1.02 mg/g) in comparison 
with the plant from the post-fire site (0.57 mg/g). 
The reason is that padus at the background site, 
which was not affected by fire, can maintain 
higher photosynthetic activity. Carotenoid con-
tent in padus at the background site is also high-
er (0.33 mg/g) in comparison with the same plant 
species from the post-fire territory (0.18 mg/g). 
A decrease in the content of chlorophylls and ca-
rotenoids in padus at the post-fire site can be 
considered as an indicator of photosynthetic 
stress. Unlike for padus, dwarf elder demon-
strates high chlorophyll content (1.16 mg/g) at 
the post-fire site in comparison with the back-
ground site (0.6 mg/g). The content of carotenoids 
in this plant species is also higher at the post-
fire site (0.35 mg/g) than at the background site 
(0.18 mg/g). In the case of dwarf elder, the fire 
event caused stimulation of protective mecha-
nisms, which is expressed as an increase in the 
content of both chlorophylls and carotenoids. This 
is evidence that elder possesses a stronger adap-
tation mechanism to the negative consequences 
of a fire event, which allows this plant species to 
actively restore its photosynthetic activity. 

The vegetation index (NDVI) is used to assess 
the density and wellness of the vegetation cover. 
This index varies from –1 to +1, where higher 
values indicate denser and healthier vegetation. 
At the post-fire site, NDVI is equal to 0.7004, 
which is smaller than the value for the back-
ground site (0.7727). This is explained because the 
fire had burnt out some vegetation, so the den-
sity of the vegetation cover decreased. Neverthe-
less, the value of NDVI at the post-fire site is 
rather high. This is evidence of the recovery of 
photosynthetic potential due to the active growth 

of young plants. It should be stressed that EVI 
value at the post-fire site (0.137) is much lower 
than at the background site (0.545). This is evi-
dence that the structural changes of plants at the 
post-fire site are substantial. In spite of the par-
tial recovery of the vegetation, its structure and 
density are still far from being the same as at 
the intact background site. The vegetation at the 
background site is much denser and more stable 
than at the post-fire site.

CONCLUSION

The integrated approach to the studies of pig-
ment content in plants at the environmentally 
disturbed territories, based on the application of 
both land-based and satellite data, allowed us to 
reveal the dependences between the parameters 
under analysis (the concentrations of chlorophylls 
a and b, carotenoids, and the values of indices 
NDVI, EVI). On the basis of the results obtained, 
there is a direct dependence of NDVI and EVI 
values on pigment concentrations in field horse-
tail and cereals. An inverse dependence is ob-
served for willow, moss and sedge, which can be 
due to such factors as predominance of other plant 
species or specific responses of these plants to 
pollution. 

For the site of natural oil occurrence, it is 
demonstrated that oil suppresses photosynthetic 
processes substantially and causes a decrease in 
the content of key pigments in plants, such as 
wild strawberry, artemisia, and thyme. In con-
trast to these species, scabiosa demonstrates the 
ability to adapt to the stress. This is an essential 
feature pointing to the possible use of moss, wil-
low, scabiosa for recultivation at oil-polluted ter-
ritories.

At the post-fire site, the fire event causes a 
decrease in the content of chlorophylls and carot-
enoids in padus, which can be considered as an 
indicator of photosynthetic stress. In contrast to 
padus, a high content of chlorophylls was detect-
ed in dwarf elder at the post-fire site in com-
parison with the background site. Dwarf elder 
possesses stronger adaptation mechanisms against 
the consequences of fire events, which allows this 
plant species to actively recover its photosynthet-
ic activity. The value of NDVI at the post-fire site 
is lower than at the background site. This indi-
cates a decrease in the density of vegetation cover 
after a fire event. Nevertheless, NDVI value at the 

TABLE 3

Pigment content in plants and vegetation indices  
for a post-fire region (PF)

Plant/site Са + Сb Carotenoids Vegetation 
index

NDVI EVI

Padus/background 1.02 0.33 0.7727 0.545

Padus/PF 0.57 0.18 0.7727 0.545

Elder/background 0.60 0.18 0.7004 0.137

Elder/PF 1.16 0.35 0.7004 0.137
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post-fire site insignificantly differs from the value 
for the background territory, which is most likely 
due to the recovery of vegetation. 
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