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Simple Summary: Biodiversity loss is one of the biggest challenges faced by humankind. Alarming
reports on the rapid decline of insect populations call for the exploration of potential drivers of this
process. Here, we test the hypothesis that decreases in the abundance and diversity of insects can
be caused by industrial pollution. We found that the diversity of moths and butterflies declined in
the severely degraded habitats (termed industrial barrens) adjacent to two metallurgical enterprises
located in a polar region, but did not respond to moderate levels of sulphur dioxide and heavy metal
pollution. Surprisingly, the overall abundance of these insects was not affected even by the extreme
pollution loads. This pattern resulted from idiosyncratic responses of moth and butterfly species to
pollution, which vary from significantly negative to significantly positive. The patterns in diversity
and abundance do not differ between the areas affected by the two studied enterprises, and they are
consistent with patterns previously found near another non-ferrous smelter. We conclude that arctic
communities of moths and butterflies are unexpectedly tolerant to industrial pollution.

Abstract: Alarming reports on the rapid decline of insects during the past decades call for the
exploration of potential drivers of this process. Here, we test the hypothesis that the overall abundance
and diversity of moths and butterflies (Lepidoptera) decrease under the impact of industrial pollution
in the fragile arctic environment. For this purpose, experienced collectors netted adult Lepidoptera
at five tundra sites located 0.5 to 45.3 km from the ore-roasting plant in Zapolyarnyy and at five
forest sites located 1.4 to 37.8 km from the copper–nickel smelter at Nikel, in the Murmansk region of
Russia. The analysis of the 100 samples collected from 2003 to 2008 and containing 2312 individuals
of 122 species revealed that the diversity of Lepidoptera declined significantly near both of these
polluters due to both decreases in species richness and changes in the abundance of individual
species, whereas the overall abundance of moths and butterflies was independent of the pollution
load. These patterns did not differ between Nikel and Zapolyarnyy, and they were consistent with
patterns previously found near the copper–nickel smelter at Monchegorsk. The abundances of
Lepidoptera species showed variable changes along pollution gradients, from significantly negative
to significantly positive, but individual species showed similar density changes around these three
polluters. Disproportional increases in the abundance of a few pollution-tolerant species change
the community structure and explain why the overall abundance of moths and butterflies does not
decline even in localities experiencing extreme loads of sulphur dioxide and heavy metals.

Keywords: industrial pollution; sulphur dioxide; heavy metals; forest; tundra; Murmansk region

1. Introduction

Studies of pollution impacts on terrestrial biota were originally driven by economic
losses in agriculture and forestry rather than by scientific curiosity [1,2]. Consequently,
these studies explored acute effects observed near large industrial polluters [3–9]. To date,
the occurrence and importance of acute pollution effects have decreased substantially due
to strict emission controls implemented in many countries. As a result, pollution science has
shifted from studying local detrimental effects (which still exist in many countries [10,11])
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to exploring regional multi-stress effects [12,13]. Nevertheless, the scientific value of studies
conducted near big industrial polluters remains high because the landscapes surrounding
these polluters offer excellent testing grounds for making observations and inferences
about the fundamental ecological processes underlying ecosystem stability in the face
of environmental change [14,15]. At the same time, studies conducted in these natural
laboratories often lack generality because each polluted area has developed in its own way
due to a unique history of events [16,17].

Prior work demonstrated that extreme industrial pollution, which killed forests over
hundreds of square kilometres around the copper–nickel smelter at Monchegorsk, in the
Murmansk region of Russia, did not change the overall abundance of moths and butterflies
(Lepidoptera), although it significantly diminished their diversity [18]. Intriguingly, these
findings contrast with the conclusions of a previously published meta-analysis, which
did not reveal any significant effect of industrial pollution on arthropod diversity, but
instead indicated an increase in the abundance of Lepidoptera in polluted regions [19].
Furthermore, the discovered tolerance of Lepidoptera communities (in terms of overall
abundance) to the extreme impacts of industrial pollutants [18] contrasts with alarming
reports on the large-scale declines in moths and butterflies because agrochemicals and light
pollution, which supposedly drive these declines [20–22], do not modify natural ecosystems
as dramatically as severe industrial pollution does.

The current study is based on data that had been collected long ago. These data were
rescued from file drawers to test the hypothesis that the diversity and overall abundance of
moths and butterflies decreases under the impact of industrial pollution in a fragile arctic
environment. We also asked (i) whether the strength of the pollution effect on Lepidoptera
differs between tundra and forest habitats and (ii) whether individual species show similar
density changes around different polluters.

2. Materials and Methods
2.1. Study Area and Study Sites

Our study area is located in the northwestern part of the Murmansk region in Russia,
next to Finland and Norway (Figure 1). In 1920–1944, this territory belonged to Finland.
Smelting in Nikel (Kolosjoki at that time) began in 1942. The smelter was partially destroyed
by retreating German troops in 1944 and recommenced operations in 1946. The settlement
of Zapolyarnyy was established in 1955, in association with the construction of the ore-
roasting plant [11]. During the study period (2003–2008), these two polluters (located ca.
25 km apart; Figure 1) emitted into the ambient air similar amounts of sulphur dioxide and
of dust containing heavy metals, primarily nickel and copper (Table 1). By contrast, from
1970–1990, the amounts of emitted sulphur dioxide were 4–5-times greater from the smelter
at Nikel than from the plant in Zapolyarnyy [11].
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(km) and direction (to the northeast, east, south, or southwest) from the nearest polluter; grey colour
indicates lakes. Coordinates of the study sites are provided in Table 2. Insert: The position of the
study area in Northern Europe.

Table 1. Atmospheric emissions of principal pollutants from the copper–nickel smelter at Nikel and
from the ore-roasting plant in Zapolyarnyy (metric tons) from 2003 to 2008 (after [11,23–25]). Data on
nickel and copper emissions for 2006–2008 are not available.

Year
Nikel Zapolyarnyy

SO2 Ni Cu SO2 Ni Cu

2003 60,600 149 83 63,700 180 84
2004 56,400 154 86 56,000 175 82
2005 55,500 157 88 51,400 171 84
2006 57,600 . . 50,800 . .
2007 62,700 . . 44,600 . .
2008 53,800 . . 45,800 . .

Table 2. Characteristics of study sites (after [11]).

Polluter Site a Latitude, N Longitude, E
Distance
from the

Polluter, km

Ni in Birch
Leaves,
µg g−1

Stand Basal
Area,

m2 ha−1

Cover of
Field Layer
Plants, %

Nikel 1.4 E 69◦25′ 30◦17′ 1.4 273 0.7 1.1
3 SW 69◦24′ 30◦11′ 3.4 97 1.0 7.4
10 SW 69◦21′ 30◦03′ 9.9 48 4.3 19.7
17 S 69◦16′ 30◦05′ 17.1 29 2.0 49.0
38 S 69◦04′ 30◦12′ 37.8 33 11.7 25.3

Zapolyarnyy 0.5 NE 69◦25′ 30◦48′ 0.5 366 0 0
4 NE 69◦26′ 30◦53′ 3.8 68 0.3 2.5
10 E 69◦27′ 31◦02′ 10.4 36 2.0 45.2
28 E 69◦28′ 31◦30′ 28.1 15 0.7 33.0
45 E 69◦25′ 31◦57′ 45.3 8 0 39.0

a The site codes indicate approximate distance from the nearest polluter in km and the direction to the northeast,
east, south, or southwest of the polluter.

The pre-industrial vegetation of the study area [26,27] was dominated by mountain
birch (Betula pubescens var. pumila) woodlands and tundra to the northeast of Zapolyarnyy
and by sparse mixed forests of Scots pine (Pinus sylvestris) and mountain birch to the south
of Nikel. The long-term emissions impact resulted in slight soil acidification and severe
contamination by heavy metals [11]. The peak reported metal concentrations in the soils of
Nikel and Zapolyarnyy were 3489 and 1020 µg g−1, respectively, for copper, and 2990 and
2230 µg g−1, respectively, for nickel [10]. The total area affected by air pollution increased
from 400 km2 in 1973 to more than 3900 km2 in 1988, and it has remained this size since
that date [28,29]. In the late 1990s, 309 km2 around Nikel and 378 km2 around Zapolyarnyy
were classified as industrial barrens [30].

We systematically selected five sites located 0.5 to 45.3 km from the ore-roasting plant
in Zapolyarnyy and five sites located 1.4 to 37.8 km from the copper–nickel smelter at Nikel
(Figure 1; Table 2), along the main roads of the study region, to represent different stages of
pollution-induced deterioration of natural vegetation (Figure 2). Since the concentrations
of pollutants decreased hyperbolically with an increase in the distance from the emission
source, we used shorter between-site distances close to the polluters rather than farther
away from them (Figure 1). The concentrations of nickel in mountain birch leaves (measured
in 2001; Table 2) significantly declined with an increase in the log10-transformed distance
from the nearest polluter (r = −0.90, n = 10 sites, p = 0.0003), thereby justifying the use of
the log10-transformed distance as a proxy for pollution load.
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Figure 2. Landscape and the state of vegetation at the study sites: (a) site 45 E, unpolluted tundra;
(b) site 38 S, unpolluted forest; (c) site 3 SW, severely damaged forest; (d) site 1.4 E, industrial barren.
For the positions of the study sites, consult Figure 1 and Table 2.

The five sites associated with the Zapolyarnyy pollution gradient were selected in
tundra containing small patches of mountain birch (Figure 2a), whereas the sites associated
with the Nikel pollution gradient represented sparse forests formed by Scots pine and
mountain birch (Figure 2b). The vegetation in the most distant sites showed no visible
signs of pollution damage (Figure 2a,b). The sites located 3–4 km from the nearest polluter
demonstrated stunted growth of woody plants, necrotic damage of birch leaves and Scots
pine needles, greatly reduced cover of field-layer vegetation, and early stages of soil erosion
(Figure 2c; Table 2). Two sites located next to our polluters were classified as industrial
barrens, characterised by sparse patches of vegetation surrounded by bare, eroded soil
(Figure 2d). Nevertheless, none of the host plants of our herbivorous Lepidoptera species
disappeared completely near these polluters [11].

2.2. Collection and Processing

Moths and butterflies were collected once a year in 2003–2005, 2007 (only at sites
associated with Nikel), and 2008. During most years, all sites were visited during the same
day (between 29 June and 30 July, i.e., during the peak of the flying period), when weather
conditions (recorded in the middle of each sampling session) were favourable for moths
and butterflies: the ambient air temperature was at least 10 ◦C; the wind did not exceed
three on the Beaufort scale (gentle breeze, 3.4–5.5 m s−1); the last rain had fallen at least 2 h
before sampling (Data S1).

The protocol of this study differs in some detail from that used in Monchegorsk [18].
Two or three experienced collectors simultaneously searched for adult moths and butterflies
and captured them with an entomological net (30 cm in diameter) within a plot 200 × 200 m
in size for 30 min, aiming to collect as many of the naturally flying individuals as possible.
When no flying moths and butterflies were seen, the collector disturbed them from both
low-stature vegetation (herbs and dwarf shrubs) and from branches of trees and shrubs. The
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collected insects were transported to the laboratory, where M.V.K. identified and counted
the individuals of common species and pinned all individuals of rare species and species
of uncertain identities. These pinned specimens were identified by †J. Jalava (samples from
2003) and by J. Kullberg (all other samples) and were then deposited in the Zoological
Museum, University of Helsinki (MZH). The nomenclature of the species follows [31].

2.3. Data Analysis

The abundance of moths and butterflies was quantified by the number of individuals
collected from one site during one sampling session; diversity was measured using the
Shannon H index. We also estimated the number of species expected in a random sample
of 100 individuals for each study site (PAST program [32]).

We explored the spatial variation in the abundance (square-root transformed to nor-
malise the distribution of the residuals) and the diversity of the Lepidoptera in individual
samples using linear mixed models (SAS GLIMMIX procedure [33]) with a Gaussian error
distribution. In these models, the log10-transformed distance from the polluter (covari-
ate), the polluter (Nikel or Zapolyarnyy), and the collector were considered fixed effects,
whereas the study site and the collection year were treated as random effects. We adjusted
the standard errors and denominator degrees of freedom following [34], and we evaluated
the significance of a random effect by testing the likelihood ratio against the χ2 distribu-
tion [35]. The differences in the sample characteristics between collectors were explored
using a t-test embedded in the GLIMMIX procedure.

The species-level spatial patterns were explored for the 20 most-abundant species.
We calculated the effect sizes (ES) by z-transforming the Spearman rank correlation co-
efficients between species abundance and the distance to the nearest polluter. We used
meta-analysis [36] to identify the overall pattern and to evaluate similarities between the
effects of pollution on the abundance of the same species of moths and butterflies in the
Nikel/Zapolyarnyy region (data from the current study) and in the Monchegorsk region
(data from [18]).

3. Results
3.1. Data Overview

We obtained 100 samples of moths and butterflies from 10 study sites (Data S1). These
samples contained 2312 individuals of 122 species (Data S2), among which the leafrollers
Epinotia tetraquetrana (821 individuals), Ancylis myrtillana (275 individuals), and Hedya
atropunctana (259 individuals) were the most abundant. Among-site variations at the time
of sampling and in the weather conditions in the middle of a sampling session were not
associated with the distance from the nearest polluter (time: r = −0.06, n = 10 sites, p = 0.87;
ambient air temperature: r = 0.31, n = 10 sites, p = 0.38; wind speed: r = 0.20, n = 10 sites,
p = 0.58; cloudiness: r = −0.34, n = 10 sites, p = 0.33).

3.2. Spatial Patterns in Abundance and Diversity

The samples collected in the Nikel (forest) gradient and in the Zapolyarnyy (tundra)
gradient did not differ in the abundance of moths and butterflies (Figure 3a; Table 3), in the
Shannon diversity index (Figure 3b; Table 3), and in the number of species expected in a
random sample of 100 individuals (Figure 3c; F1, 8 = 0.23, p = 0.65). Both the abundance
and diversity of Lepidoptera varied significantly among the study sites (random effect
in Table 3). However, this variation was explained by the distance to the nearest polluter
only for the Shannon diversity index (Figure 3b; Table 3) and for the number of species
expected in a sample of 100 individuals (Figure 3c). By contrast, the abundance of moths
and butterflies did not change along the pollution gradient (Figure 3a; Table 3). These
spatial patterns were consistent between the two polluters (non-significant interaction
terms in Table 3). When data from the two most-polluted (barren) sites were excluded,
the correlation of both diversity and species richness with the distance from the nearest
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polluter became non-significant (r = 0.17, n = 8 sites, p = 0.68 and r = 0.25, n = 8 sites,
p = 0.55, respectively).
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Figure 3. Abundance (a), diversity (b), and species richness (c) of moths and butterflies in relation
to the distance from the Nikel copper–nickel smelter (black circles) and from the Zapolyarnyy ore-
roasting plant (empty circles). Values are the means (± SE) (a,b) and the estimated means (± SE)
from rarefaction analysis (c). Correlations refer to log10-transformed distance; the correlation with
abundance is based on the square-root-transformed values.

Table 3. Sources of variation in the abundance and diversity of Lepidoptera (SAS GLIMMIX proce-
dure, type 3 tests).

Effect Type Explanatory
Variable

Diversity Abundance

Test
Statistics p Test

Statistics p

Fixed Polluter (P) F1, 7.50 = 0.21 0.66 F1, 9.34 = 1.05 0.33
Collector (C) F2, 78.3 = 0.15 0.86 F2, 78.4 = 1.39 0.26
Distance (D) F1, 7.48 = 5.30 0.05 F1, 9.31 = 1.16 0.31
P × C F2, 78.1 = 1.23 0.380 F2, 78.3 = 0.06 0.95
C × D F2, 78.1 = 0.16 0.85 F2, 78.3 = 0.39 0.68
P × D F1, 7.49 = 0.08 0.79 F1, 9.33 = 2.42 0.15
P × C × D F2, 78.1 = 1.13 0.33 F2, 78.3 = 0.33 0.72

Random Site χ2
1 = 13.6 0.0001 χ2

1 = 3.63 0.03
Year χ2

1 = 59.3 <0.0001 χ2
1 = 92.6 <0.0001
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3.3. Abundances of Individual Species

The abundances of 5 of the 20 most frequent species were significantly correlated with
the distance from the nearest polluter. The abundances of three species (H. atropunctana,
Gesneria centuriella, and Plutella xylostella) increased, whereas the abundances of two species
(Agriades optilete and Phiaris schulziana) declined with increasing proximity to the polluter
(Figure 4). By contrast, the abundances of the 15 remaining species were independent
of the pollution load. Consistently, meta-analysis demonstrated that, on average, the
abundance of individual Lepidoptera species did not correlate with the distance from
the nearest polluter (ES = 0.04, n = 20 species, CI95 = −0.26 . . . 0.33), thus matching the
community-wide pattern. The effects of distance from the nearest polluter on the abundance
of individual Lepidoptera species in the Nikel/Zapolyarnyy region were consistent with
the effects observed in the Monchegorsk region (Figure 5).

Insects 2022, 13, x FOR PEER REVIEW 7 of 12 
 

 

Random Site χ21 = 13.6 0.0001 χ21 = 3.63 0.03 

 Year χ21 = 59.3 <0.0001 χ21 = 92.6 <0.0001 

3.3. Abundances of Individual Species 

The abundances of 5 of the 20 most frequent species were significantly correlated 

with the distance from the nearest polluter. The abundances of three species (H. 

atropunctana, Gesneria centuriella, and Plutella xylostella) increased, whereas the abundances 

of two species (Agriades optilete and Phiaris schulziana) declined with increasing proximity 

to the polluter (Figure 4). By contrast, the abundances of the 15 remaining species were 

independent of the pollution load. Consistently, meta-analysis demonstrated that, on av-

erage, the abundance of individual Lepidoptera species did not correlate with the distance 

from the nearest polluter (ES = 0.04, n = 20 species, CI95 = ‒0.26…0.33), thus matching the 

community-wide pattern. The effects of distance from the nearest polluter on the abun-

dance of individual Lepidoptera species in the Nikel/Zapolyarnyy region were consistent 

with the effects observed in the Monchegorsk region (Figure 5). 

 

Figure 4. Significant changes in the abundance of individual species of moths and butterflies in 

relation to the distance from the Nikel copper–nickel smelter (filled circles) and from the Zapoly-

arnyy ore-roasting plant (empty circles): (a) Hedya atropunctana (Tortricidae), (b) Agriades optilete 

(Lycaenidae), (c) Gesneria centuriella (Crambidae), (d) Phiaris schulziana (Tortricidae), and (e) Plutella 

xylostella (Plutellidae). Values are the means (± SE) based on year-specific values. 

Figure 4. Significant changes in the abundance of individual species of moths and butterflies in
relation to the distance from the Nikel copper–nickel smelter (filled circles) and from the Zapol-
yarnyy ore-roasting plant (empty circles): (a) Hedya atropunctana (Tortricidae), (b) Agriades optilete
(Lycaenidae), (c) Gesneria centuriella (Crambidae), (d) Phiaris schulziana (Tortricidae), and (e) Plutella
xylostella (Plutellidae). Values are the means (± SE) based on year-specific values.
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Figure 5. Meta-regression of the effects of distance from the nearest polluter on the abundance of
individual Lepidoptera species around Nikel/Zapolyarnyy to the effects on the abundances of the
same species around Monchegorsk.

3.4. Research Methodology

The collector’s identity affected neither the characteristics of the individual samples
(main effect in Table 3) nor the spatial patterns invoked from these samples (collector ×
distance interaction in Table 3). The samples, which were simultaneously collected by
V.Z. and M.V.K., contained similar numbers of individuals (21.9 and 23.2, respectively;
t = 1.53, p = 0.13) and yielded similar values for the Shannon diversity index (1.38 and 1.43,
respectively; t = 0.95, p = 0. 35). Furthermore, the characteristics of the individual samples
were significantly correlated with each other (abundance: r = 0.93, n = 45 sampling sessions,
p < 0.0001; diversity: r = 0.84, n = 45 sampling sessions, p < 0.0001).

4. Discussion
4.1. Spatial Patterns in Abundance and Diversity

In agreement with our expectations, the diversity and species richness of the Lepi-
doptera communities declined significantly near the copper–nickel smelter at Nikel and
near the ore-roasting plant in Zapolyarnyy. By contrast, the overall abundance of moths
and butterflies was independent of the environmental contamination near both polluters.
These patterns did not differ between Nikel and Zapolyarnyy, even though these polluters
are located in different vegetation zones (forest and tundra, respectively), and they are con-
sistent with patterns previously [18] found near the copper-nickel smelter at Monchegorsk.
The discovered consistency in the changes in the Lepidoptera communities among the
three pollution gradients (at Monchegorsk, Nikel, and Zapolyarnyy) suggests that the
patterns observed at Monchegorsk [18] were not restricted to that particular polluted area.
However, an earlier meta-analysis [19] did not detect any pollution effect on the diversity of
terrestrial arthropods, but revealed the significant increase in the abundance of moths and
butterflies (most of which were free-living herbivores) near industrial polluters. Therefore,
the question to answer is why the patterns found in our studies differ from the general
patterns detected by the cited meta-analysis.

The significant increase in the abundance of moths and butterflies near industrial
polluters has been previously attributed to research bias, i.e., to the tendency to collect
data on organisms or under conditions in which one has an expectation of detecting
significant effects. This bias likely emerged from the preferential documentation of the
density changes of forest pest species favoured by industrial polluters, because these species
impose additional threats to forests [19]. By contrast, our findings on the absence of a
pollution impact on the abundance of moths and butterflies near three industrial polluters
are based on community-wide data, which include all observed species irrespective of their
response to pollution.
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The overall abundance of moths and butterflies remains stable along pollution gra-
dients because the abundances of several Lepidoptera species increase sharply near the
polluters (in line with the pattern discovered by meta-analysis [19]), while the popu-
lations of other species decline (Figure 4). The among-species variation discovered in
the responses to pollution (and to associated environmental stressors) is likely a com-
mon trait of insects, because both winners and losers have been previously identified by
analyses of climate-driven changes in communities of dragonflies [37], moths [38], and
bumblebees [39]. Importantly, ours is the first study to demonstrate that the responses
of individual species to industrial pollution were consistent between the two polluted
regions, Nikel/Zapolyarnyy (this study) and Monchegorsk [18], despite the substantial
differences in their pre-industrial environments and pollution histories. This finding in-
directly supports our earlier conclusion [18] that the responses of individual Lepidoptera
species to pollution could be predicted based on their particular traits. In particular, the
abundances of monophagous species that fed inside live plant tissues and hibernated as
imagoes or pupae were not affected by pollution from the Monchegorsk smelter, whereas
the abundances of oligophagous and polyphagous species that fed externally on plants and
hibernated as larvae generally declined near that smelter [18].

The decrease in diversity observed in Lepidoptera in both the Monchegorsk and
Nikel/Zapolyarnyy regions was repeatedly suggested to represent a general ecosystem re-
sponse to environmental stress [40,41]. However, meta-analyses revealed that the diversity
near industrial polluters decreased in fungi, bryophytes, and vascular plants, but not in
terrestrial arthropods [42]. The explanation for the discrepancy between the results of the
meta-analysis [19] and our current findings is likely rooted in the extremely high level of
habitat deterioration near Monchegorsk, Nikel, and Zapolyarnyy. In these regions, the di-
versity of Lepidoptera decreases only in extremely polluted habitats (termed industrial bar-
rens), where the soil concentrations of nickel and copper range from 1000–9000 µg g−1 [10].
Industrial barrens have been reported to occur only near 36 polluters worldwide [10], so the
vast majority of arthropod diversity studies included in the meta-analysis were conducted
in pollution gradients lacking industrial barrens. Therefore, the outcomes of the meta-
analysis [19] should not be compared with the entire Monchegorsk and Nikel/Zapolyarnyy
pollution gradients, but only with the outer parts of these gradients (excluding industrial
barrens), where the diversity of moths and butterflies did not change with the pollution
load ([18] and the present study). Thus, the consistent decrease in the diversity of moths
and butterflies near Monchegorsk, Nikel, and Zapolyarnyy should be viewed as a response
to the extreme levels of industrial pollution, and this response results from both decreases
in species richness and changes in the relative abundances of the persisting species in
favour of a few pollution-tolerant species.

4.2. Research Methodology

The previously published study addressing the impacts of aerial emissions from
the Monchegorsk copper–nickel smelter on Lepidoptera communities [18] was based
on data collected during 1162 person-hours, i.e., the data collection required nearly ten
months of highly skilled work, taking into account the time spent for the transportation
of the collectors to/from the study sites. These great investments of time and resources
make repetition of this work unlikely. Consequently, the question arises as to whether a
less extensive data collection programme could yield reliable conclusions regarding the
responses of Lepidoptera communities to environmental pollution.

Shortening the sampling session from two to one person-hour and the concomitant
work of two collectors allowed a great decrease in the time investments in the field work.
The current study is based on data collected during 50 person-hours. Nevertheless, these
data appeared sufficient to reveal the same spatial patterns in abundance and diversity of
moths and butterflies along the pollution gradients as were previously discovered (based
on much greater efforts) in the Monchegorsk region [18]. Furthermore, we found that the
collector’s identity did not affect the spatial patterns observed in the communities of moths
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and butterflies. Therefore, we conclude that the netting of insects during a fixed period of
time is well suited for monitoring Lepidoptera communities along environmental gradients.

Manzano and Julier [43] recently argued that the original specimens, rather than
their recorded identifications, constitute the primary data of ecological and evolutionary
studies reporting species-level data. Our method involves the collection of all individuals
of Lepidoptera and, thus, potentially allows depositing of these individuals in relevant
repositories. In this respect, our collection method for butterflies and larger moths has
a better agreement with FAIR principles (which advocate that scientific data should be
findable, accessible, interoperable, and reusable [44]) than was observed with transect
counting [45], which is widely used in monitoring programmes all around the world [46,47],
despite its generation of non-controllable data. Nevertheless, we preserved only a few
vouchers of common, easily identifiable species.

5. Conclusions

The discovery of an astonishingly low reproducibility of published scientific stud-
ies [48] forces reconsideration of the importance of replicated studies. From this perspective,
our study of a new dataset, which yielded the same conclusions as a previously published
study [18], may have even greater value than the original innovative study. The main im-
portance of the current study lies in the finding that data from two polluted regions (located
some 190 km apart) demonstrated the same changes in the diversity and abundance of
Lepidoptera in response to an increase in pollution load. These changes included (1) an
absence of pollution effects on overall abundance, (2) a significant decrease in diversity
limited to the most-polluted (barren) sites, and (3) concordance between the two polluted
regions in terms of the strength of pollution effects on the abundances of individual species.

Supplementary Materials: The following Supporting Information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects13121124/s1, Data S1: Sample characteristics; Data S2: Abun-
dances of individual species in each sample.

Author Contributions: Conceptualization, M.V.K., V.Z. and E.L.Z.; data curation, M.V.K.; formal
analysis, M.V.K.; investigation, M.V.K. and V.Z.; visualization, V.Z.; writing—original draft, M.V.K.
and E.L.Z.; writing—review and editing, V.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: The study was supported by the Academy of Finland (Projects 80662, 201991, 211734,
and 316182).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are included in this publication as the Supplementary Material.

Acknowledgments: We thank E. Melnikov for participation in the data collection. We are deeply
indebted to †J. Jalava and J. Kullberg for identification of taxonomically challenging species.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Haywood, J.K. Injury to vegetation and animal life by smelter fumes. J. Am. Chem. Soc. 1907, 29, 998–1009. [CrossRef]
2. National Research Council of Canada. Effect of Sulphur Dioxide on Vegetation, Prepared for the Associate Committee on Trail Smelter

Smoke; Publ. No. 815; National Research Council of Canada: Ottawa, ON, Canada, 1939.
3. Gorham, E.; Gordon, A.G. Some effects of smelter pollution northeast of Falconbridge, Ontario. Can. J. Bot. 1960, 38, 307–312.

[CrossRef]
4. Gorham, E.; Gordon, A.G. The influence of smelter fumes upon the chemical composition of lake waters near Sudbury, Ontario,

and upon the surrounding vegetation. Can. J. Bot. 1960, 38, 477–487. [CrossRef]
5. Hutchinson, T.C.; Whitby, L.M. Heavy-metal pollution in the Sudbury mining and smelting region of Canada, I. Soil and

vegetation contamination by nickel, copper, and other metals. Environ. Conserv. 1974, 1, 123–132. [CrossRef]
6. Jordan, M.J. Effects of zinc smelter emissions and fire on a chestnut-oak woodland. Ecology 1975, 56, 78–91. [CrossRef]
7. Wood, C.W.; Nash, T.N.I. Copper smelter effluent effects on Sonoran desert vegetation. Ecology 1976, 57, 1311–1316. [CrossRef]

https://www.mdpi.com/article/10.3390/insects13121124/s1
https://www.mdpi.com/article/10.3390/insects13121124/s1
http://doi.org/10.1021/ja01961a003
http://doi.org/10.1139/b60-031
http://doi.org/10.1139/b60-044
http://doi.org/10.1017/S0376892900004240
http://doi.org/10.2307/1935301
http://doi.org/10.2307/1935056


Insects 2022, 13, 1124 11 of 12

8. Freedman, B.; Hutchinson, T.C. Smelter pollution near Sudbury, Ontario, Canada, and effects on forest litter decomposition. In
Effects of Acid Precipitation on Terrestrial Ecosystems; Hutchinson, T.C., Havas, M., Eds.; Plenum Press: New York, NY, USA; London,
UK, 1980; pp. 395–434.

9. Freedman, B.; Hutchinson, T.C. Long-term effects of smelter pollution at Sudbury, Ontario, on forest community composition.
Can. J. Bot. 1980, 58, 2123–2140. [CrossRef]

10. Kozlov, M.V.; Zvereva, E.L. Industrial barrens: Extreme habitats created by non-ferrous metallurgy. Rev. Environ. Sci. Biotechnol.
2007, 6, 231–259. [CrossRef]

11. Kozlov, M.V.; Zvereva, E.L.; Zverev, V. Impacts of Point Polluters on Terrestrial Biota: Comparative Analysis of 18 Contaminated Areas;
Springer: Dordrecht, The Netherlands, 2009.

12. Paoletti, E.; Schaub, M.; Matyssek, R.; Wieser, G.; Augustaitis, A.; Bastrup-Birk, A.M.; Bytnerowicz, A.; Günthardt-Goerg, M.S.;
Müller-Starck, G.; Serengil, Y. Advances of air pollution science: From forest decline to multiple-stress effects on forest ecosystem
services. Environ. Pollut. 2010, 158, 1986–1989. [CrossRef]

13. De Marco, A.; Sicard, P.; Feng, Z.; Agathokleous, E.; Alonso, R.; Araminiene, V.; Augustatis, A.; Badea, O.; Beasley, J.C.;
Branquinho, C.; et al. Strategic roadmap to assess forest vulnerability under air pollution and climate change. Glob. Change Biol.
2022, 28, 5062–5085. [CrossRef]

14. Vorobeichik, E.L.; Kozlov, M.V. Impact of point polluters on terrestrial ecosystems: Methodology of research, experimental design,
and typical errors. Russ. J. Ecol. 2012, 43, 89–96. [CrossRef]

15. Liebhold, A.M. Air pollution as an experimental probe of insect population dynamics. J. Anim. Ecol. 2019, 88, 662–664. [CrossRef]
[PubMed]

16. Cairns, J.; Niederlehner, B.R. Developing a field of landscape ecotoxicology. Ecol. Appl. 1996, 6, 790–796. [CrossRef]
17. Matthews, R.A.; Landis, W.G.; Matthews, G.B. The community conditioning hypothesis and its application to environmental

toxicology. Environ. Toxicol. Chem. 1996, 15, 597–603. [CrossRef]
18. Kozlov, M.V.; Castagneyrol, B.; Zverev, V.; Zvereva, E.L. Recovery of moth and butterfly (Lepidoptera) communities in a polluted

region following emission decline. Sci. Total Environ. 2022, 838, 155800. [CrossRef]
19. Zvereva, E.L.; Kozlov, M.V. Responses of terrestrial arthropods to air pollution: A meta-analysis. Environ. Sci. Pollut. Res. 2010,

17, 297–311. [CrossRef]
20. Conrad, K.F.; Warren, M.S.; Fox, R.; Parsons, M.S.; Woiwod, I.P. Rapid declines of common, widespread British moths provide

evidence of an insect biodiversity crisis. Biol. Conserv. 2006, 132, 279–291. [CrossRef]
21. Warren, M.S.; Maes, D.; van Swaay, C.A.M.; Goffart, P.; van Dyck, H.; Bourn, N.A.D.; Wynhoff, I.; Hoare, D.; Ellis, S. The decline of

butterflies in Europe: Problems, significance, and possible solutions. Proc. Natl. Acad. Sci. USA 2021, 118, e2002551117. [CrossRef]
22. Wepprich, T.; Adrion, J.R.; Ries, L.; Wiedmann, J.; Haddad, N.M. Butterfly abundance declines over 20 years of systematic

monitoring in Ohio, USA. PLoS ONE 2019, 14, e0216270. [CrossRef]
23. Bezuglaya, E.Y. (Ed.) Annual Report: The State of Air Pollution in Cities of Russia in 2007; Main Geophysical Observatory:

St. Petersburg, Russia, 2009. (In Russian)
24. Bezuglaya, E.Y. (Ed.) Annual Report: The State of Air Pollution in Cities of Russia in 2008; Main Geophysical Observatory:

St. Petersburg, Russia, 2009. (In Russian)
25. Bezuglaya, E.Y. (Ed.) Annual Report: The State of Air Pollution in Cities of Russia in 2009; Main Geophysical Observatory:

St. Petersburg, Russia, 2010. (In Russian)
26. Häyrén, E. Pummanginniemi in Petsamo as a nature reserve. Silva Fenn. 1927, 3, 1–26. (In Finnish)
27. Valle, K.J. Die Lepidopterenfauna des Petsamogebietes under faunistisch-zoogeographischer Berücksichtigung der Fauna ganz

N-Fennoscandias. Ann. Zool. Soc. Vanamo 1933, 1, 1–262.
28. Høgda, K.A.; Tømmervik, H.; Solheim, I.; Marhaud, Ø. Use of Multitemporal Landsat Image Data for Mapping the Effects from Air

Pollution in the Kirkenes-Pechenga Area in the Period 1973–1994; NORUT-IT Report, IT2039/1–95; University of Tromsø: Tromsø,
Norway, 1995.

29. Tømmervik, H.; Johansen, B.E.; Pedersen, J.P. Monitoring the effects of air pollution on terrestrial ecosystems in Varanger
(Norway) and Nikel-Pechenga (Russia) using remote sensing. Sci. Total Environ. 1995, 161, 753–767. [CrossRef]

30. Tømmervik, H.; Høgda, K.A.; Solheim, L. Monitoring vegetation changes in Pasvik (Norway) and Pechenga in Kola Peninsula
(Russia) using multitemporal Landsat MSS/TM data. Remote Sens. Environ. 2003, 85, 370–388. [CrossRef]

31. Aarvik, L.; Bengtsson, B.Å.; Elven, H.; Ivinskis, P.; Jürivete, U.; Karsholt, O.; Mutanen, M.; Savenkov, N. Nordic-Baltic checklist of
Lepidoptera. Nor. J. Entomol. 2017, 64 (Suppl. S3), 1–236.

32. Hammer, Ø.; Harper, D.A.T.; Ryan, P.D. PAST: Paleontological statistics software package for education and data analysis.
Palaeontol. Electron. 2001, 4, 1–9.

33. SAS Institute. SAS/STAT. User’s Guide, Version 9.2; SAS Institute: Cary, NC, USA, 2009.
34. Kenward, M.G.; Roger, J.H. An improved approximation to the precision of fixed effects from restricted maximum likelihood.

Computat. Stat. Data Anal. 2009, 53, 2583–2595. [CrossRef]
35. Littell, R.C.; Milliken, G.A.; Stroup, W.W.; Wolfinger, R.D.; Schabenberger, O. SAS for Mixed Models, 2nd ed.; SAS Institute: Cary,

NC, USA, 2006.
36. Koricheva, J.; Gurevitch, J.; Mengersen, K. (Eds.) Handbook of Meta-Analysis in Ecology and Evolution; Princeton University Press:

Princeton, NJ, USA; Oxford, UK, 2013.

http://doi.org/10.1139/b80-245
http://doi.org/10.1007/s11157-006-9117-9
http://doi.org/10.1016/j.envpol.2009.11.023
http://doi.org/10.1111/gcb.16278
http://doi.org/10.1134/S1067413612020166
http://doi.org/10.1111/1365-2656.12992
http://www.ncbi.nlm.nih.gov/pubmed/31069795
http://doi.org/10.2307/2269484
http://doi.org/10.1002/etc.5620150427
http://doi.org/10.1016/j.scitotenv.2022.155800
http://doi.org/10.1007/s11356-009-0138-0
http://doi.org/10.1016/j.biocon.2006.04.020
http://doi.org/10.1073/pnas.2002551117
http://doi.org/10.1371/journal.pone.0216270
http://doi.org/10.1016/0048-9697(95)04409-T
http://doi.org/10.1016/S0034-4257(03)00014-2
http://doi.org/10.1016/j.csda.2008.12.013


Insects 2022, 13, 1124 12 of 12

37. Bowler, D.E.; Eichenberg, D.; Conze, K.-J.; Suhling, F.; Baumann, K.; Benken, T.; Bönsel, A.; Bittner, T.; Drews, A.; Günther,
A.; et al. Winners and losers over 35 years of dragonfly and damselfly distributional change in Germany. Divers. Distrib. 2021, 27,
1353–1366. [CrossRef]

38. Wagner, D.L.; Fox, R.; Salcido, D.M.; Dyer, L.A. A window to the world of global insect declines: Moth biodiversity trends are
complex and heterogeneous. Proc. Natl. Acad. Sci. USA 2021, 118, e2002549117. [CrossRef]

39. Jackson, H.M.; Johnson, S.A.; Morandin, L.A.; Richardson, L.L.; Guzman, L.M.; M’Gonigle, L.K. Climate change winners and
losers among North American bumblebees. Biol. Lett. 2022, 18, 20210551. [CrossRef]

40. Odum, E.P. Trends expected in stressed ecosystems. Bioscience 1985, 35, 419–422. [CrossRef]
41. Rapport, D.J.; Regier, H.A.; Hutchinson, T.C. Ecosystem behavior under stress. Am. Nat. 1985, 125, 617–640. [CrossRef]
42. Kozlov, M.V.; Zvereva, E.L. A second life for old data: Global patterns in pollution ecology revealed from published observational

studies. Environ. Pollut. 2011, 159, 1067–1075. [CrossRef]
43. Manzano, S.; Julier, A.C.M. How FAIR are plant sciences in the twenty-first century? The pressing need for reproducibility in

plant ecology and evolution. Proc. R. Soc. B 2021, 288, 20202597. [CrossRef] [PubMed]
44. Wilkinson, M.D.; Dumontier, M.; Aalbersberg, I.J.; Appleton, G.; Axton, M.; Baak, A.; Blomberg, N.; Boiten, J.-W.; da Silva Santos,

L.B.; Bourne, P.E.; et al. The FAIR guiding principles for scientific data management and stewardship. Sci. Data 2016, 3, 160018.
[CrossRef]

45. Pollard, E. A method for assessing changes in the abundance of butterflies. Biol. Conserv. 1977, 12, 115–134. [CrossRef]
46. Van Swaay, C.; Regan, E.; Ling, M.; Bozhinovska, E.; Fernandez, M.; Marini-Filho, O.J.; Huertas, B.; Phon, C.-K.; Kőorösi,
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