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Abstract. Industrial air pollution constitutes a major environmental disturbance, and its impacts on insect communities have consid-
erable implications for ecosystem structure and functions. Existing information on insect responses to pollution generally addresses
abundant taxa, whereas few studies examine the effects of pollution on rare species. To begin rectifying this bias, ladybirds (Coleoptera:
Coccinellidae) were quantitatively collected annually from 2002—-2014 in 13 sites located 0.7 to 39.7 km from the nickel-copper smelter
in Monchegorsk, north-western Russia. Seven of eight recorded species were found only in severely and/or moderately polluted sites.
Both Shannon’s diversity index and coccinellid abundance decreased with increasing distance from the smelter. Thus, some groups
of predatory insects, in particular the Coccinellidae, may benefit from environmental changes caused by severe industrial pollution,
whereas the most abundant invertebrate predators generally suffer from such changes.

INTRODUCTION

Insects are extraordinarily diverse and abundant and
have significant roles in the majority of terrestrial ecosys-
tems; they are “the little things that run the world” (Wil-
son, 1987). Therefore, the knowledge of the responses of
insects to human activities is crucial for understanding and
predicting changes in ecosystem structure and functions
following different kinds of disturbances (Lavelle et al.,
2006; Maleque et al., 2006).

The influence of industrial pollution on forests has long
been recognised as a serious local, regional and global en-
vironmental problem (Kozlov & Zvereva, 2015, and ref-
erences therein). For decades, ecologists have studied the
effects of pollution on terrestrial biota in the surroundings
of large industrial areas, and local effects of pollution on
different groups of organisms are described in thousands of
publications (reviewed by Alstad et al., 1982; Heliovaara
& Viisdnen, 1993; Kozlov et al., 2009; Kozlov & Zvereva,
2011). The recent meta-analysis demonstrated that while
the abundance of herbivorous insects generally increases
in polluted areas, abundance of predatory invertebrates de-
creases (Zvereva & Kozlov, 2010). This pattern is in agree-
ment with the hypothesis that predatory organisms are
more sensitive to pollution than herbivores, and that pol-
lution, through selective elimination of predators, creates
an enemy-free space for plant-feeding insects (Heliovaara
et al., 1982; Selikhovkin, 1985; Zvereva & Kozlov, 2000).

To what extent do the conclusions of this meta-analysis
reflect the patterns existing in nature? This question is far
from simple, because a number of biases occurring in the
planning, data collection, analysis and publication phases
of scientific research are known to substantially influence
the outcomes (Pannucci & Wilkins, 2010). Not surprising-
ly, quantitative data are generally collected for species that
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are sufficiently abundant to accurately measure their den-
sity with a feasible investment of time and effort. In other
words, the information summarized from published stud-
ies generally reflects the population dynamics of a limited
number of abundant species, whereas the vast majority of
species are rare (Gaston, 1994). Thus, we lack information
on pollution-induced changes in populations of rare spe-
cies, which are presumed to be most vulnerable to different
kinds of disturbances, including habitat loss and climate
change (Lavergne et al., 2005; Sekercioglu et al., 2008),
and provide valuable ecosystem functions (Mouillot et al.,
2013).

Ladybirds (Coleoptera: Coccinellidae) are important
predators that control the densities of sap-feeding insects
in many natural and agricultural ecosystems (Hodek &
Evans, 2012). However, ladybirds are infrequent in sub-
arctic forests relative to ants, spiders and bugs, which
are the most common arboreal predators in these habitats
(Zvereva & Kozlov, 2000, 2006). The aim of the present
study was to check whether the rare predators (Coccinel-
lidae) respond to pollution-induced habitat deterioration in
the same way as the abundant predators, i.e. whether they
decline with increase in industrial pollution, thus creating
enemy-free space for their herbivorous prey.

MATERIAL AND METHODS

The nickel-copper smelter at Monchegorsk (67°56'N,
32°49°E), north-western Russia, for decades was one of the larg-
est polluters in the Northern hemisphere. The smelter was started
up in 1937 and had no air-cleaning facilities until 1968. The an-
nual emissions of SO, from this smelter reached a maximum of
278,000 metric tons in 1983, steadily declined to about 100,000
tons by mid-1990s, dropped to 45,000 tons in 1999, since when
they have remained at about this level. Annual metal emissions
into ambient air during the 1980s—1990s amounted to 3000-8000
tons of Ni and 1000-6000 tons of Cu annually, but have decreased



Fig. 1. Location of the study sites (triangles) relative to that of
the smelter (crossed black dot). Inserted: location of the study area
in Northern Europe.

since then to approximately 500-600 tons of each of Ni and Cu in
the mid-2000s. The distributions of SO, and heavy metals follow
similar spatial and temporal patterns (Kozlov et al., 2009).

Forests up to 6 km from the Monchegorsk smelter had died
by 1946. Observations in the early 1990s revealed forest death
in an area of 400 to 500 km? and visible injuries to conifers were
detected up to 50-60 km away from the smelter. The total area
affected by emissions was estimated to exceed 10,000 km?, with
over 200 km? of the previously forested areas converted into in-
dustrial barrens — bleak open landscapes with small patches of de-
pauperated vegetation surrounded by bare, eroded land (Kozlov
et al., 2009). Despite a reduction in emissions, no natural recovery
has yet been observed in the industrial barrens due to legacy ef-
fects such as extremely high concentrations of heavy metals and
shortage of nutrients in the thin, eroded soil (Zverev, 2009).

Data were collected in 13 sites located 0.7 to 39.7 km from the
smelter (Fig. 1). The larger extent of the polluted zone and, con-
sequently, the study area to the south, compared to the north (Fig.
1), results from the spread of aerial pollution by predominantly
north winds during summers. Study plots were set up in locali-
ties representing different stages of pollution-induced deteriora-
tion of Norway spruce [Picea abies (L.) Karst.] forests. Detailed

TaBLE 1. Characteristics of the study sites.

descriptions of study sites can be found in Zvereva et al. (1995)
and Zvereva & Kozlov (2000). The concentrations of principal
pollutants in this study area correlate strongly with the proximity
to the smelter, and diversity of plant species decreases markedly
with increasing level of pollution (Kozlov et al., 2009).

Ladybirds were collected in early summer (11-30 June; me-
dian date 19 June) of 2002-2014, by three 10-min surveys of
willow bushes at each site. Willows were selected for this study
because they tolerate high levels of pollution and therefore tend to
become dominant in heavily polluted habitats, including industrial
barrens (Kozlov & Zvereva, 2007). The most common species
in the study area were Salix myrsinifolia ssp. borealis (Fries.)
Nasar., S. caprea L. and S. phylicifolia L. The mountain birch
[Betula pubescens ssp. czerepanovii (Orlova) Hamet-Ahti] was
also abundant in the study area, even in heavily polluted sites;
however, ladybirds do not occur on mountain birch in this re-
gion. Similar efforts during 2002-2004 resulted in 50 specimens
of Coccinellidae collected from willows and a single specimen of
Calvia quatuordecimguttata (L.) collected from mountain birch-
es; therefore sampling of birches was discontinued.

All counts were performed on days when the weather was good
(no rain, clear sky, slight or no wind). All sites were surveyed on
the same day, between 11 a.m. and 19 p.m. Daily values of tem-
peratures recorded at the meteorological station in Monchegorsk
were obtained from the Lapland Biosphere Reserve (2002-2004)
and from the web-based archive (www.rp5.ru; 2005-2014) and
were used to calculate the sums of temperatures above 5°C (dd5
hereafter) accumulated up to the day on which the beetles were
collected. In all years, observers walked along the same pre-de-
fined paths and collected all the adult ladybirds found on willows
along the way. A total of four observers participated in the sur-
veys in 2002-2014; about 90% of the data were collected by the
author jointly with V. Zverev.

The collected ladybirds were pinned and their identifications
confirmed by H. Silfverberg (specimens collected in 2002-2011)
and J. Mattila (in 2012-2014). Voucher specimens are deposited
in the Natural History Museum (Helsinki).

The among-year and among-site variation in abundance of la-
dybirds was revealed by a Kruskal-Wallis test. Then the numbers
of ladybirds collected during 2002-2014 were summed by species
and study site. Shannon’s index (H=-3_ [p, % In p ], where p, — the
proportion of ith species of the total abundance), was calculated
for each study site and used as a measure of diversity. The effects
of pollution were tested by calculating Spearman rank correlation
coefficients between the site-specific numbers of specimens and

Site code! Latitude, N Longitude, E Altitude (m a.s.l.) Distance from smelter (km) Habitat type?
I5N 68°02°40" 33°01°417 180 14.6 DCF
1IN 68°01°06" 32°57°17" 160 11.1 DCF
5N 67°58°06" 32°5838" 140 5 1B
IN 67°56°04" 32°58'19” 180 1.6 1B
1S 67°54°49" 32°48741" 180 0.7 BTC
4S 67°52°59” 32°46°40" 210 43 BTC
8S 67°51°01" 32°48°10" 240 7.5 1B
13S 67°48°03" 32°47°05”" 140 13.0 BTC
18S 67°45°31" 32°48°29” 210 17.5 DCF
218 67°43729” 32°50°34" 250 20.8 DCF
278 67°40°39” 32°49°27" 220 26.7 DCF
318 67°38°21" 32°45°00” 170 31.1 CF
408 67°34°36" 32°33°03” 140 39.7 CF

'"The site codes indicate approximate distance from the smelter in km and direction to the north or south of the smelter. > Habitat types:
BTC — birch- and willow-dominated transitional community, CF — coniferous forest, DCF — coniferous forest visibly damaged by pol-

lution, IB — industrial barren.
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Fig. 2. The relationships between the diversity of Coccinellidae
and distance from the smelter.

distances from the smelter separately for each species of Coccinel-
lidae and Shannon’s index.

The overall effect of pollution on the abundance of Coccinellidae
was revealed by meta-analysis of species-specific coefficients of
Spearman rank correlation between the numbers of collected indi-
viduals and distances from the smelter. This method increases the
statistical power of the overall conclusion relative to the statisti-
cal power of the individual correlations. The correlation coeffi-
cients were z-transformed and weighted by their sample sizes (i.e.
by the numbers of study sites) using the standard procedure in the
MetaWin 2.0 program (Rosenberg et al., 2000) to calculate ef-
fect sizes (ES). The meta-analysis was performed using a random
effects model. The effect was considered statistically significant
if its 95% confidence interval (CI ;) did not include zero. The
variation in the ES values among ladybird species was explored
by calculating the total heterogeneity index (Q,) and testing it
against the y? distribution (Gurevitch & Hedges, 2001).

RESULTS

A total of 216 adult specimens of eight species of Coc-
cinellidae were collected from 13 sites during the 13 study
years (Tables 2-3); larvae of ladybirds were occasionally

TABLE 2. Ambient air temperature on the day of sampling, the
sum of temperatures above 5°C accumulated up to the day on
which the samples were collected (dd5) and the number of Coc-
cinellidae collected in all 13 study sites.

Year Date of census Tem(;iecr?ture dds ll)i Z.tl(():g
2002 11 June 13.5 132 29
2003 18 June 9.5 96 10
2004 21 June 16 103 11
2005 16 June 16 155 8
2006 21 June 19.3 196 22
2007 17 June 8.3 106 11
2008 18 June 14.9 64 26
2009 30 June 16.6 206 10
2010 26 June 15.6 204 16
2011 18 June 9.2 177 29
2012 26 June 15.5 228 6
2013 14 June 13.2 219 12
2014 11 June 16.9 139 26
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observed on willows but were not sampled. The numbers
of collected specimens did not vary among the study years
(Table 2; y*=18.9, df =12, P = 0.09) and did not depend
on either ambient air temperature on the day of sampling
(ry=-0.10, n = 13 years, P = 0.74) or on dd5 (r, =-0.25,
n=13,P=0.41).

The total numbers of Coccinellidae varied among the
study sites (y> =43.0, df=12, P <0.0001), with maximum
values recorded at the most disturbed (barren) sites (Table
3). The diversity of Coccinellidae decreased from the most
to the least polluted sites (Fig. 2), and only the most abun-
dant species, C. quatuordecimguttata, was recorded at sites
located over 30 km from the smelter.

Only three of the eight species of Coccinellidae signifi-
cantly decreased in abundance with increasing distance
from the smelter (Table 3). Still, the overall effect of dis-
tance on the abundance of Coccinellidae was significant
(ES =-0.43, CI,, = -0.48...-0.15) and homogeneous (Q,
=12.6,df=17, P=0.08).

DISCUSSION

One of the eight species of ladybirds collected around
Monchegorsk, C. quatuordecimguttata, feeds primarily
on psyllids. The remaining species, by contrast, feed on
aphids (Semjanov, 1965), which are common and diverse
on willows in the study area (Stekolshchikov, 2012). Six
of the eight species of ladybirds collected around Monche-
gorsk are classified as generalists (Hodek & Evans, 2012);
therefore, some of them may also feed on eggs and young
larvae of willow-feeding leaf beetles (Phratora vitellinae
L., Chrysomela lapponica L. and Plagiodera versicolora
Laich.). Intriguingly, C. trifasciata, a specialist species re-
ported earlier only from conifers (Semjanov, 1965), was
found on willows in the barren sites near Monchegorsk,
where conifers are completely lacking.

The average numbers of the collected Coccinellidae
were low (0.7 specimens of the most abundant species, C.
quatuordecimguttata, per site per year), allowing the clas-
sification of all ladybirds as rare in the study area. For com-
parison, willow-feeding leaf beetles were more than 100
times more abundant than ladybirds: during the same cen-
suses, 79.4 specimens of P, vitellinae, 15.1 of C. lapponica
and 6.3 of P. versicolora were recorded per site per year
(M. Kozlov, unpubl. data). The absence of effects of date
of sampling or ambient air temperature on the numbers of
ladybirds justified the pooling of data across study years.

Earlier studies of ladybirds in the environs of industrial
polluters yielded contradictory results. Species richness
of predatory Coccinellidae strongly decreased in forested
areas around a coking plant in Knuréw, Poland (Gatecka,
1980), slightly decreased in Scots pine (Pinus sylvestris L.)
forests near a chemical plant in Tomaszéw Mazowiecki,
Poland (Wiackowski, 1978), and slightly increased in
beech (Fagus sylvatica L.) forests near an aluminium plant
in Ziar nad Hronom, Slovakia (Zelinkova et al., 2004).
Furthermore, a meta-analysis showed that the overall ef-
fect of pollution on the diversity of terrestrial arthropods,
measured by both species richness and the Shannon’s in-



TabLe 3. Numbers of beetles of eight species of Coccinellidae collected from 2002-2014, and Spearman rank correlations (ry) of
site-specific data with the distance from the smelter.

Numbers of individuals®

Site code! — - - -
dece frig hier quat sept trif unde vari
15N 0 0 0 2 0 0 0 0
11N 0 2 1 3 3 0 0 0
SN 0 5 0 12 2 1 0 21
IN 0 5 1 9 2 2 0 18
1S 0 2 0 8 0 2 0 1
4S 1 0 0 8 0 1 0 1
8S 0 6 1 4 0 1 0 3
13S 1 3 0 10 2 0 0 4
18S 0 0 0 17 0 0 1 0
218 0 0 1 9 0 0 0 0
278 0 0 0 4 0 1 0 0
318 0 0 0 32 0 0 0 0
408 0 0 0 3 0 0 0 0
Ty -0.23 -0.66 -0.22 -0.02 -0.38 -0.74 0.15 -0.74
P 0.45 0.01 0.47 0.95 0.20 0.0041 0.61 0.0037

'"The site codes indicate approximate distance from the smelter in km and direction to the north or south of the smelter. 2 Species of
Coccinellidae: dece — Adalia decempunctata (L.); frig — A. bipunctata frigida (Schneider); hier — Coccinella hieroglyphica L.; quat
— Calvia quatuordecimguttata (L.); sept — Coccinella septempunctata L.; trif — C. trifasciata L.; unde — C. undecimpunctata L.; vari —

Hippodamia variegata (Goeze).

dex, was not statistically significant (Zvereva & Kozlov,
2010). Therefore, the significant increase in the diversity
of ladybirds near the Monchegorsk smelter and the asso-
ciation of seven of the eight recorded species of Coccinel-
lidae with severely and/or moderately polluted sites was
somewhat surprising.

The overall abundance of Coccinellidae increased by a
factor of 4.7 near an aluminium plant in Ziar nad Hronom
(Zelinkova et al., 2004) and by a factor 2.4 near a zinc and
lead smelter in Miasteczko Slaskie (Chlodny, 1976), but
decreased to 0.7 near a coking plant in Knuréw and by half
near a chemical plant in Tomaszéw Mazowiecki compared
to control sites (Wigckowski, 1978; Gatecka, 1980). Thus,
a positive effect of pollution on the abundance of lady-
birds around the Monchegorsk smelter is within the range
of variation observed among the impact zones of different
industrial polluters.

The absence of among-species heterogeneity indicates
that, in spite of variation in species-specific correlations
between beetle numbers and distance from the smelter,
Coccinellidae in subarctic forests generally benefit from
pollution-induced environmental changes. This result con-
tradicts the findings of a recent meta-analysis (Zvereva &
Kozlov, 2010), which reported a pronounced decrease in
population densities of predatory arthropods near industri-
al polluters; i.e. the positive response of ladybirds to pollu-
tion is exceptional among invertebrate predators. Thus, the
same level of pollution may create an enemy-free space for
some groups of plant-feeding insects, such as leaf beetles
and leaf mining moths (Zvereva & Kozlov, 2000, 2006),
and increase the impacts of predators on other groups of
herbivores, particularly on aphids.

The pollution-induced increase in abundance of plant-
feeding insects, aphids in particular (Zvereva & Kozlov,
2010), in polluted habitats is often attributed to stress ex-

perienced by their host plants (Whittaker & Warrington,
1990). However, willows near the Monchegorsk smelter do
not exhibit any signs of stress; indeed, pollution-induced
habitat deterioration may even stimulate growth of willow
leaves and shoots (Zvereva et al., 1997). Furthermore, in-
sect folivory on willows in these sites is independent of the
level of pollution (Kozlov, 2015), suggesting that changes in
prey availability are unlikely to drive an increase in diversity
and abundance of ladybirds with increasing pollution.

The detected association of Coccinellidae with polluted
sites may be explained by the release of these rare preda-
tors from competition for prey, due to the pollution-induced
decline of other more abundant generalist predators, in par-
ticular ants. Nevertheless, other groups of rare invertebrate
predators need to be studied in polluted habitats to verify
this hypothesis. On the other hand, the conclusions of the
earlier meta-analysis might be biased because published
data on predators primarily concern epigeal organisms
(Zvereva & Kozlov, 2010), which may respond to pollu-
tion differently than arboreal predators. Last but not least,
studies reporting ‘exceptional’ patterns, such as an increase
in density of predatory invertebrates in polluted habitats,
could have been eliminated during the peer review process:
the adverse effects of pollution on soil arthropods (mostly
predators) reported in studies published in ISI journals
were twice as strong, on average, as the effects recorded in
studies published in local journals and conference proceed-
ings (Zvereva & Kozlov, 2010).

It is seldom appreciated that severely contaminated sites
and other post-industrial landscapes may support region-
ally rare and endangered species (Johnson et al., 1978;
Eyre & Luff, 1995). One of the most striking examples is
the occurrence of viable populations of a rare moth, Se-
sia bembeciformis (Hb.), in the industrial barrens around
Monchegorsk (sites 1N, 4S and 8S in Fig. 1: Kozlov &
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Kullberg, 2011), because this species had earlier been con-
sidered extinct in Finland (Rassi et al., 1985). Similarly,
the buprestid beetle Melanopila formaneki (Jakobson) was
discovered for the first time in Finland in a semi-barren site
near the Harjavalta smelter (Helidvaara et al., 1990). The
association of rare species of ladybirds with severely dis-
turbed habitats supports the hypothesis (Kozlov & Zvere-
va, 2007; Kozlov & Kullberg, 2011) that the presence of
some species, including regionally rare and endangered
ones, is favoured by pollution-induced habitat deteriora-
tion. This presumably arises due to factors such as changes
in microclimate following tree canopy disintegration, in-
creased availability of food, decreased pressure from natu-
ral enemies and/or decreased competition.

To conclude, some groups of rare predators, in particular
Coccinellidae, may benefit from environmental changes
caused by severe industrial pollution, although abundant
generalist predators generally are adversely affected by
these changes. This result indicates that the effects of dis-
turbances on the abundance of different organisms should
be analyzed at the species level, especially for rare species,
rather than by aggregating the data by high-rank taxa, func-
tional groups or feeding guilds.
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