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Short Running Title: Pollution affects density dependence

Abstract

1. Animal populations vary in response to a combination of density dependent and density
independentforces, which interact to drive their population dynamics. Understanding how
abiotic forces'mediate the form and strength of density dependent processes remains a central

goal of ecology, and is of increasing urgency in a rapidly changing world.

2. Here, we'report for the first time that industrial pollution determines the relative strength of
rapid and delayed density dependence operating on an animal population. We explored the
impacts of pollution and climate on the population dynamics of an eruptive leafminihg mot
Phyllonorycter strigulatellaaround a coal fired power plant near Apatity, northwestern Russia.

Populationswere monitored at 14 sitesrd2@ years.

3. The relative strengths of rapid and delayed density dependence varied with diistartbe
power plant. Specifically, the strength of rapid density dependence increasethe/istieength

of delayed density dependence decreased withasitrg distance from the pollution source.
Paralleling.the increasing strength of rapid density dependence, we observed dethiaes
densities oPstrigulatellg increases in predation pressure from birds and ants, and declines in
an unknownssource ofortality (perhaps plant antibiosis) with increasing distance from the

power plant.

4. In contrast.to, the associations with pollution, associations betweenectihatge and

leafminer populatiomliensities were negligible.

5. Our results,may help to explain the outbreaks of insect herbivores that aretfyegjoserved
in polluted environments. We show that they can result from the weakening ofstajpitizing)
density dependence relative to the effects of destabilizing delayed density dependenc
Moreover, our results may explain some of the variation reported in published stuairsal
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populations in polluted habitats. Variable results may emerge in part becausédauftion of
the study sites on different parts of pollution gradieftsally, in a rapidly changing world,
effects of anthropogenic pollution may be as, or more, important than are effdotsatd ¢

change on the future dynamics of animal populations.

K eywords:"Climate warming; Density dependence; Emission decline; Kola Péarifallution;

Population eycles; Population dynamics; Inggleint relationships

1. Introduction

The dynamics of animal populations are driven by a combination of density dependent
(Nicholson & Bailey 1935; Lack 1954) and density independent procgsseewartha &
Birch 1954), with interactions between them responsible for the fluctuations ialanimbers
that we observe in natu(garleyet al. 1973; Royama 1992; Stensethal. 1999) For example,
water availability, a density independent proceas, determine the relative importance of
resourcelimitation and predation pressure operating on animal popul@&raes& Hunter
2005; 2015). Likewise, spring temperatures (density independent) can dictaterigehsbf
competition between animal spes(Hunter 1998) Because density dependent processes

regulate animal populations, and set limits on their population growth (Turchin 1990),

understandingshow density independent processes interact with density dependentspsocesse
important ferthe maagement of both beneficial and pest species (Berryman 1981; Bereyman
al. 1987).(In the current period of rapid environmental change, predicting the impacts of abiotic

forces on population regulation is of increasing urgdl¢gltheret al. 2002; Parmesan & Yohe
2003). For.example, if environment change alters the time lag in the operation of density

dependent forces, it could have important implications for population dynamics. Typiapid

density dependence enhances the stability of populatidreseas delayed density dependence is

destabilizing (Varleyet al. 1973; Turchin 1990)Abiotic factors that increase the relative
importance of delayed density dependent processes should therefore increasepopulat
fluctuations (Hunteet al 1997; Turchin & Hanski 1997; Stenseth et al. 2003).
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The strength and form of density dependence operating on animal populations can vary
substantially in space. For example, the relative strengths of rapid and delayad densi
dependence vary among populations oflsmammals(Turchin & Hanski 1997; Bjornstad et al.
1999b; Stenseth et al. 2003) and among populations of forest ifiSkecimla et al. 2002;

Liebhold et.al,,2006)Such spatial variation in negative feedback processes is often associated
with latitudinal(Seasonal) differences among populations, whereby delayed density dependence
dominates at'higher latitudes, inducing cyclic population dynafidiesnola et al. 2002;

Stenseth et'al’2003). However, differences in habitat type, such as stand compaasjtialsom
impact the form and strength of negative feedback operating on herlfivietaisold et al.

2006) Here, we ask whether pollution may act as an additional force generating spatial variation

in density dependent processes.

Anthropogenic effects of climate change on population dynamics continue to receive well-
deserved attention in the literati/dtizer et al. 2013; Valtoneret al. 2014; Jamiesoat al.

2015). However, industrial pollution is a near-ubiquitous additional driver of environmenta
charge in most‘ecosystems on Earth, with profound impacts on animal populations in aquatic
and terrestrial ecosysterftidart & Fuller 1979; Wulffet al 2001; Colemaset al. 2004; Mirsal

2008). Reeent analyses suggest that effects of pollution on animal poputatioesceed those

of climate changéZverevaet al.2016) Although it is well established that the impacts of
pollution on animal populations may operate through biological forces such as competition and
predation (Butler & Trumble 2008), the effects of variation in pollution load on théveelat

strengths of:density dependent processes remain poorly understood.

Accepted opinion is that pollution favors outbreaks of many herbivores, in partiotdat pests
(Baltensweiler.1985; Fuhrer 1985). Matelysis (Zvereva & Kozlov 2010) has supporged
pattern of consistent increases in herbivore abundance near point polluters, ahisatibct
may be overestimated due to various biases in published data (Kozlov et al. 20¢®)siTine
association"between industrial pollution and herbivore outbreaks was suppoetdty rieg the
analysis of long-term data on population densities of the wilemging leaf beetl€Chrysomela
lapponica Outbreaks o€. lapponicanear a large neferrous smelter between 19HD00s

attenuated as pollution levels declined, assediaith the reestablishment of top-down control
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123 by predators and parasitoids (Zvereva et al. 2016). However, over the same perige, avera
124  densities of bircHeeding insects around the same smelter did not covary with pollution load
125 either in space or iime (Kozlov et al. 2017).

126

127  Contrasting.effects of pollution on the population dynamics of herbivores may be retdncile
128 we understand/the effects of pollution on density dependent processes. Most studeskdvala
129 focused'on'single biotic or abiotic drivers of population density (Alstad et al. 198&dv&in

130 1988; Riemer& Whittaker 1989; Butler & Trumble 2008; Zvereva & Kozlov 2010), while

131  studies that explore the effects of pollution on multiple negative feedbaclspesce

132  simultaneouslyy(Zvereva et al. 2016) remain rare. Our limited understanding of hotopol

133 interacts with sources of negative feedback is at least partly explained by the shortage of data
134  suitable for the ‘analysis of density dependence. Time series of at led8ts20ps arigleal for

135 analyzing ecological factors that influence populations (Royama 1992). Notably, theumaxim
136 length of population time series of herbivorous insects collected from pollutioigtsdi

137 reported insstudies published by 2009, was only 12 years (Zvereva & Kozlov 2010). Since 2009,
138 longer (1926years) timeseries from multiple sites around a coppikel smelter in

139  Monchegersk, northwestern Russia, have been published (Zvereva et al. 2016; Kozlov et al.
140 2017). However, the vast majority of herbivasansects monitored at theses sites did not show
141 clear population cycles during the observation period, and signals of delayed density mispende
142  were onlyfound in populations of two leaf beetle spe@esapponicaandPhratora vitellinae

143  around thisr'smelter (Zvereva et al. 2016).

144

145 In 1991, M.V.K. started to monitor population densities of the leafmining Ploglionorycter

146  strigulatella(Lienig et Zeller) (Lepidoptera, Gracillariidae) around a coal fired power plant

147  (which at that.time emitted 20,0029,000 metric tons of sulphur dioxide annually) near Apatity,
148 northwestern Russia. After ten years of data collection, it appeared niséedeof this

149 leafminer varied nearly 26f@ld during the course of its population cycle, with peak population
150 densities much _higher near the power plant (Kozlov 2003). Because of the apparestiantera
151  between population cycles and pollution load, monitoring was continued until 2016. Here, we
152  report the outcomes of tireeries analyses of this unique data set2B3/ears at 14 study

153  sites), asking whether the strength of rapid and/or delayed density dependentegopera
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populations of the leafmining mokh strigulatellavaries along the pollution gradient.
Additionally, we ask whether declines in pollution and climate warming, which haveredcur
simultaneously during the observation period, have affected the population dynahics of

strigulatella

2. Materials and methods

2.1. Studyarea, insects and host plants

The study*was“conducted in the central part of the Murmansk region of Russia, in an area
covered predominantly by secondary birch-dominated forests scattered among thesremnant
primary ®nifereus forestdaily values of temperature and precipitation in Apatity are freely
available (at www.rp5.ru) only from 2012, and therefore we used climate data from
Monchegorsk (Table S1; described in detail by Kozlov et al. 2017), which is locaked 43
NNW from Apatity.

Speckled alde#\Inus incangL.) Moench, is common over the entire study area, where it grows
mainly in disturbed habitats along roads. Very small (wing expanse about 7 mm) nBths of
strigulatellafly in mid-June. Caterpillars mak#otch epidermal mines (one larva in each) on the
lower side-of alder leaves from the end of June up to pupation in the end of July—beginning of
August. Mine size at pupation is 1.2—1.8°cand 545 larvae may successfully complete their

development in aingle alder leaf.

2.2. Emissienssource and pollution load
The coal fired power plant, situated some 1.5 km N of the city of Aféfity 35 51" N, 33

o

25 08" E)yis the only local point source of sulphur dioxide and some metals, such as Fe,
Zn, Cr, Cd"and:Pb. The station mainly uses coal from Inta, Northern Ural (sulphur content 1.5—
1.9%), and'semetimes from Spitsbergen or Khakassia (sulphur content 0.7-1.0%). Thef height
the smokestack is 100 m; for more details, consult Kozlov et al. (2009). During the tbeerva
period, emissions of sulphur dioxide and dust from the station decreased neddidfive-

whereas emission of nitrogen oxides did not change (Table S2). Concentrations of pollutants
decline to regional background levels at a distance of approximately 5 km from tbeamnt
(Kozlov 2003).
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2.3. Leafminer densities

In total, fourteen sites were studied over the 26-year period. Sites wesgllat@ig roads

leading either SE or NW from the power plant, and ranged in distance from (k&-it@m the

power plant(fable S3); the two directions from the power plant provided spatieatiepis of
pollution load. Of the 14 sites sampled during the course of the study, 10 were sampled in 1991
while 13 were'sampled in 1992 and 1994. All 14ssitere sampled in all remaining years

(Table S3YRaw'count data are available from the Dryad Digital Reposftdupter & Kozlov

2018: https://dai.org/10.5061/dryad.sn0Ocn43).

Densities oP. strigulatellawere monitored once per growth season, during the first week of
August in 1991+2016. Ten trees of speckled aldérr2-high were chosen at each site on a “first
found, first sampled” basis. The trees were not tagged, so observations in different years were
conducted.on different sets of trees. One branch in the lower part of the crobhoutabr@ast

height) wasshaphazardly selected in each tree, and the total number of mines was counted in a
sample of 25'leaves, starting from the tip of the branch. Care was taken to couheeven t
smallest mines, which were-2 mnf size. Leaf size of speckled alder did not change
systematieally along the pollution gradient (Kozlov 2003), thus this method returned thernum

of mines per constant unit of host plant reseurc

2.4. Leafminermortality

On 19 August=2017 we collected ca. 50 mines (range 49 to 71) haphazardly from each of the 14
sites. At this point during the season, over 90% of surviving leafminers have rdasindédal

size (Kozlov 2003). In each sample, we calculated the number of mines that had died during
early stages.of their development (reaching not more than one-third of the fihahstzenines

that had been.epened by predators (wood ants and birds). All remaining mines were kept
outdoors indarg Petri dishes until 4 November 2017. On this date, we counted the numbers of
mines that'eontained live pupae, those from which parasitoids had emerged, andaampgem
miners that had died from unknown causes. On the basis of this information, eacteddéirva

was assigned to one of four categories: pupated (alive), killed by predators, killeditpoksa

or death from unknown causes.
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2.5. Data analysis

2.5.1. General patterns

Leafminer distributions were clumped on individual trees, such that around 40%sof tree
examined had.counts of zero. Consequently, in our initial analysis, we used a negative binomial
distribution,and log link function (Proc GENMOD, SAS Institute 2009) to quantify the extent
which leafminer densities varied among sded years. Counts from individual trees were the

dependentvariable, while year, site, and their interaction were independebliegaria

Because we observed what appearectsyimchronous peaks in leafminer abundance among
studysites, we tested for syn@nous dynamics (Bjornstad et al. 1999a) using the

communityssync function in the synchrony package in R (Loreau & de Mazancourt 2008;

Gouhier 2018).' We compared among-site synchrony against 1,000 Monte Carlo randomized
permutations of population data, WwiKendall's coefficienas our measure of synchrony. We ran

the synchrony analysis twice. First, we assessed synchrony among all 14 sites from 1995 to 2016
(years in which'all 14 sites were sampled). Second we assessed synchrony among the 10 sites for

which we had-leafminer counts for all 26 years (1991 to 2016).

Having [established that leafminer densities varied significantly among sites and years, and that
their dynamics were synchronous among sites (Results), we then used averages of the 10 trees

per sie to explore temporal and spatial variation in more detail (below).

2.5.2. Tempeoral patterns

First, we explored simple patterns of temporal change in leafminer densities using average
densities of leafminers for each sample year; averaging across dilesl 16 density estimates,

one for each.sample year. To assess effects of pollution load and climate on temporal patterns of
leafminer density, we used principal component analysis (PCA) to combine 16 clanatdes

(Table S1:.four variables for eachfotir seasons) into PCA axes+i4d. Each of these axes had

an eigenvalue,exceeding 1 and they combined to explain 79.3% variation in the climate data
However, only wl correlated with year%£ 0.64,n = 26 yearsP = 0.0004, Fig. S1), so wl is the

only PCA axis that represents systematic climate change. Similarly, we combined pollution data
(Table S2: annual emissions of sulphur dioxide, dust and nitrogen oxides) into a singlei$¥CA a
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(p1). This axis had an eigenvalue greater than 1 and explained 72.8% of the variance in pollution
emissions during the study period. This pollution axis correlates very strongly aitly ye

0.88,n= 26 yearsP < 0.0001) and so represents the combined declines in all three mislluta

over time (Table S2). We used Proc GLM (SAS Institute 2698prrelate average leafminer
densities ameng years (dependent variable, log transformed) with PCA axes wl and plin a
multiple regression model. PCA p1 was log-transformed prior to an&dylsnearize the

exponential‘relationship.

Because we observed evidence of periodic fluctuations in leafminer densitynoeénait might
obscure effects,of pollution or climate, we also used-8erées analysis (Box &enkins 1970;
Royama 1992)'to account for any systematic variation in leafminer densities. Rgllowi
previously published procedures (Turchin 1990; Forchhammer et al. 1998; Price & Hunter
2005), we regressed leafminer per capita rates of change (r alnaguof lambda), calculated
between each pair of years in the time series, with their population densities at @mé t-2
(natural logetransformed). With those factors held in the model, we then asked whdthempol
(PCA axis'pl)or climate chaadPCA axis wl) could explain any additional variation in
leafminerper capita rates of change. Models were built using Proc GENMOD (SAS Institute
2009).

2.5.3. Spatial patterns

Second, we"explored some simple spatial patterns in the data. Here, wedaerags years to
generate average leafminer densities for each site (14 sites total). Unlike the temporal data
available on annual emissions from the power plant (Table S2), we do not have spatial data
pollution loads at each study site over the entire study period. Therefore, in our spEdEES

we followed previous studies (Kozlov et al. 2009; Zvereva et al. 2016), and used disiance f
the polluter.as.a proxy for pollution load. The validity of this assumption has been confirmed
previously ferthese sites by a significant negative correlation between distance and iron
concentration,in the leaves of speckled alder (Kozlov 2003). Here, we used ProSEEM (
Institute 2009) to correlate (a) leafminer counts for each site (log transformed) #mal (b)
temporal stability of leafminer populations (calculated as the inverse of the coefficient oamong
year variation) with distance from the polluter.
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2.5.4. Spatidemporal patterns

We then explored how temporal patterns of leafminer density varied in space. &gparat

each site, we caonducted tirseries analysis (Royama 1992; Redfern & Hunter 2005; Hunter et
al. 2014) to.estimate the strength (slope) of any rapid and/or delayed density depaudieg

on leafminer pepulation dynamics. First, wiefil multiple regression models to the relationships
between percapita rates of change and densities atfirard t2 (Proc GENMOD; SAS

Institute 2009)to generate maximum likelihood parameter values of the regreiegies. There

is inherent autocoefation in timeseries analysis; per capita rates of change are not independent
of populatienddensities at timeli-inflating the probability of detecting statistically significant
regression'slopes (Royama 1992; Dennis & Taper 1994). However, we egstadenere in the
magnitude of the slopes and how they vary with distance from the polluter, rather th@R-in t
values associated with those slopes. Next, because observation and sampling error can cause
significant'bias in the estimates of density dej@ce (Freckleton et al. 2006; Dennis et al.

2006), weused a simulation extrapolation (SIMEX) procedure (Cook & Stefanski 1994) to hel
mitigate effects o€ensuserror an ourestimates of density dependence. Specifically, we used the
standard-error assiated with our mean counts from 10 sample trees per year at each site to
simulate_ the“effects of censelsor on our estimates (See Table S4 for details). While our
estimates of density dependence were generally robust to the effects of simulatddhbleor (

S4), we have used the SIMES6iTected estimates in subsequent analyses. Specifically, we
correlatedusing Proc GLM) the estimated slopes of rapid and delayed density dependence at
each site with-distance from the polluter. Finally, to investigatesgstgmatic variation in the
periodicity in leafminer fluctuations among sites, we conducted spectral analyses (Bloomfield
2000) on the log transformed counts of leafminers from each site, using the spectruon fancti

R.

2.5.5. Mortality patterns

Giventhat we,observed differences in patterns of negative feedback with distance from the
polluter (see Results), we investigated whether sources of leafminer mortality might also vary
with pollution load. Using the sources of mortality that we had measuednfines collected in
2017, we assessed whether the proportion of leafminers dying from each morttditydaied
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307 with distance from the power plant. We analysed the proportions using binomial matdels w
308 logit link functions in the GENMOD procedure 8AS (Littell et al. 2002), with mortality

309 factors as dependent variables and distance from the power plant as the independent variable.
310

311 3. Results

312 3.1. Overall patterns

313 Densities ofP- strigulatellavaried 235-fold among years and 20-fold among sites, with the

314 magnitude ofdifference among sites much more pronounced during population peaks (Fig 1a.).
315 Fluctuations in leafminer populations were synchronous among sites, whether we conhpared a
316 14 sites fram«995 to 2016 (Synchrony = 0.758&,0.001), or the 10 sites for which had counts
317 from 19910 2016 (Synchrony = 0.70= 0.001).

318

319 3.2. Temporal patterns

320 Pollution emissions declined over the period of the study (Fig. 2a), with a six-foldedeckbQ

321 emissionsyarhalving of dust emissions, and moréestadeclines in NOx emissions. These

322 simultaneoustdeclines in pollution are reflected in declines in the scores of PCA axis pl (Year
323  Fi124=110:45P < 0.0001, Fig. 2a insert). In turn, low pollution emissions were correlated with
324 low leafminer densitieamong years (pliks= 5.11,P = 0.033, Fig. 2b). Our estimate of

325 climate change (PCA wl) was not a significant predictor of leafminer density.(w% B.16,P

326 = 0.89) in'the simple multiple regression model. Despite declines in pollution emissions over
327 time, we observed no clear reductions in leafminer densities between 1991 and 201 {Yea
328 =2.77,P =0:10837, Fig. 2c).

329

330 To furtherinvestigate any impaai$climate change or pollution on moth dynamics, we first

331 accounted.for.the effects of leafminer densities at tithand t2 on leafminer per capita rates of
332 change (see Methods). With densities included irtithe series models, we then assessed

333 whethe any.of the residual variance in per capita rates of change was associatdunaii or

334 pollution data. After accounting feariation in leafminedensitiesthere was still no effect of

335 our climate change estimate on leafminer per capita ratesgelfal k0= 0.29,P = 0.595).

336 As with their impact on density (above), pollution emissions were associataugipsiith

337 leafminer per capita rates of change (PCA p1E 4.38,P = 0.0494).
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3.2. Spatial patterns

When averaged across years, leafminer densities deblynésP6 over the 7.2 kifinom the site
closest to the power plant to the most distant site (¥ 19.76,P = 0.0008, Fig. 3). The
temporal stability of leafminer populations (i.e., inverse of the coefficieatnaingyear
variation)was unrelated to distance from the power pl&ni{= 0.64,P = 0.43§.

3.3. Spatio-temporal patterns

The strength of rapid density dependemoeeased (F12= 19.81,P = 0.0008), whilghe

strength of-delayed density dependedeereased (§5,=9.95,P = 0.0083) with increasing

distance from the power plant (Fig. 4a). At distances greater than 3km frqovtlee plant,

rapid and delayed density dependence became equally powerful forces a®irgir@ulatella

per capita rates of change (Hi@). Because delayed density dependence remained pervasive
among sites (Table S4), the combined values of rapid and delayed density dependencé across al
sites (Figurerda) remained within ranges that should favour population cycléR@gaea’s

Triangl€’; Royama 1992), explaining the apparent presence of cycles in the leafminer time series
at all sites«(Eig. 1). However, while the periodic fluctuations were similar among sites, average
populationssizes and the magnitude of outbreaks declined with imgehstance from the

power plant (Figs. 1B-O, Fig. 3). The periodograms from spectral analyses (FiguSgjtéd
pervasive high spectral densities at a frequency of0.12, consistent with apparent 8-9 year
cycles in the'time series data (Fig.dnd consistent with the action of delayed density
dependence=While there were additional higher frequencies typical of moreyepil ¢

observed at some of the sites more distant from the power plant, there was no unequivocal
evidence for a systematicage in outbreak periodicity with distance from the power plant (Fig.
S2).

3.4. Mortality'patterns
Across all'sites, only 6.2% &f. strigulatellalarvae survived until pupation in 2017 (Table S5).
Most larvae (69.3%) died of unknown causes, either when their mines were smallpaiojust

pupation. Parasitoids (several species of Braconidae and Ichneumonidae, soncé ofiayhi
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have been super-parasitoids) emerged from 16.5% mines, while 8.0% of mines were ppened b
predators (birds and ants).

The propartion of leafminers killed by predators increased nearly five-fold withasicg

distance fromythe power plant (G$guare = 12.62, d.f. = P,= 0.0004, Fig. 4b). In contrast,
mortality caused by unknown factors declined by about 10% with increasing distance from the
power plant(Chsquare = 4.44, d.f. = P,= 0.0353, Fig. 4b), driven primarily by failed
development'early in life (Chi-square = 2.95, d.f. £ £ 0.0860). No other mortality factors

that we measured were related to the distance from the power plant.

4. Discussion

Based on timeseries analyses of lorigrm data, we report for the first time that the order of the
negative feedb&cprocesses operating on an animal populatiorespredictably with distance

from a pollution source. Population dynamics of the leafmining niotkirigulatellg are
dominatedrby-delayed density dependent processes close to a coal-fired poweigiiant.

increasing distance from the pollution source, the impact of delayed density dependence declines
while the“impact of rapid density dependence increases, so that they become equally powerful
forces acting on leafminer dynamics at distances greater kinafr@m the power plant (Fig.

4a).From a single year of mortality data, we note thatdhange in the relative strengths of

negative feedback is associated with increases in predation pressure, and declines in an unknown

mortality factor, with increasindistance from the power plant (Fig. 4b).

Density dependent processes impose negative feedback, thereby maintaining a limit on
population growth{Varley et al. 1973; Berryman 1991However, it is the interaction between
density dependent and density independent forces that determines the temporal dynamics
animal populations (Turchin & Hanksi 1997; Forchhameteaal. 1998; Stensethat al. 1999;
Hunter 2016)"While previous studies have focused on the impacts of climatic factors on the
form and strength of density dependence (Huetteit. 1997; Stensetht al. 1999; Price &

Hunter 2015), our results add another abiotic driver, pollution, to the list of factocatha

mediate the relative strengths of density dependent processes.
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Moreover, our results may explain some of the variation that has been reportedglyemi the

effects of pollution on animal population dynamics. For example, studies have diffened in t
conclusions on the relative importance of direct pollutant toxicity, changes in pédity,gand
changes in predation pressure in determining herbivore population dynamics under pollution
stress (Butler.& Trumble 2008; Kozlov et al. 2009; Zvereva & Kozlov 2010). Our data suggest
that the relative importance of ecgioal factors varies with distance from the pollution source,

and may generate different lags in the action of density dependence. It is therefore possible that
apparent differences in dynamics among studiéety reflect differences in the distance from

the polluter at which the study was conducted, rather than intrinsic differerssgbdrathe study
system

What density dependent factors varied in response to changing pollution loads? Unfortunately,
we do not have the long-term data on predation pressure or plant quality that wouldssamyece
to determine if and how they impose density-dependence on leaf miner populations. The
suggestionsythat follow are therefore speculative. However, in the current stuehalige

predators thatitear open leaines (wood ants and birds) imposed higher rates of mortality at
sites far from the power plant (Fig. 4b). High levels of pollution can influence ahghwiogy,
physiologysdensity, and behavior of ants (Grzes$ 2010; Eeva et al. 2012; Grzes et al. 2015),

including reducing the aggressiveness of wood ants (Sorvari & Eeva 2010). Likewise, high
pollution levels can compromise the physiology (Geens et al. 2010) and abundance (Eeva et al.
2012; Morellivet al. 2018) of birds. Because both ants and birds can show rapid behavioral and
numerical responses to variation in prey density (Perrins 1979; Holldoblets&W\i990), they

may be responsible for the increasing importance of rapid density dependencensdhing
distance from the power plant (Fig. 4B)evious studies of both insects and small mammals
have illustrated.that increases in the relative strength of rapid densitydéepe can emerge

from increasing predation by generalist predators (Turchin & Hanski 1997; Kletnala2002;
Stenseth etal. 2003). Our studies?oftrigulatellapopulationsare therefore consistent with the
suggestion‘that increases in the abundance of generalist predators impose @ttaiensity
dependence on herbivorégoreover, our results suggest that a weakening of rapid density
dependent mortality may explain the frequently reported (Zvereva & Kozlov 2010) increase
abundance of plant-feeding insects in polluted habitats. Critically, delayed desstydénce is
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destabilizing relative to rapid density dependencedfiin 1990; Royama 1992), and a
dominance of delayed density dependence near sources of pollution may facilitate insect

outbreaks.

The results presented here support previous work, in which we reportecetablishment of
predation pressure on an insect herbivore following temporal declines in pollutiofZieadva

et al. 2016)."Specifically, populations of the willé@eding leaf beetleC. lapponica near a
nickel-copper'smelter declined over time as the combined impacts of predation and parasitism
increased. Our current results are similar, but occur over space rather than over time. Because we
measured.sources of mortality Bnstrigulatellaonly in a single year, we are unable to assess
any temporal changes in natural enemy impacts in the current study. However, virainare t
temporal declines in the densitieshofstrigulatella are much weaker (Fig. 2c¢) than were the
dramatic temporal declines we reported@oiapponica(Zvereva et al. 2016). Fé.

strigulatella, the effects of spatialaviation in pollution load appear much stronger than the
effects of temporal variation. In support of that premise, we found no significaalatam

between distance from the pollution source and the magnitude of density fluctuadieffisiént

of variation),inP. strigulatellapopulations. This contrasts with the pattern that was observed
around the-coppertickel smelter in Monchegorsk, where the magnitude of density fluctuations
of birch-feeding insects correlated positively with pollution load (Kozlov et al.)20his

difference may be explained by the lower environmental impact of the Apatity power plant
relative to the"Monchegorsk smelter, which emitted ten times more sulphur dioxide than the

power plant(Kozlov et al. 2009).

In addition to changes in rapid density dependence, we observed increases in the strength of
delayed density, dependence under higher pollution loads. However, delayed density dependence
was still apparent across a majority of our study sites (Table S4), occurring atlavsisauld

promote cyelic dynamics (Royama 1992), irrespective of distance to the power plant.

Accordinglyy such forces may have been responsible for the synchronous population fluctuations
that we observed at our sites (Fig. 1). While we cannot rule out the possibility that density

independent processes generated the apparent cycles in leafminer popalati@ssiibed by

This article is protected by copyright. All rights reserved



460 Williams & Liebhold 1995; Hunter & Price 1998; Louca & Doebeli 2014), there is no rexede

461  of periodicity in climatic factors over thetudy period (Fig. S1).

462

463  Why did our populations d®. strigulatellaremain synchronous, despite systematic variation in
464  the relative strengths of rapid and delayed density dependence? Previous work vaillly spati

465  disjunct gypsy.moth,ymantria dispay populations may help tnswer this questior.ike P.

466  strigulatella gypsy moth populations exhibit substantial spatial variation in the relative

467 importance of'rapid and delayed density dependence operating on their dynamics, likely due to
468 variation in foreecomposition (Liebhold et al. 2006). Importantly, the authors developed a

469  stochasticpopulation model that included both rapid and delayed density dependence to explore
470 how variation in the form and strength of density dependence influenced synchrony among

471 disjunct populations. The authors concluded that variation in the strengths of@dégatiback

472 had minimal impact on population synchrony that was generated by dispersal among

473  populations; variation in the strength of rapid density dependence could diminish synchrony tha
474  was generatediprimarily by stochastic forcing (Liebhold et al. 20063 suggests that our

475 populations oP. strigulatellamay retain synchrony across space primarily through dispersal

476  mechanisms rather than stochastic forcing. $tdlao been suggested that the dispersal of

477  predators.ean maintain synchrony among gBgarnstad et al. 1999punfortunately, we lack

478 data to compare the potential importance of dispersBl syrigulatellaor its enemies on

479  population.synchrony.

480

481  Although thesspatial variation in negative feedback processes amoRgstrgulatella

482  populations was insufficient to influence gross dynamics (i.e. all populatioescyeic),

483 effects are much stronger in some other systems. For example, populations afeptaies,

484  Clethrionomys.rufocanusn Japan suffer increases in the strermgttielayed density dependence
485 in northern sites where winters are long, which causes those populations to exhit cyc

486 dynamics (Stenseth et al. 2003). In that example, spatial variation in the strengitiatiopr

487  during winter months drives differential dynamics among séed we suggest that similar

488  patterns may occur near some larger polluters.

489
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Although delayed density dependence operated at most of our study sites, its relatianiceport
for population dynamics declined with distance from tbeer plant (Fig. 4a) in concert with
declines in leafminer mortality from unknown causes (Fig. 4b). When insetteedavithin

their host plants die from unknown causes prior to completing their development, autors of
invoke the operation of plant antibiosis (induced plant defence, poor nutritional quabty) a
contributing factor (Haukioja 1974; Connor et al. 1994; Price & Hunter.20@%therefore
suggestithat'the delayed density dependent force that declined with distantteefpmttuter
couldhave beemplantmediated. However, the possibility remains that other hidden sources of
mortality, 'such pathogen attack, may have generated the delayed density dependesce that
observed. Forexample, in some small mammal and insect populations, theflwitstable to
cyclic dynamics with increasing latitude is associated with a relative increase in the role of
specialist predators at higher latitudes, which induce delayed density depe(tactin &
Hanski 1997; Klemola et al. 2002; Stenseth et al. 2003).

The climatewofour study region has changed rapidly over the past decades. The anweal surfa
air temperature in the Kola Peninsula has increased by 2.3°C over the past 50 ydars, due
warming in.spring and fall. Furthermore, springs are wettefallsdare drier than before
(Marshalletal. 2016). Predictions suggest that increasing temperatures will cause larger
increases in herbivory than in plant productivity (Ayres & Lombardero 2000; O’'Catrabr

2009; Del.ucia et al. 2012), thereby incregsoverall plant damage by insects. Studies
conductedqalong latitudinal climatic gradients predict that increases in herbivory will be greater
at high latitudes than at low latitudes (Kozlov et al. 2015a,b). However, contraqyeictations,
rising tempeatures in our study region have not caused significant increases in the population
density ofP. strigulatella(Fig. 1) and we observed no correlation between leafminer density and
the PCA wl axis for climate change. This result is consistent with the absence of positive effects
of climate warming on willowand birch-feeding insects in the Kola Peninsula (Zvereva et al.
2016; Kozlev'et al. 2017). It is also consistent with the geradasdnce of changes in foliar

losses of temperate woody plants to insettsatural ecosystems between 1952 and 2013
(Kozlov & Zvereva 2015).
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Pollution imposes substantial environmental stress on organisms including ladie(@ni et al.
2012; Morelli et al. 2018), insects (ButlerB&umble 2008; BonisolAlquati et al. 2018), and
mammals (Fritsch et al. 2010; Drouhot et al. 2014). Our data confirm that eff@ctbution on
animal population dynamics can be stronger than those of climate qZaegevaet al. 2016),

and highlight.the importance of studying pollution as an integral component of global change
research (Sun.& Zhou 2002; Batty & Hallberg 2010). By understanding how different density
dependent'processes respond to pollution load, we may be better able to predict population
change, and'manage species of economic and cultural importance. Finally, we notéutiat pol
research can provide fundamental insights of general importance to population dyhaongs t
by explainingstemporal variation (Zveregsal. 2016)and spatial variation (data presented here)

in the relative strengths of negative feedback processes.

Data Accessibility
Data are available from the Dryad Digital Repositdnyps://doi.org/10.5061/dryad.snOcn43
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Acknowledgements

We thank4wo anonymous reviewers whassightful comments greatly improved the

manuscript during reviewNethank V. Zverev and A. Popova for assistance in data collection,
V. Barcanfor providing meteorological data, and T. Gorbacheva for providing emissadiordat
the years 2014-2016. We also greatly appreciate the help of Aaron King, who ran the SIMEX
proceduressfor‘us. The study was supported by the Academy of Finland (projects 122133,
268124, 276671 and 311929, and researcher posts of M. Kozlov), Maj and Tor Nessling
Foundation, EC through the BALANCE project carried out under contract EVK2-2002-00169
and by a strategic research grant from the University of Turku. MDH was suppoft&Fby
DEB-1256115.

References

Alstad, D.N., Edmunds, G.F. & Weinstein, L.H. (1982). Effects of air pollutants octinse
populationsAnnual Review of Entomologd7, 369-384.

This article is protected by copyright. All rights reserved


https://doi.org/10.5061/dryad.sn0cn43�

550 Altizer, S., Ostfeld, R.S., Johnson, P.T.J., Kutz, S. & Harvell, C.D. (2013)a@ichange and

551 infectious diseases: From evidence to a predictive frameBor&nce341, 514-519.

552  Andrewartha, H.G. & Birch, C. (1954)he distribution and abundance of animalhicago

553 University Press, Chicago.

554  Ayres, M.P.&Lombardero, M.J. (200Assessing the consequences of global change for forest
555 disturbance from herbivores and pathog&usence of The Total EnvironmgR62, 263-

556 286.

557 Baltensweiler,"W. (1985). Waldsterben: forest pests and air polldtomnnal of Applied

558 Entomology 99, 77-85.

559 Batty, L.Co&MHallberg, K.B. (2010). Ecology of Industrial Pollution. Etological Reviews

560 Cambridge University Press, Cambridge.

561 Berryman A.A.(1981)Population systems: a general introductiétienum, New York.

562 Berryman, A.A. (1991). Vague notions of density-dependddites 62, 252-254.

563 Berryman,A.A., Stenseth, N.C. & Isaev, A.S. (1987). Natural regulation of herbivorous forest

564 inseetpopulationgDecologia 71, 174-184.

565 Bjornstad, O.N:, Ims, R.A. & Lambin, X. (1999a). Spatial population dynamics: analyzing
566 patterns and processes of population synchrbrgnds in Ecology & Evolutiqri4, 427-
567 432«

568 Bjornstad, O.N., Stenseth, N.C. & Saitoh, T. (1999b). Synchrony and scaling in dynamics of
569 voles and mice in northern Jap&tology 80, 622-637.

570 BloomfieldyP®(2000). Fourier analysis of time series. An introduction. Secondiedibion

571 Wiley.and Sons, Inc. New York.

572  Bonisoli-Alquati, A., Ostermiller, S., Beasley, D.A.E., Welch, S.M., Mgller, A.P. & Meas,

573 T.A. (2018). Faster Development Covaries with Higher DNA Damage in Grasshoppers
574 (Chorthippus albomarginatygsrom ChernobylPhysiological and Biochemical Zoology
575 91, 776-787.

576 Box, G., &Jenkins, G. (1970Jime series analysis: Forecasting and conttéblden-Day, San

577 Franeisco.

578 Butler, C.D. & Trumble, J.T. (2008). Effects of pollutants on bottom-up and top-down processes
579 in insect—plant interaction&Environmental Pollution156, 1-10.

This article is protected by copyright. All rights reserved



580 Coleman, D.C., Crossley, D.A. & Hendrix, P.F. (200)ndamentals of sbecology Elsevier

581 Academic Press, Amsterdam.

582  Connor, E.F., Adams-Manson, R.H., Carr, T.G. & Beck, M.W. (1994). The effects of host plant
583 phenology on the demography and population dynamics of thenieafg moth,

584 Cameraria hamadryadellé_epidoptera: GracillariidaeJcological Entomologyl9,

585 111-120.

586 Cook, J'R7& Stefanski, L.A. (1994). Simulatientrapolation estimation in parametric

587 measurement error modelaurnal of the American Statistical Associati8d, 1314-

588 1328.

589 Delucia, EsHsNabity, P.D., Zavala, J.A. & Berenbaum, M.R. (2012). Climate changeangesett
590 plant4nsect interactiond?lant Physiology160, 16771685.

591 Dennis, B. & Taper, M.L. (1994). Density dependence in time series observations df natura
592 populations: estimation and testitifrological Monographs64, 205-224.

593 Dennis, B, Ponciano, J.M., Lele, S.R., Taper, M.L. & Staples, D.F. ( 2006). Estimating density
594 dependence, process noise, and observation Egological Monographsr6, 323-341.

595 Drouhot, St, Raoul, F., Crini, N., Tougard, C., Prudent, A.-S., Druaet, &.(2014). Responses
596 of'wild small mammals to arsenic pollution at a partially remediated mining site in

597 Southern Francé&cience of The Total Environme#70-471, 1012-1022.

508 Eeva, T., Belskii, E., Gilyazov, A.S. & Kozlov, M.V. (2012). Pollution impacts on bird

599 population density and species diversity at four fesmus smelter sitegiological

600 Conservation150, 33-41.

601 ForchhammeryM.C., Stenseth, N.C., Post, E. & Langvatn, R. (1998). Population dynamics of
602 Norwegian red deer: density dependence and climatic vari&ioneedings of the Royal
603 Society of London, Series B65, 341-350.

604 Freckleton, R.P., Watkinson, A.R., Green, R.E. & Sutherland, W.J. (2006). Germuand the

605 detection of density dependence. Journal of Animal Ecology, 75, 837-851.

606 Fritsch, C.z€0sson, R.P., Coeurdassier, M., Raoul, F., Giraudoux, P., CehglN2010).

607 Responses of wild small mammals to a pollution gradient: Host factlrsrine metal

608 and metallothionein level&nvironmental Pollution158, 827-840.

609 Fihrer, E. (1985). Air pollution and the incidence of forest insect problamal of Applied
610 Entomology 99, 371-377.

This article is protected by copyright. All rights reserved



611 Geens, A., Dauwe, T., Bervoets, L., Blust, R. & Eens, M. (2010). Haematological status of
612 wintering great tits (Parus major) along a metal pollution gradsamnce of The Total
613 Environment408, 1174-1179.

614 Goubhier, T.C. (2018). Methods for computing spatial, temporal, and spatiotemporatstatisti
615 CRANhttp://github.com/tgouhier/synchrony.

616  Grzes$, .M. (2010). Ants and heavy metal pollution — A review. European Journal of Sall

617 Biology, 46, 350355.

618  Grzes$, LMY Okrutniak, M. & Woch, M.W. (2015). Monomorphic ants undergo within-colony
619 morphological changes along the magallution gradientEnvironmental Science and
620 Pollution Research?2, 61266134.

621 Hart, C.W.J7 &Fuller, S.L.H. (1979). Pollution ecology of estuarine invertebrates. Atade
622 Press, New York.

623 Haukioja, E. (1974). Measuring consumptioremocrania (Eriocraniidae, Lep.) miners with
624 reference to interaction between the leaf and the niRegorts of the Kevo Subarctic
625 Research Statiqril, 16-21.

626  Holldobler,"B::& Wilson, E.O. (1990 he AntsBelknap Press of Harvard University,

627 CambridgeMA.

628 Hunter, M«D. (1998). Interactions betwe®perophtera brumatandTortrix viridanaon oak:
629 new evidence from timeeries analysi€cological Entomology23, 168-173.

630 Hunter, M.D. (2016)The phytochemical landscape. linking trophic interactions arndeant
631 dynamiesPrinceton University Press, Princeton, NJ, USA.

632 Hunter, M.Da& Kozlov, M.V. (2018) Data from: The relative strengths of rapid and delayed

633 density dependence acting on a terrestrial herbivore change along a pollution gradient
634 Dryad Digital Repository: https://doi.org/10.5061/dryad.snOcn43.

635 Hunter, M.D..& Price, P.W. (1998). Cycles in insect populations: delayed densitydésme or

636 exogenous driving variablegzological Entomology23, 216-222.

637  Hunter, M.Dg"Kozlov, M.V, Itdmies, J., Pulliainen, E., Back, J., KyrdViEet al. (2014).

638 Current.temporal trends in moth abundance are counter to predicted effectsaté cl

639 change in an assemblage of subarctic forest mGllbdal Change Biology20, 1723-

640 1737.

This article is protected by copyright. All rights reserved



641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669

Hunter, M.D., Varley, G.C. & Gradwell, G.R. (1997). Estimating the relative rolepeddwn
and bottom-up forces on insect herbivore populations: A classic study revisited.
Proceedings of the National Academy of Sciences of the United States of A84erica
9176-9181.

Jamieson, M:A., Schwartzberg, E.G., Raffa, K.F., Reich, P.B. & Lindroth, R.L. (2015).
Experimental climate warming alters aspen and birch phytochemistry and performance
traitsfor‘an outbreak insect herbivo@obal Change Biology21, 2698-2710.

Klemola, T.;"FTanhuanpaa, M., Korpimaki, E. & Ruohomaki, K. (2002). Specialist and generalist
natural enemies as an explanation for geographical gradients in population cycles of
northern, herbivore®ikos 99, 8394.

Kozlov, M:V. (2003). Density fluctuations of the leafmif&nllonorycter strigulatella
Lepidoptera: Gracillariidae) in the impact zone of a power plamtironmental
Pollution, 121, 1-10.

Kozlov, M.V. & Zvereva, E.L. (2015). Changes in the background losses of woody plant foliage
to insects during the past 60 years: are the predictions fulfilled@gy Letters11,
20150480.

Kozlov, M., Zvereva, E.L. & Zverev, V. (2009mpacts of point polluters awerrestrial
biota comparative analysis of 18 contaminated ar&singer, Dordrecht.

Kozlov, M.V., Stekolshchikov, A.V., Séderman, G., Labina, E.S., Zverev, V. & Zvereva, E.L.
(2015a). Sapeeding insects on forest trees along latitudinal gradientsrthern
Europena climatelriven patternGlobal Change Biology21, 106-116.

Kozlov, M Vuelianta, V., Zverev, V.E. & Zvereva, E.L. (2015b). Global patterns in background
losses of woody plant foliage to insec&obal Ecology & Biogeography4, 1126-

1135.

Kozlov, M.\..,.Zverev, V. & Zvereve:.L. (2017). Combined effects of environmental
disturbance and climate warming on insect herbivory in mountain birch in gabarct
forests: results of 2gear monitoringScience of the Total Environme601-602, 802-

811:

Lack, D. (1954)The natural regulation of animal numbe@arendon Press, Oxford, UK.

This article is protected by copyright. All rights reserved



670 Liebhold, A.M., Johnson, D.N. & Bjornstad, O.N. (2006). Geographic variation in density-
671 dependent dynamics impacts the synchronizing effect of dispersal ancategion

672 stochasticityPopulation Ecology48, 131-138.

673 Littell, R.C., Stroup, W.W. & Freund, R.J. (2003AS for Linear Modelglth edn. SAS

674 Institute, Cary, New York.

675 Loreau, M. &de Mazancourt, C. (2008). Species synchrony and its drivers: Neutral and
676 nonneutral community dynamics in fluctuating environmeht® American Naturalist
677 172, 'E48-E66.

678 Louca, S.\& Doebeli, M. (2014). Distinguishing intrinsic limit cycles from forcedllasons in
679 ecologieal time serieJ.heoretical Ecology7, 381-390.

680 Marshall, G:J.y#Vignols, R.M. & Rees, W.G. (2016). Climate change in the Kola Peninsula
681 Arctic Russia, during the last 50 years from meteorological observalmmsal of

682 Climatology 29, 6823-6840.

683  Mirsal, I. (2008).Soil Pollution. Origin, Monitoring, & Remediatio®springerVerlag, Berlin.
684 Morelli, F.yBenedetti, Y., Mousseau, T.A. & Mgller, A.P. (2018). lonizing radiation and

685 taxonomic, functional and evolutionary diversity of bird communitiesrnal of

686 Environmental Managemer220, 183-190.

687  NicholsonyA.J. & Bailey, V.A. (1935). The Balance of Animal Populations.PaRrbceedngs
688 of the Zoological Society of Londdl05, 551-598.

689 O'Connor, M.l. (2009). Warming strengthens an herbiybaet interactionEcology 90, 388-

690 398

691 Parmesan;»C«+& Yohe, G. (2003). A globally coherent fingerprint of climate change impacts
692 across natural systenisature 421, 37-42.

693 Perrins, C.M. (1979British Tits Collins, London, UK.

694 Price, P.W. & Hunter, M.D. (2005). Long-term population dynamics of a sawfly show strong

695 bottomup effectsJournal of Animal Ecology74, 917-925.

696 Price, P.Ws&Hunter, M.D. (2015). Population dynamics of an insect herbivore over 32 years
697 are driven by precipitation and hgagnt effects: Testing model predictions.

698 Environmental Entomology4, 463-473.

699 Radhouani, H., Poeta, P., Gongalves, A., Pacheco, R., Sargo, R. & Igrejas, G. (2012). Wild birds
700 as biological indicators of environmental pollution: antimicrobial resistance patterns of

This article is protected by copyright. All rights reserved



701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731

Escherichia coli and enterococci isolated from common buzzBuded buteh Journal
of Medical Microbiology 61, 837-843.

Redfern, M. & Hunter, M.D. (2005). Time tells: long-term patterns in the populatiomigsa
of the yew gall midgeTaxomyia tax{Cecidomyiidae), over 35 yeaiscological
Entomelogy 30, 86-95.

Riemer J. & Whittaker, J.B. (1989). Air pollution and indeetbivores: observed interactions
and'possible mechanisms. In: Bernays, E.A. [@shctplant interactionsCRC, Boca
Raton; Florida, USA, pp 73-105.

Royama, T. (1992)Analytical Population Dynamic$Springer, New York.

Sas Institute 4% (20095AS Usr's Guide SAS Institute, Cary, NY.

Selikhovkiny AwV. (1988). Impact of industrial aerial pollution on herbivorous insects. In:
Narchukj E.P. (ed.},ectures on 39th annual meeting in memory of N.A. Cholodkovsky
Nauka, Leningrad, pp. 3-42 (in Russian).

Sorvari, J.'& Eeva, T. (2010). Pollution diminishes irdpecific aggressiveness between wood
anteqloniesScience of The Total Environme#08, 31893192.

Stenseth, N.Cs Chan, K.-S., Tong, H., Boonstra, R., Boutin, S., Krebst @l.J1999).
CommonDynamic Structure of Canada Lynx Populations Within Three Climatic
Regions Science 285, 1071-1073.

Stenseth, N.C., Viljugrein, H., Saitoh, T., Hansen, T.F., Kittilsen, M.O., Bolviken, E. &
Glockner, F. (2003). Seasonality, density dependence, and population cycles in Hokkaido
voles'Proceedings of the National Academy of Sciences of the United States of America
100:1:1478-11483.

Sun, T. &Zhou, Q. (2002). Retrospect and prospect of pollution ecalbgyjournal of applied
ecology 13, 221223.

Turchin, B.(1990). Rarity of density dependence or population regulation witiNags®@

344, 660-663.

Turchin, Po&Hanski, 1. (1997). An empirically based model for latitudinal grachertle
population dynamicsAmerican Naturalist149, 842874.

Valtonen, A., Leinonen, R., Pdyry, J., Roininen, H., Tuomela, J. & Ayres, M.P. (2014). Is
climate warming more consequential towards poles? The phenology of Lepidoptera in
Finland.Global Change Biology20, 1627.

This article is protected by copyright. All rights reserved



732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762

Varley, G.C., Gradwell, G.R. & Hassell, M.P. (197Bect population ecology: An analytical
approach Blackwell Scientific Publications Oxford, UK.

Walther, G.R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebeegial.(2002).
Ecological responses to recent climate chaNgéure 416, 389-395.

Williams, DAL & Liebhold, A.M. (1995). Detection of delayed density dependenceisftié
autocorrelation in an exogenous factecology 76, 1005-1008.

Wulff, FV."Rahm, L.A. & Larsson, P. (2001). A Systems Analysis of the Balac Sgringer-
VerlagBerlin.

Zvereva, E.L. & Kozlov, M.V. (2010). Responses of terrestrial arthropods to air pollation:
metaanalysisEnvironmental Science & Pollution Researtfi, 297-311.

Zvereva, EL., Hunter, M.D., Zverev, V. & Kozlov, M.V. (2016). Factors affecting population
dynamics of leaf beetles in a subarctic region: The interplay between climate warming
and pollution declineScience of the Total Environmeb66-567, 1277-1288.

Figure Legends
Figure 1.5(A).Synchronous population dynamics of the leafmining rifbiyljonorycter
strigulatellaover 26 years at 14 study sites around a coal fired power plant near Apatity,
northwestern Russi®@ensities are the average number of leafmines per 25 leaves (N = 10 trees
per site)(B-O) Average leafminerehsities Qaturallog scale) at each of the 14 study sites,
ordered bysinereasing distance from the power plant. E and W refigegceast and west of the

power plantawhile horizontdihes represent mean densities at each site.

Figure 2. (A) Temporal declines in pollution emissions from a coal fired powsrnear

Apatity, northwestern Russia (the insert illustrates the fagié that combines all three

pollutants). Data were leggansformed prior to analysis, but are shown here in raw form. (B) The
relationshipsbetween pollution load (P&is) and the density of the leafmining moth,
Phyllonoryeter. strigulatellaaveraged across 14 study sites. Each point represents a single year.
(C) Average leafminer densities (log scale) did not decline systematically over the course of the

study.
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Figure 3. Densities of the leafmining moBhyllonorycter strigulatelladecline with increasing
distance from a coal fired power plant near Apattythwestern Russia. Each point represents a
single study site, with densities averaged across 23 to 26 years of sampling. Grey sferbols r

to sites east of the power plant while black symbols refer to sites west of the power plant.

Figure 4. (A) Systematic changes in the strengths of rapid (diamonds) and delagees{squ
density'dependence operating on populations of the leafmining Riottonorycter

strigulatella at14 study sites around a coal fired power plant near Apatity, northwestera.Russi
In (A), the strengths of density dependence are SIMEX estimates of the slopes of regressions
between leafminer per capita rates of change and population densities &t (rapitl) and t-2
(delayed), with‘more negative numbers representing strongetseff@r The effects of distance
from the powerplant on predation (diamonds) and an unknown mortality source (squares)
operating on populations & strigulatella Each point represents mortality at a single site from
a sample of 49 to 71 leafminers p#e sStatistics refer to binomial models of proportional
mortality against distance. In both (A) and (B), grey symbols refer to sitesféhstpower plant

while black'symbols refer to sites west of the power plant.
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