Top-down effects on population dynamics of Eriocrania miners (Lepidoptera) under pollution impact: does an enemy-free space exist?
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Abstract

In areas disturbed by pollution, populations of herbivorous insects may reach high densities. The study was conducted to test one of the hypotheses attempting to explain this phenomenon – that pollution creates an enemy-free space for herbivores. We monitored the population densities of Eriocrania leaf-mining moths on mountain birch, Betula pubescens subsp. czerepanovii, in the vicinity of the nickel-copper smelter in Monchegorsk (Kola Peninsula, NW Russia) over twelve years (1994-2005) and assessed larval mortality from parasitoids, ants and birds. The mean density (mines/birch leaf area) of Eriocrania populations in severely disturbed habitats (industrial barrens) was about 2.7 times higher, and peak densities 2-4 times higher, than in pristine forests. Temporal population variability (measured as the coefficient of variation of log-transformed densities) increased with an increase in pollution load. The proportion of infested trees was not affected by pollution, but mine distribution among trees was more clumped in the polluted sites. Eriocrania populations in disturbed sites fluctuated independently of each other, whereas populations in forest sites fluctuated in synchrony. Larval mortality caused by parasitoids was lower in disturbed sites only during those years when populations of Eriocrania reached high densities; mortality from ants and birds did not differ between disturbed and undisturbed habitats in either high or low density years. In undisturbed forests the rate of population change correlated negatively with previous-year parasitism, suggesting that parasitoids are the key demographic factor in Eriocrania population dynamics. In the habitats heavily disturbed by pollution no such correlation was found, which means that negative feedback with parasitoids is disrupted: parasitoids fail to follow host population growth, thus creating an enemy-free space for Eriocrania leafminers.

Introduction

The population dynamic of herbivorous insects is affected by both top-down forces (natural enemies) and bottom-up ones (host plants). Environmental contamination itself, as well as pollution-induced environmental changes, can disturb interactions between the trophic levels; this disturbance may result in changes in herbivore population density and dynamics. The density of insect populations inhabiting polluted habitats may remain unchanged, or may either decrease or increase compared to populations in unpolluted habitats (Alstad et al. 1982, Riemer and Whittaker 1989, Kozlov 1990, 1997, Heliövaara and Väisänen 1993). The occurrence of herbivore outbreaks in polluted areas is well documented and has attracted considerable attention (Baltensweiler 1985, Führer 1985, Selikhovkin 1988, 1995, Heliövaara and Väisänen 1993). Several hypotheses have been suggested to explain this phenomenon. First, pollution-induced habitat changes may appear beneficial for a herbivore (Heliövaara and Väisänen 1993, Zvereva et al. 1997), due for instance to an increased abundance of the most favourable host plant or to an altered microclimate. Second, aerial emissions can modify host plant quality and thus change herbivore performance. In particular plants affected by sulphur dioxide improve the growth and survival of many herbivorous insects (Hughes 1988, Riemer and Whittaker 1989). Third, pollution impact can eliminate some natural enemies, thus creating an enemy-free space for herbivores (Heliövaara et al. 1982, Selikhovkin 1985, Zvereva and Kozlov 2000). 

The explanation of herbivore outbreaks in polluted habitats by the relatively higher sensitivity of natural enemies to pollution has long been popular, but empirical support for this hypothesis has been equivocal. Although a decrease in the impact of either parasitoids (Edmunds 1973, Heliövaara et al. 1982, Selikhovkin 1985) or predators (Petal 1980, Kataev et al. 1983) has sometimes been reported, direct evidence of the higher survival of herbivores due to lower enemy pressure in polluted habitats is still rare (but see Zvereva and Kozlov 2000). Moreover, a number of field studies have failed to demonstrate an adverse effect of pollution on the natural enemies of herbivores (Kozlov 1990, Heliövaara and Väisänen 1993, Koricheva 1994, Koricheva et al. 1995). Furthermore, most of the above studies have considered a single enemy species or a group of closely related parasitoids or predators; herbivores, however, are usually attacked by several enemies, each of which may respond to pollution in its own way (Kozlov 1990, 1997, Zvereva and Kozlov 2000). Changes in the cumulative pressure of natural enemies on herbivore populations with an increase in pollution are therefore difficult to predict.
The larvae of Eriocrania moths are leaf miners; they develop within the leaf parenchyma, and are therefore protected from some of the direct effects of aerial pollutants (e. g. acid rains). Moreover, Eriocrania larvae excrete a large proportion of the heavy metals which they have consumed with contaminated food, partially avoiding toxicity problems (Kozlov et al. 2000). The population density of Eriocrania increased in the vicinity of the nickel-copper smelter in Monchegorsk (Kozlov 1997); this density increase may be related to the pollution-induced disturbance of interactions between Eriocrania moths, their host plants and natural enemies. In this study we focus on top-down effects, which can be recorded in leafminers more easily than in other groups of herbivores, because mines (which remain on host plants for a long time) can be used to trace the fate of each larva.

The goal of the study was to explore the effect of mortality caused by natural enemies (both parasitoids and predators) on the population dynamics of Eriocrania miners in relation to the level of environmental pollution and associated habitat disturbance. More specifically, we tested the hypothesis that the increase in the population density of Eriocrania was due to a release from pressure from natural enemies. Our purpose was to answer the following questions: (i) Does pollution affect the population density of Eriocrania? (ii) Does the mortality of Eriocrania larvae from parasitoids, ants and birds depend on pollution? (iii) Do the temporal population dynamics (in a twelve-year time-series) depend on any group of natural enemies? and (iv) If found, is the feedback between the population density of Eriocrania and natural enemies affected by pollution? 
Materials and methods

Study area and study sites


The study was conducted in the surroundings of the nickel-copper smelter at Monchegorsk (Kola Peninsula, NW Russia; 67(56' N, 32(49' E), which was built in 1937. This smelter is one of the largest European sources of aerial pollution, predominantly of sulphur dioxide and heavy metals (Pearce 1994), and the only major polluter in the study area. In 1990 it emitted 2.33 x 108 kg of sulphur dioxide, 2.71 x 106 kg of nickel and 1.81 x 106 kg of copper (Berlyand 1991); since then emissions have steadily declined, falling in 2003 to 0.42 x 108 kg of sulphur dioxide, 0.91 x 106 kg of nickel and 0.70 x 106 kg of copper (Milyaev and Yasenskij 2004). The total area influenced by aerial pollution by the late 1980s – early 1990s was estimated to exceed 10,000 km2 (Kryuchkov 1993, Tikkanen and Niemelä 1995). Pollution has caused forest death within a 10-15 km radius; the most contaminated landscapes have been transformed into industrial barrens covering some tens of square kilometres (Rigina and Kozlov 1999). For vegetation characteristics, pollutant concentrations and levels of environmental disturbance in the study area, see Kryuchkov (1993), Rigina and Kozlov (1999), Zvereva and Kozlov (2001), Kozlov and Zvereva (2004), Kozlov (2005a).
To evaluate the relationships between Eriocrania population density, natural enemies and pollution load, we have chosen twenty sites within a distance of 63 km from the smelter, located north and south-southeast of it (for a map, see Kozlov and Zvereva 2004). Site-specific pollution loads, measured during 1991-2003 as average concentrations of nickel in birch leaves (for analytical methods and original data, consult Kozlov 2005a), were adopted from Kozlov and Zvereva (2004). The density of Eriocrania populations was monitored at all these sites during 1994-2005; mortality from natural enemies was evaluated only during the first phase of the study (1994-1997). The data obtained during the first phase indicated a linear pollution effect on the parameters monitored, allowing us to discontinue the monitoring of mortality factors in plots with intermediate levels of pollution and associated habitat disturbance, and to select the subset of the study plots which were similar in pre-industrial forest type but which showed the highest contrast in the level of pollution-induced disturbance, for a more detailed exploration of natural enemy effects on Eriocrania population dynamics. 

During the second phase of the study (1998-2005) we collected mortality data from six of the twenty sites, chosen to represent the most contrasting environments in the study area (Table 1). The vegetation of three heavily polluted industrial barrens (1.6 km NW, 6.6 and 8 km S of the smelter) is represented by sparsely growing, stunted mountain birches, Betula pubescens subsp. czerepanovii (Orlova) Hämet-Ahti, and willows (mostly Salix caprea L.); the understory is formed by small (total cover <10%) patches of dwarf shrubs (Vaccinium myrtillus L., V. vitis-idaea L., V. uliginosum L., Empetrum nigrum subsp. hermaphroditum (Hagerup) Böcher) and grasses (predominantly Deschampsia flexuosa (L.) Trin.) scattered over bare ground. As controls, we have chosen three sites (27 and 33.6 km S and 63 km SE of the smelter) covered by Norway spruce (Picea abies (L.) Karst.) forest. Mountain birches are more abundant in forested sites (Table 1); the understory consists of the same ericaceous dwarf shrubs as in the industrial barrens, which form a nearly continuous ‘carpet’ on the forest floor, leaving no patches of bare ground. In addition to the extremely high air and soil contamination, the barren sites differ from the forest sites in a number of environmental characteristics (for details, consult Rigina and Kozlov 1999, Zvereva and Kozlov 2001). 

Study species 


Two sibling species of an archaic moth genus Eriocrania Z. (Lepidoptera: Eriocraniidae) monophagous on birches, E. semipurpurella (Stephens) and E. sangii (Wood), co-occur in the study area. Although the mature larvae can often be discriminated (the E. sangii larva is dark grey, that of E. semipurpurella white), young or dead larvae and empty mines cannot be determined to the species level. The censusing of mature larvae suggests that E. semipurpurella is 2-3 times more abundant in our study area than E. sangii; the weight of mature larvae does not differ between the two species (M. Kozlov and E. Zvereva, unpubl.). The biology of birch-feeding Eriocrania is very similar, and like a number of other researchers (Koricheva and Haukioja 1992, Bylund and Tenow 1994, Valladares and Hartley 1994) we have pooled the two species in our analyses. The moths of Eriocrania emerge in early spring, at the time of birch budbreak, which in our study area occurs from the last week in May to the first week in June. The females oviposit into the tips of opening leaves. The larvae develop within 2-3 weeks, forming large blotch mines (covering 30 to 60 % of the leaf area); they then leave the mine, overwinter in the soil and pupate the next spring shortly before emergence. 
Population density


The population density of Eriocrania was assessed annually during 1994-2005 by the same team of observers. In late June we counted all Eriocrania mines (including empty ones and those with dead larvae) on 25 birch trees aged 10-50 years, height 50-300 cm, at 20 study sites; the trees were chosen without prior knowledge of Eriocrania densities. We chose not to monitor the same set of birches, since in a long-term study this might have introduced a bias related to the aging of the selected trees; instead, care was taken to select for each survey birches of all size classes at all study sites, thus avoiding a possible size-related bias in density estimation. Depending on birch density, the area surveyed varied from approximately 200 to 2000 m2. The stem of each censused birch was measured to allow estimation of the leaf area (S, m2) using the following equation: S = 0.1234*d2, where d (cm) is the efficient diameter, i.e. the diameter of the tree trunk measured at the base of the crown (Kozlov and Sokolova 1984). If the crown had dead branches, according to the pipe model theory (Shinozaki et al. 1964a, b) the efficient diameter was calculated by subtracting the cross-section areas of the dead branches from the cross-section area of the tree trunk. In practice, when the trunk diameter was less than 50 mm the experienced observers were able to estimate the efficient tree diameter visually. The leaf areas of 25 birches were summed and site-specific Eriocrania density was expressed as the number of mines per 1 m2 of leaf area, taking into account variation in tree size and vitality, which change with an increase in pollution (Kryuchkov 1993, Rigina and Kozlov 1999). Note that leaf size was not affected by pollution (Kozlov 2005b, unpubl.); thus our measure of leaf area is roughly proportional to the leaf number and is therefore consistent with the number of mines per 100 leaves (used by Koricheva and Haukioja 1992) or per 100 shoots (used by Bylund and Tenow 1994); more generally, it corresponds to the population intensity (density per available resources) sensu Southwood (1978). We also calculated the proportion of infested trees and the mean number of mines per infested tree. On the basis of tree-specific data (mine numbers on individual trees), we calculated an aggregation index – the variance/mean ratio, showing the deviation of mine distribution among trees from the random (Poisson) model (Taylor 1984). If mine distribution is random, the aggregation index equals one; higher values indicate clumping of mines.

Mortality from natural enemies

Natural enemies are the major cause of leafminer mortality (Hespenheide 1991). Several parasitoid species have been found to attack Eriocrania larvae (Koricheva 1994). Predators on leafminers include birds (Itämies and Ojanen 1977, Hespenheide 1991) and a number of invertebrates, among whom wood ants are most important (Faeth 1980, Fowler and Macgarvin 1985, Koricheva et al. 1995).

Species composition and diversity of larval parasitoids were evaluated in 1992-1993 by collecting samples of 20-100 mines with dead larvae from each of the twenty study sites. Collecting took place at the time when live larvae had started to leave the mines; the samples were kept at room temperature until autumn, and emerging parasitoids were collected at intervals of 2-3 days. Some more parasitoids emerged from the samples from 1992 following overwintering in a cold cellar. Parasitoids hatched from approx. 90% of mines; and there was no bias in the hatching rate in relation to mine size (which indirectly reflects the time when the larva was killed by a parasitoid), allowing us to assume that no parasitoids had yet left the mines before collection. Since we discovered no effects of pollution on parasitoid species richness or relative abundance (see Results), rearing was discontinued, and from 1994 onward we attributed parasitism to a complex of Eulophidae species (Hymenoptera, Chalcidoidea). Egg, prepupal and pupal mortality, as in an earlier study (Koricheva 1994), were considered minor and were not taken into account due to practical obstacles. 

Parasitoids may cause miner mortality by feeding not only by the parasitoid larva but also by the adult parasitoid (Van Driesche 1983, Hespenheide 1991). Although the latter source of mortality is difficult to quantify, it seems to play a negligible role in our study system, since total mortality from unknown reasons (including plant antibiosis, mine destruction by heavy rain, feeding by adult parasitoids and bugs, and possibly toxicity of pollutants) was relatively low.

Mortality from natural enemies was assessed at twenty study sites in 1994-1997, and continued at six of them in 1998-2005. When the vast majority of Eriocrania larvae had completed their development and left the mines (late June to mid July), we collected all mines from 25 infested trees per site. Care was taken to choose trees of the same size as those used for the evaluation of population density (see above). The samples were taken to the laboratory, where they were sorted into empty mines and mines containing dead or – rarely – live larvae. Mines with live larvae were kept at room temperature until the larva left the mine or was killed by a parasitoid. A total of 17,677 mines were analysed during 1994-2005. 

Mines with dead larvae were classified as killed by parasitoids if a parasitoid larva or pupa was visible inside the mine; if we did not see a parasitoid at first inspection, the mine was kept at room temperature for about a week and re-inspected, when necessary opening the mine. If we still discovered no signs of parasitism, death was attributed to unknown causes (0.01 … 4.65% of mines annually). Empty mines left by live larvae bear a small, almost invisible opening at one of the margins of the mine; the epidermis of these mines remain intact. These mines, together with mines left by live larvae in the laboratory, were classified as surviving individuals. If only a small part of a single epidermal wall was damaged (usually in a form of one or more small round holes), then the larva was classified as eaten by ants; if both walls of the mine were punched through and severely damaged, mortality was attributed to birds. Note that the classification of mines during all study years was performed by the same person (M. Kozlov), assuring uniformity of the data set.

We sorted all the mines collected into three size classes: small (<0.25 cm2), medium-sized and large (>1.5 cm2). Predators almost never damaged small mines, while parasitoids only rarely emerged from large mines. At first we conducted all the analyses separately for these three size classes; since, however, mine size had no effect on the patterns detected, the data were ultimately pooled.

Data analysis

The effect of pollution on the density of Eriocrania populations was first analysed using the data collected at the twenty sites during 1994-2005. The relationship between site-specific population densities (averaged over twelve years of observation) and foliar nickel concentrations (see above) were explored by calculating the Pearson correlation coefficient.

Temporal variability was quantified by calculating the coefficient of variation of the log-transformed annual densities. This calculation required adjustment of the density data, since the logarithm of zero is indefinite. Zero values were rare in our data set (19 out of 240 site-specific annual estimates), and we had no reason to believe that the Eriocrania population ever became extinct at any of our study sites. We therefore assumed that the actual population density was not zero but between zero and the detection limit (which in our sampling scheme is 1 mine per 25 censused trees), and replaced all zero values with a value corresponding to one half of the detection limit: 1 mine per 50 censused trees or approximately 0.06 mine/m2 of birch leaf area. 


A more detailed analysis was based on the data set collected from six study sites during 1994-2005. In this data set, the effects of pollution on Eriocrania population density, aggregation index and mortality from parasitoids, ants and birds were analysed by repeated measure ANOVA with site within habitat class (polluted vs. unpolluted) considered as a random variable (SAS Institute 1990). The analyses were based on 72 site-by-year means (six sites, twelve years). All characteristics were log-transformed prior to the analysis. 


In the same data set we assessed (with mixed model ANOVA) differences in pollution effects during years with high and low Eriocrania population density. For this purpose, the twelve study years were arbitrarily divided into two groups: high-density years (1995 and 1997-2000), when the proportion of infested trees was on an average more than 25% and the mean annual densities (averaged over six sites) ranged from 2.39 to 3.48 (mean 2.86) mines/m2 of birch leaf area, and low-density years, when annual densities ranged from 0.42 to 1.49 (mean 1.03) mines/m2 of birch leaf area (all other years). 


The per capita rate of change of Eriocrania density (Rt) between the years (t-1) and (t) was calculated as Rt = log(Nt/Nt-1) for each of six study sites in the twelve-year time series, yielding 33 values for polluted sites and 33 values for unpolluted ones. To assess the effect of natural enemies on Eriocrania density fluctuations, we correlated these Rt values with site-specific mortalities from parasitoids, ants and birds during the previous (t-1) year. The impact of pollution on density dependence was analyzed by the GLM procedure, with site-by-year ecological density classified as either high (>1 mine/m2 of the leaf area) or low.

The effects of mine clumping on the mortality of Eriocrania larvae from parasitoids, ants, and birds were explored using tree-specific mortality data from six study sites over twelve years. The mortalities of Eriocrania in trees with one, two or three, and more than three mines in polluted vs. unpolluted sites were compared by mixed model ANOVA, with site within habitat class considered as a random variable (SAS Institute 1990).
Results

Population dynamics 

Although the population densities of Eriocrania demonstrate considerable among-year variation (Fig. 1, Table 2), our time series were too short (12 years) to tell whether the populations had any cyclical tendencies or whether they fluctuated for other reasons. In unpolluted forest we observed one period of density increase (during 1996-2000; Fig 1b). In polluted sites (Fig. 1a) the magnitude of density changes was greater and peak densities 2-4 times higher than in unpolluted forest (Fig. 1b). 

In the data set of twenty sites, the population density of Eriocrania (averaged over twelve study years) did not correlate with pollution level (r = 0.12, N = 20, P = 0.61), but the variability of population densities increased with pollution load (coefficient of variation of log-transformed values: r = 0.45, N = 20, P = 0.04).

Contrary to the results of the correlation analysis, the contrast between the three most disturbed barren sites and the three relatively undisturbed forest sites (Table 2) revealed significantly higher Eriocrania density near the polluter: 2.99 ± 0.51 vs. 1.10 ± 0.18 mines/m2 leaf area, respectively (mean ± S.E., based on annual site-specific values). The difference between polluted and unpolluted sites was most pronounced in high density years (Fig. 2a). 

The populations at the three polluted sites fluctuated independently (Fig. 1a; pairwise correlations between annual densities: r = 0.16…0.56, N = 12 years, P = 0.06…0.62), while there was a strong positive correlation in population densities among the three unpolluted sites (Fig. 1b; r = 0.63…0.80, N = 12 years, P = 0.002…0.03). Note that the average distance between the three polluted sites was much shorter than between the three unpolluted sites (6.3 ± 2.3 vs. 36.4 ± 15.6 km, respectively). Temporal variations in population density differed between polluted and unpolluted sites, as indicated by the significant interaction between pollution load and study year (Table 2). 

Mine distribution among individual trees 

In the data set of twenty sites, the proportion of birches infested by Eriocrania (averaged over twelve study years) was independent of foliar nickel concentrations (r = -0.19, N = 20 sites, P = 0.42); the average number of mines per infested tree, however, increased with pollution (r = 0.57, N = 20 sites, P = 0.01). In the data set of six sites, trees without Eriocrania mines were equally abundant during the twelve-year period; trees with large numbers of mines, however, were more abundant on polluted sites (Fig. 3). Consistently, the repeated measure ANOVA (Table 2) demonstrated that mine aggregation in disturbed sites was higher than in pristine forests (number of mines per infested tree: 4.25 ± 0.47 vs. 1.61 ± 0.17; aggregation indices: 7.15 ± 1.11 vs. 2.09 ± 0.28, respectively). 

Diversity of parasitoids

A total of 1068 specimens of seven species of parasitoids (all from the chalcidoid wasp family Eulophidae) were reared from Eriocrania mines. Pnigalio longulus (Zett.) and Chrysocharis nephereus (Walk.) were most abundant (462 and 392 specimens, respectively); other recorded species were Minoterastichus frontalis (Nees) (90 specimens), Cirrospilus vittatus Walk. (77 specimens), Pnigalio agraules (Walk.) (41 specimens), Neochrysocharis formosa (Westw.) (4 specimens) and Cirrospilus lyncus Walk. (2 specimens).


Although the relative abundances of the parasitoid species varied between 1992 and 1993 (e.g. 11.8 vs. 63.8 % for P. longulus; 56.6 vs. 23.7 % for C. nephereus), no effects of pollution on species composition were detected in either study year (data not shown). The site-specific diversity estimates (Shannon-Wiener index) were independent of foliar nickel concentrations in both 1992 (r = 0.22, N = 18 sites, P = 0.39) and 1993 (r = -0.04, N = 20 sites, P = 0.86).

Mortality from natural enemies

The largest part of Eriocrania mortality (annual means for six study sites during 1994-2005: 7.87% to 78.1%) resulted from parasitism; mortality caused by ants was at about the same level as that caused by birds (2.55 to 26.0% and 0.87 to 21.7%, respectively). Annual site-specific estimates of parasitism correlated negatively with predation by both ants (r = -0.31, N = 72, P = 0.007) and birds (r = -0.40, N = 72, P = 0.0005).

In the data set of twenty sites, mean site-specific mortality from parasitoids and ants (averaged for 1994-1997) was independent of foliar nickel concentrations (r = -0.37, P = 0.11 and r = 0.17, P = 0.49, respectively; N = 20), while bird predation increased with an increase in pollution (r = 0.62, P = 0.004, N = 20). Contrary to the results of the correlation analysis, the contrast between the three disturbed and three undisturbed sites revealed a difference in the rate of parasitism, whereas mortality from ants and birds was similar at polluted and unpolluted sites (Table 2). The comparison of high-density and low-density years demonstrated that the parasitism rate differed between polluted and unpolluted sites in high-density years only (Fig. 2b); mortality from birds and ants did not depend on the population density of Eriocrania (Fig. 2c, d).

At the tree-specific level, mortality from parasitoids and birds increased with the number of mines per tree, while mortality from ants was independent of the number of mines (Table 3, Fig. 4). Even the co-occurrence of 2-3 mines on the same tree increased the risk of parasitism compared to a single mine (Fig. 4a), whereas mortality from birds increased only when four or more mines were recorded on the same tree (Fig. 4c). This pattern was similar at polluted and unpolluted sites (Table 3).

Temporal population dynamics

The strong correlation between the per capita rate of density change and mortality from parasitoids detected at the clean sites (Fig. 5b) indicates demographic effects of parasitoids on Eriocrania population dynamics. In contrast, on polluted sites the rate of density change was independent of parasitism (Fig. 5a). The impact of pollution on density dependence was confirmed by ANOVA, which demonstrated a marginally significant (F1,60 = 3.73, P = 0.058) interactive effect of pollution and density on the per capita rate of density change.
Density change did not correlate with mortality caused by predators on either polluted sites (ants: r = 0.14, P = 0.45; birds: r = 0.10, P = 0.59; N = 33) or unpolluted ones (ants: r = 0.09, P = 0.63; birds: r = 0.21, P = 0.24; N = 33). 

Discussion

Population dynamics of Eriocrania 

In agreement with an earlier report from the Monchegorsk area (Kozlov 1997), we found higher average densities of Eriocrania at the polluted sites. The density, however, did not increase gradually with pollution but changed with habitat deterioration, being significantly higher in industrial barrens than in adjacent birch woodlands; thus the density increase was revealed only by contrasting the data from the most and least disturbed sites (Table 2).

The temporal variability of Eriocrania densities also increased with pollution, and the absolute values of peak densities in the most disturbed habitats were 2-4 times as high as in unpolluted forest. This variation could not be explained by the accentuated variability of birch nutritional quality at polluted sites, since the among-year variation in weight of Eriocrania larvae did not differ between industrial barrens and pristine forest (M. Kozlov & E. Zvereva, unpubl.). Higher peak densities at polluted sites have earlier been demonstrated in another leaf miner, Phyllonorycter strigulatella (Kozlov 2003), in certain other moth species (Selikhovkin 1995), and in the leaf beetle Chrysomela lapponica (Zvereva et al. 1997). None of the Eriocrania populations monitored exhibited the biennial cyclicity observed by Bylund and Tenow (1994) in Northern Sweden.

Our results contradict the data collected in the surroundings of the Harjavalta nickel-copper smelter (SW Finland), where the density of a species group that included both E. semipurpurella and E. sangii declined near the polluter (Koricheva and Haukioja 1992). This discrepancy may be explained by our finding that the positive effects of pollution on Eriocrania density can only be reliably detected in high-density years. Thus studies lasting one or two years (including most studies of pollution effects on insect populations) may produce spurious results (Kozlov 2003). Another reason may be the relatively low level of pollution (and associated habitat disturbance) at Harjavalta (see Zvereva and Kozlov 2001): in particular, the incipient industrial barrens at Harjavalta cover <50 ha, compared to the approximately 20,000 ha of barren area around Monchegorsk.

At three severely disturbed sites the Eriocrania populations fluctuated independently of each other, in contrast to the synchrony detected between the populations from the three relatively undisturbed forest sites. The most common explanations of spatial synchrony of population fluctuations include dispersal and the “Moran effect” – spatially synchronous stochastic effects, i.e. weather (Hudson and Cattadori 1999, Peltonen et al. 2002). The tiny Eriocrania moths can hardly disperse over the several kilometres dividing our sites; thus the Moran effect seems the most plausible explanation of synchrony observed between the three populations at unpolluted sites. However, populations are most easily synchronised when they share a common structure of density dependence (Ranta et al. 1995, Hudson and Cattadori 1999). The disturbance  of density-dependent feedback with parasitoids in polluted sites (demonstrated in our study) is the most likely reason behind the absence of synchrony among the three polluted populations, as well as between populations from polluted and unpolluted sites. Changes in climatic conditions due to pollution-induced habitat deterioration, expressed differently at the three disturbed sites (Kozlov and Haukioja 1997, Zvereva and Kozlov 2001), may also have contributed to the asynchrony observed.
A lack of synchrony in density fluctuations between several populations inhabiting the same polluted area has previously been reported in four moth species in the surroundings of several polluters in Siberia (Selikhovkin 1995) and in a leaf beetle, C. lapponica, in the impact zone of the Monchegorsk smelter (Zvereva et al. 2002). In contrast, all monitored populations of Phyllonorycter strigulatella reached peak densities in the same years in both polluted and clean sites (Kozlov 2003). With the present level of knowledge, any generalization concerning pollution impact on synchrony in density fluctuations would be premature. 

Diversity of parasitoids


The three most abundant parasitoid species reared from Eriocrania larvae were the same as reported by Koricheva (1994) for Southern Finland (some 1000 km south of our study region).

The absence of pollution-related variation in the species composition of parasitoids attacking Eriocrania larvae allows us to reject the hypothesis of Koricheva (1994) concerning the potentially different pollution sensitivity of individual species of Eulophidae. This conclusion is of specific importance for our study; it allows us to disregard the possibility that the difference detected in the relationships between Eriocrania miners and their parasitoids in polluted and unpolluted sites emerged simply from the difference in species composition.


Our data on parasitoid diversity on the strong pollution gradient add one more example to the list of insect groups whose diversity is independent of pollution load (Kozlov 1997,  Kozlov and Whitworth 2002, Kozlov et al. 2005b), making it possible to question the validity of the widespread view (e.g. Magurran 1988) that polluted habitats always display a reduction in diversity.
Parasitism

Although the mortality of mining insects caused by natural enemies was found to be density-dependent in only 36% of species (Auerbach et al. 1995), parasitoids have often been considered a major force in regulating herbivore populations due to their commonness, their specialisation, and their rapid numerical response (Price 1987, Hawkins et al. 1997). Our data indicate that the population dynamics of Eriocrania in unpolluted forests is affected by interactions with parasitoids. Like a number of other herbivore populations (examples in Price 1987, Berryman 1998, Turchin et al. 2003, Münster-Swendsen and Berryman 2005), the temporal population dynamics of Eriocrania in undisturbed habitats is driven by parasitism in a negative feedback fashion (Fig. 5b). A simple numerical exercise with the Nicholson-Bailey host-parasitoid model (Brown and Rothery 1993) shows that if the parasitoid is regulating the host population (by driving it into cyclic fluctuations), there will be a negative correlation between infestation rate and host population growth rate (Nt). We therefore conclude that our data (Fig. 5b) indicate parasitoid control of the host population in unpolluted forests.
In contrast, polluted habitats exhibit not only a lower parasitism rate in the years when host density is high, but also an absence of any correlation between the per capita rate of change of Eriocrania density and the parasitism rate in a previous year, i. e. the absence of a negative feedback (Fig. 5a). While in undisturbed sites an increase in Eriocrania density is followed by an increase in parasitoid populations, which in turn leads to a decrease in host density, in polluted sites the parasitism rate does not increase. Failure of  parasitoids to follow host population growth creates an enemy-free space for Eriocrania leafminers; as the result, Eriocrania populations released from parasitoid control reach much higher densities than those in clean sites. Although our data are not sufficiently conclusive to reject the hypothesis of parasitoid control, they strongly support such a conclusion.
The lower parasitism rate in most disturbed sites revealed by ANOVA (Table 2) may be related to any of the following: to a direct negative impact of pollution (e. g. toxicity), to pollution-induced changes in host physiology, and/or to the adverse effects of environmental disturbance. In our study region, different stages of habitat disturbance (e.g. industrial barren and declining forest) coexist at the same level of pollution load (Rigina and Kozlov 1999, Kozlov 2005a, unpubl.). The absence of a correlation between Eriocrania parasitism rate and pollution load discovered in our study (data collected from twenty study sites), and earlier reported by Koricheva (1994) for the Harjavalta copper-nickel smelter, therefore suggests that the primary reason behind the effects observed is environmental deterioration (the development of industrial barrens). In particular, parasitoids may suffer from the harsh climatic conditions of industrial barrens – deep soil freezing, thin snow cover and strong winds (Zvereva and Kozlov 2001). Furthermore, in springtime industrial barrens are warmer than forest (Gilyazov 1993, Kozlov and Haukioja 1997); the altered spring conditions may disturb the phenological synchrony between parasitoids and their hosts, since early spring temperatures may affect parasitoid development differently from that of the host and thus influence parasitoid population size (Van Nouhuys and Lei 2004). Although the contribution of toxicity problems to the pattern detected cannot be excluded, it seems unlikely that the effects are caused by toxicants accumulated in parasitoid hosts, since Eriocrania larvae excrete most of the metal consumed with contaminated birch leaves (Kozlov et al. 2000). The lower parasitism rate in Eriocrania populations from polluted sites may be also partly explained by the higher encapsulation ability which was discovered in Epirrita autumnata feeding on heavy metal polluted food (vanOoik et al., 2006).  
To conclude: the negative feedback is stronger in unpolluted forests than in habitats disturbed by pollution, suggesting that the population dynamic of Eriocrania miners in undisturbed forest ecosystem is driven by endogenous factors, imposing dynamic feedbacks affecting population numbers (Turchin 1999). In habitats disturbed by pollution, Eriocrania populations seem to be affected mostly by exogenous factors, and therefore demonstrate no dynamic feedback. This finding is in line with earlier reports on the disturbance of top-down regulation due to habitat fragmentation (Roland and Taylor 1997, Ryall and Fahrig 2005, Van Nouhuys 2005 and references therein).

Predation

The predator-related mortality of the leaf beetle C. lapponica in the same study area decreased significantly at polluted sites, contributing to the leaf beetle density increase in areas disturbed by pollution (Zvereva and Kozlov 2000). It was therefore surprising not to find a similar pattern in Eriocrania populations inhabiting the same study sites, since leaf beetles and Eriocrania miners share the most important generalist predators, such as insectivorous birds and wood ants. The decrease in abundances of ants and birds in polluted areas has been demonstrated in a number of studies (Petal 1980, Stary and Kubiznakova 1987, Gilyazova 1993). This decrease is especially dramatic for birds in industrial barrens around the Monchegorsk smelter (Gilyazov 1993, Kozlov et al. 2005a). In spite of this, Eriocrania mortality from birds during the observation period was at about the same level in polluted and unpolluted sites (Table 2), and even showed a positive correlation with pollution load during the first phase of the study (1994-1997). This result may be due to the low abundance of invertebrates in polluted habitats, leading to nutritional stress in birds (Eeva et al. 2003); in our study area, for example, the abundance of many insects, including larvae of the autumnal moth Epirrita autumnata Bkh. (Ruohomäki et al. 1996) and blood-sucking flies (Kozlov et al. 2005b), was dramatically decreased. Eriocrania larvae, which remain abundant in polluted habitats, may thus form a relatively larger part of the bird diet than in clean habitats. A similar explanation may also be valid for ants. In the case of C. lapponica, mortality from birds and ants in polluted habitats remains low because the larvae and beetles are protected from generalist predators by defensive secretion. 

The negative correlation between parasitism and predation rates discovered in our study system may result simply from the fact that most predation occurs when the Eriocrania larvae are relatively large: if parasitism in the early stages of larval development is high, nothing is left for predators.

Mine clumping: causes and consequences

Mine distribution among individual birches differed between polluted and clean sites: in the industrial barrens the Eriocrania mines were more aggregated, similarly to another leaf miner, P. strigulatella (Kozlov 2003). This clumping presumably results from environmental changes: since in barren habitats birches grow more sparsely and insect flight is hampered by strong winds, the females of the tiny Eriocrania moths prefer walking and ovipositing within a tree rather than flying and dispersing their eggs among several birch trees (Kozlov 2003).

The clumping of Eriocrania mines in polluted habitats may modify the pattern of larval mortality from both parasitoids and predators, as indicated by the increase in mortality with an increase in the tree-specific number of mines. A positive spatial correlation with host density was earlier found in certain other leaf miner parasitoids (Mopper et al. 1984, Bultman and Faeth 1985, Preszler and Boeckle 1994); in general, a positive spatial density dependence is more frequent in small parasitoids due to their low migratory abilities (Walde and Murdoch 1988). Host aggregation may especially favour parasitoids when host density is low and the host search is therefore hampered. In our study, the relatively high parasitism rates at polluted sites in years with low Eriocrania densities (Fig. 2b) may be explained by host aggregation. 

Bird predation at polluted habitats may also be favoured by mine clumping, since predation on mining insects, in particular by birds, has been found to be spatially density-dependent (Itämies and Ojanen 1977, Bultman and Faeth 1985). Birds seem to benefit from crowded mine distribution more than other natural enemies: bird predation on trees with >3 mines was 73% higher than predation of solitary mines, while parasitism was 35% higher and ant predation only 23% higher (Fig. 4). 

Conclusion

The increase in both mean and peak densities and in the temporal variability of Eriocrania populations, as well as the loss of temporal synchrony in density fluctuations in polluted sites, are most likely due to the disruption of the negative feedback with parasitoids which contributes to the Eriocrania population dynamic in undisturbed environments. In contrast, parasitism is not a key factor for demographics of Eriocrania in polluted habitats, where the rate of population change is independent of parasite-induced mortality. Contrary to expectations, a decreased abundance of general predators does not contribute to the density increase of Eriocrania miners in the polluted habitats. In general, our results suggest that in areas where the forest ecosystem has been heavily disturbed by pollution, density-independent stochastic factors dominate over the density-dependent factors characteristic of the stable forest ecosystem.
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Table 1. Characteristics of study sites

	Site number
	Plot characteristics
	Characteristics of birch populations

(Mean ± S.E.)1

	
	Position relative the smelter
	Latitude
	Longitude
	Altitude
	Stem number, ha-1
	Stem area, m2/ha
	Height, cm

	1
	1.6 km NW
	67(56'13”
	32(50'07”
	200
	620 ± 129
	0.08 ± 0.02
	57 ± 4

	2
	6.6 km S
	67(52'05”
	32(48'16”
	310
	300 ± 24
	0.17 ± 0.04
	69 ± 7

	3
	8 km S
	67o50’54”
	32o48’08”
	225
	1296 ± 231
	0.28 ± 0.09
	47 ± 7

	4
	27 km S
	67(40'39”
	32(49'31”
	220
	536 ± 108
	0.30 ± 0.03
	192 ± 38

	5
	33.6 km S
	67o38’20”
	32o45’00”
	160
	-
	-
	-

	6
	63 km SE
	67(32'16”
	33(57'52”
	250
	276 ± 66
	1.33 ± 0.67
	360 ± 45


1Based on censusing of all birches with basal stem diameter 3 mm or more; averaged from 4 plot-specific means per site (plot size 25 × 25 m); data collected in 1997.

Table 2. Effect of pollution (3 polluted vs. 3 clean sites) and study year (1994-2005) on Eriocrania population density and mortality from natural enemies (repeated measure ANOVA, based on site-by-year means).
	 Character
	Source of variation
	df 1
	F
	P

	Density (mines/m2)
	Pollution

Year

Pollution*Year
	1

11

11
	13.93

6.69

3.34
	0.02

<0.0001

0.0035

	Proportion of infested trees
	Pollution

Year

Pollution*Year
	1

11

11
	0.49

9.85

4.19
	0.52

<0.0001

0.0003

	No of mines per infested tree
	Pollution

Year

Pollution*Year
	1

11

11
	12.99

1.77

1.71
	0.02

0.16

0.17

	Aggregation 

index
	Pollution

Year

Pollution*Year
	1

11

11
	19.04

1.34

0.60
	0.01

0.26

0.77

	Mortality from parasitoids
	Pollution

Year

Pollution*Year
	1

11

11
	7.32

18.76

1.53
	0.05

<0.0001

0.20

	Mortality from ants
	Pollution

Year

Pollution*Year
	1

11

11
	0.50

3.30

1.13
	0.53

0.0039

0.37

	Mortality from birds
	Pollution

Year

Pollution*Year
	1

11

11
	1.67

6.61

0.92
	0.27

<0.0001

0.53


1 Error df = 4 for between subjects (pollution) effect and 44 for within subject (year and year by pollution) effects.

Table 3. Effect of pollution (3 polluted vs. 3 clean sites) and mine number in a tree (grouped as 1 mine, 2-3 mines, 4 or more mines) on Eriocrania mortality from natural enemies (mixed model ANOVA).

	Character
	Source of variation
	df 1
	F
	P

	Mortality from parasitoids
	Pollution

Mine number

Pollution* Mine number
	4.58

1821

1821
	10.88

14.86

1.14
	0.02

<0.0001

0.32

	Mortality from ants
	Pollution

Mine number

Pollution* Mine number 
	4.16

1820

1820
	0.00

1.38

0.91
	0.97

0.25

0.40

	Mortality from birds
	Pollution

Mine number

Pollution* Mine number
	4.06

1819

1819
	0.26

7.13

1.19
	0.63

0.0008

0.30


Figure legends

Fig. 1. Eriocrania population density (mines/m2 of birch leaf area) at three polluted (a) and three clean (b) sites during twelve study years (1994-2005). For characteristics of study sites see Table 1.
Fig. 2. Eriocrania population density (mines/m2 of birch leaf area) (a) and mortality caused by parasitoids (b), ants (c) and birds (d) in polluted (filled bars) and unpolluted (empty bars) habitats during years with high density (1995, 1997-2000) and low density (1994, 1996, 2001-2005). Values are least square means; bars indicate S.E. Bars marked with different letters differ from each other at p <0.05 (mixed model ANOVA, Tukey test).

Fig. 3. Numbers of trees with different numbers of Eriocrania mines in three polluted and three unpolluted sites. N = 900 trees for both polluted and unpolluted sites (25 trees used for density estimation in each of twelve years in each of three study sites). Differences between distributions are significant at p < 0.0001 (Kruskal-Wallis test). 

Fig. 4. Mortality of Eriocrania larvae caused by parasitoids (a), ants (b) and birds (c) on trees with one, two or three and more than three mines (data for six study sites and twelve years). Differences between groups are significant at p < 0.0001 for all groups of enemies (Kruskal-Wallis test).

Fig. 5. Correlation between previous year parasitism rate and per capita rate of population change in three polluted (a) and three unpolluted (b) sites. For characteristics of study sites see Table 1.
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