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Abstract    26 

The biogeochemistry and ecology of the Arctic environment have been heavily impacted 27 

by anthropogenic pollution and climate change. We examined long-term changes in wood 28 

chemistry of the dominant tree species of Siberian forests with inductively coupled 29 

plasma mass spectrometry analysis to study interaction between climate change and 30 

environmental trace elements. Variance and correspondence of 26 element concentrations 31 

of larch tree rings from the Taymyr Peninsula were statistically analyzed from AD 1300 32 

to 2000. Unexpectedly, the tree rings reveal pronounced depletion of xylem Ca and Mg 33 

concentrations and enrichment of P, K, Mn, Rb, Sr and Ba concentrations after ca. 1950. 34 

The significant trends are unprecedented for the last 700 years, but the environmental 35 

mechanism triggering the change is not obvious. We hypothesize that the declining 36 

xylem calcium and manganese is a response to soil acidification from to air pollution as 37 

seen in experimental acidification elsewhere.  The increase of P, K, and Mn 38 

concentrations, however, seems more likely a result of changes in root efficiency and 39 

excess water-soluble minerals liberated by the permafrost thaw and warming 40 

temperatures. Changes in wood chemistry altered by soil nutrient availability may signal 41 

mounting stress on arctic vegetation.   42 

 43 

 44 

 45 

 46 
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 47 

 48 

Introduction  49 

Warming of the Siberian Arctic over the 20th century has triggered an increase of 50 

tree cover as tree line has expanded both northward and upwards (Kharuk et al 2006, 51 

Kirdyanov et al 2012, Golubeva et al 2013).  Under some circumstances, however, the 52 

fragile balance of health and productivity of northern forest ecosystems has been 53 

adversely impacted by the climate change (e.g., Lloyd et al 2011) and pollution loading 54 

(e.g., Nilsson et al 1998; Kirdyanov et al 2014). To date many studies report profound 55 

impact of permafrost thawing on biogeochemical cycling and unexpected environmental 56 

feedbacks (e.g., Shur and Jorgenson 2007, Yarie and Van Cleve 2010, Keuper et al 2012, 57 

Iijima et al 2013). Moisture stress from the deepening of the active melting layer of 58 

permafrost soils contributes to unusual decline in forest growth in the high north (Barber 59 

et al 2000, Girardin et al 2014). Other studies show that active permafrost thawing could 60 

damage the boreal trees through acidification of the environment and soil in particular 61 

(Shortle et al 1997, Nilsson et al 1998, Shur and Jorgenson 2007, Rice and Herman 62 

2011). The global acceleration of nitrification and anthropogenic acidification along with 63 

surface deposition of contaminants during industrial times greatly alters biogeochemistry 64 

of Arctic ecosystems as well (Galloway et al 2003, Smith et al 2011).  The acid 65 

compounds induced by air pollution over the Arctic are well documented since the 1970s 66 

as a result of industrial pollution originating in mid-latitudes (AMAP Assessment 2006). 67 

However, pollution over the Arctic has been present much earlier than the historical 68 

records suggest. According to Law and Stohl (2007), pilots observed “widespread haze” 69 

http://istina.msu.ru/workers/597861/
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over the North American Arctic in the 1950s. The effect of soil leaching related to 70 

nitrification is a well-documented phenomenon in Arctic and boreal ecosystems (Van 71 

Miegroet and Cole 1984, Sverdrup et al 1994). In cold environments, deposition of acid 72 

anions, such as sulfate and nitrate, affects intake of important macronutrients such as Ca, 73 

P, Mn and K by trees (Agren et al 2012). Additionally, surface water enriched with 74 

HNO3 (nitric acid) triggers both the leaching and transport of base cation Ca2+, K+ and 75 

Mg2+ within the entire soil profile and leads to their depletion from the exchangeable pool 76 

available for tree uptake (Hogberg et al 2006). Thereby, the long-term (decadal) 77 

alterations of soil mineral composition clearly impact the relationship of exchangeable 78 

elements between soil and trees, and Siberian boreal forests are subject to these types of 79 

chemical alterations. Despite the significance of these affects, little is understood about 80 

the chemical relationship between trees and soils beyond the industrial period of the 81 

Modern Era.  82 

 Understanding of current forest conditions with respect to the possible influence 83 

of climate change and large–scale air pollution can be improved with knowledge of the 84 

history of biogeochemistry changes, which may in principle be accomplished using proxy 85 

archives such as tree rings (Hughes et al 1980).  Tree-ring records are an established 86 

proxy of atmospheric pollution and soil and water contamination (Hall et al 1975, Baes 87 

III and McLaughlin 1984, Guyette et al 1992, Padilla and Anderson 2002, Kuang et al 88 

2008). Tree-ring chemistry addresses to dynamics of stem element concentrations, which 89 

can be used as diagnostic markers of environmental change including soil chemistry. The 90 

aforementioned applications of tree rings have been successful in reconstructing soil pH 91 

and atmospheric pollution, and monitoring sulfur deposition and metal contamination 92 

http://link.springer.com/search?facet-author=%22H.+Sverdrup%22


 5 

(e.g., Guyette and Cutter 1993, Lei Chen et al 2010, Doucet et al 2012). Experimental 93 

acidification of soil and vegetation suggest that ratios of molar elements in tree rings 94 

(such as Ca/Mg, Mg/Mn or Ca/Al) may be more diagnostic for environmental effects 95 

than xylem elemental concentrations alone (DeWalle et al 1999, Kuang et al 2008).  96 

Unfortunately, definitive understanding of unfolding impacts of atmospheric 97 

acidification and climate warming is often limited by the lack of long-term data on soil 98 

pH and nutrients uptake by trees. This deficiency prevents element trend comparisons 99 

earlier than the Modern Era warming and preindustrial times. Recent expanded 100 

application of inductively coupled plasma mass spectrometry has significantly increased 101 

the length of observations for trace elements from tree rings. Still, there are few records 102 

exceeding 100 years. The longest trace element tree-ring record known to us goes back to 103 

the mid-1600s (Padilla and Anderson 2002).  104 

We hypothesize that xylem trace element concentrations may show long-term 105 

changes in nutrient uptake by trees, which would provide evidence of interaction between 106 

climate change, pollution and environmental trace elements. We developed highly 107 

resolved and replicated records of trace element concentrations from larch tree rings and 108 

analyzed their variance and relationships extending back 700 years. The main goal of this 109 

study was to see whether xylem chemistry shows variability as potentially related to 110 

long-term nutrient availability in arctic soils prior to the Industrial Revolution and during 111 

the Modern Era warming. We apply Principal Component analysis to the long tree-ring 112 

series, i.e., series that can capture changes that have taken place over several decades to 113 

one hundred or more years, which assesses non-linear inter-correlation between various 114 

xylem trace elements. Further, use of ‘long-term’ scale refers to changes that have taken 115 
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place over several decades to one hundred or more years. The results are discussed in 116 

relation to regional climate change and global acidification of the Arctic environment as 117 

well as pollutant emissions of north Siberian origin.  118 

 119 

Materials and Methods 120 

Site settings  121 

The tree-ring site is located in the Kotuy River catchment near but outside of a 122 

85-km zone of direct contamination impact of the Norilsk Nickel smelting complex, the 123 

largest pollutant of heavy metals and SO4-S in the world since the 1950s. The studied 124 

area is the northernmost limit of tree growth in the world, on the Taymyr Peninsula of 125 

Eurasia (figure 1).  The forest-tundra ecotone is widespread with thermokarst lakes and 126 

meandering streams draining polygonal tundra soils. Vegetation cover is sparse (less than 127 

30%). Larch is the dominant conifer species of the Siberian forest-tundra and boreal 128 

forest.  The age of mature larch trees (Larix gmelinii Rupr.) ranges from 100 to 550 129 

years. Tree-ring growth of larch at the site is strongly limited by June-July temperature 130 

variability (Naurzbaev and Vaganov 2000). The growing season extends for only ca. 2.5 131 

months, with mean annual temperature -13.5C at the Khatanga weather station. Because 132 

larch is a deciduous coniferous tree, foliage is retained only during the short growing 133 

season. Overall, the larch matches optimal conditions for dendrochemistry, which ideally 134 

include a long-lived tree species, conifer, wide range of geographical distribution, distinct 135 

heartwood, a low number of rings in sapwood and low heartwood moisture content 136 

(Cutter and Guyette 1993). 137 
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Shallow soil is developed on frost-shattered limestone debris and fluvial silt and 138 

loamy to sandy sediments mixed with coarse gravel on the solifluction slopes. On 139 

average, the soils are dry and maximum thaw depth is up to 60 cm (authors V. Shishov 140 

and A. Knorre personal field observation), although the water table is close to the surface 141 

(ca. 40 cm). Typical polygonal tundra soil is low in organic matter content, gleying and 142 

acidification (Goryachkin 2010). At Taymyr, wet-setting soils are near neutral (pH 7.3) 143 

on average but soils from dry settings are slightly acidic (pH 5.3) (Schmidt 1999). The 144 

tree-ring upland site has relatively dry conditions.   145 

At the continental scale, this area is transitional between the extremely flat 146 

Western Siberian plain and the higher relief of Eastern Siberia. The terrain encompasses a 147 

rolling plain between the Byrranga Mountains to the north and the North Siberian 148 

Lowland to the south. The elevation rises southwest to northeast from 160 m a.s.l. on the 149 

flood plains of the Kotuy River to 350 m a.s.l. in the mountains. Atmospheric circulation 150 

over the area depends on seasonal buildup of the Siberian High and the Siberian Low as 151 

well as the Arctic front, which play a key role in atmospheric circulation for the entire 152 

Eurasian continent (Shahgedanova 2002). The constraints of regional topography and the 153 

prevailing surface winds (westerlies) result in open-air transport into the area from both 154 

the west and south. The prevailing wind vectors change from the west to southwest 155 

direction during summer and the south-southwest direction during winter.  156 

Tree-ring sampling  157 

Sixteen larch cross-sections (Larix gmelinii) were selected from several hundred 158 

tree-ring specimens originally collected for a dendroclimatic study (Naurzbaev and 159 

Vaganov 2000).  These were gathered from the forest-tundra ecotone along a 36-km 160 
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Kotuy River transect between 70°53′N 102°55′ E (350 m a.s.l.) and 70°37′N 103°23′ E 161 

(160-350 m a.s.l.). The original collection sought vigorous-looking trees with full foliage 162 

with no evidence of anthropogenic wounding or fire scars. Our subsampling selected 163 

individuals with large growth rings to provide the minimum 100 mg of material per ring 164 

group for analysis. The crossdated tree rings are combined into a tree-ring chronology 165 

with four-tree replication for any given year from AD 1300 to 2000 (figure 2).  The 166 

collected wood cross-sections were dried at room temperature several weeks. Small radial 167 

blocks ca. 1-cm wide by 1-cm thick were cut from the cross-sections.  The rings were 168 

separated into 5-year and 10-year groups with a mass of dry wood at least 100 mg.  In 169 

most cases 10-year groups were isolated, which determined decadal resolution of the 170 

resulting tree-ring records.  171 

Analytical analysis  172 

 Chemical pre-treatment of wood and analytical measurements were done at the 173 

Limnological Institute SBRAS (Irkutsk, RU). The subsampled wood was digested in 174 

nitric acid (HNO3) according to the methods described by Sheppard et al (2008). The 175 

chemical concentrations of 26 elements (Li, B, Na, Mg, Al, Si, P, Cl, K, Ca, Cr, Mn, Fe, 176 

Ni, Cu, Zn, Rb, Sr, Zr, Ag, Cd, Sn, I, Ba, Pb and Bi) were measured on an Agilent 7500 177 

quadrupole Inductively Coupled Plasma Mass Spectrometer (ICP-MS). We did not 178 

measure concentrations of nitrogen and sulfur because pretreatment of the wood samples 179 

involved nitrogen (HNO3), and the carrier gas (argon) used in measurements contained 180 

small amount of sulfur. Vigorous measures for quality control and reliable element 181 

detection included use of stainless-steel scalpels for ring separation, work in a cleanroom 182 

environment with sterile chemical dishes and tubes, regular calibration checks of ICP-MS 183 

operational parameters and replicated measurements (Dahlquist and Knoll 1978, 184 
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Sheppard et al 2008). The measurements were replicated 3 to 6 times for each sample to 185 

heighten the measuring accuracy of element detection.       186 

For calibration of mass-spectrometer measurements, we used a multi-element 187 

standard solution “2A Standard” ([Ag], [Al], [Ba], [Ca], [Cr], [Cu], [Fe], [K], [Mg], 188 

[Mn], [Na], [Ni], [Rb], [Sr] and [Zn]= 10.08 ppb). Additionally a standard of Lake Baikal 189 

water was used (Na, Mg, Si, S, Cl, K, Ca) as described in Suturin et al (2003). 190 

Uncertainties of metal concentration measurements (Na, Mg, Al, K, Ca, Mn, Fe, Ni, Cu, 191 

Zn, Rb, Sr and Bi) in excess of 0.1 ppb (or 0.05 ppm referenced to the mass of dry wood 192 

sample) were no more ±30% uncertainty. Measurements of other elements such as B, Si, 193 

P, Cl, Zr, Ag, Cd, Sn and I have an uncertainty slightly higher than ±30%. All the results 194 

for element concentrations were measured in ppb (µg/kg) referenced to the mass of 195 

initially dry wood sample prior to adding acid.  More details on analytical methods used 196 

for determination of the tree-ring measurements of element concentrations can be found 197 

in Grachev et al (2013). 198 

Statistical Analysis  199 

Concentrations of the tree-ring elements vary significantly because of differences 200 

in their chemical properties and biochemical cycling (figure S1). Before applying 201 

statistical comparison we normalized the time series to their mean and standard deviation 202 

with the formula: 203 

c

c

cc
Z




 , 204 

where Zc = standardized value with mean=0 and standard deviation=1; c = the measured 205 

concentration; c = mean (or average); c = standard deviation. To detect differences 206 
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between sets of normalized and averaged time series of 26 tree-ring elements, a cluster 207 

analysis was applied (Spath 1980), which is routinely used in tree-ring studies to 208 

segregate a common signal within a multivariate dataset (Fritts 1974, Shishov and 209 

Vaganov 2010).  A hierarchical tree approach agglomerated a possible number of 210 

clusters. Optimal distance between clusters was measured with Pearson correlation via 211 

the Ward’s method (Ward 1963). The amalgamation rule used in the Ward’s method 212 

analyzes a relationship between group variance and minimizes the sum of squares of 213 

neighboring clusters. The K-means method defined the structure of our time series 214 

classification (MacQueen 1967). 215 

Further examination of variance relationships retained by a clustered set of 216 

element concentrations was performed using Principal Component analysis (PCA), also 217 

commonly used for tree-ring data (LaMarche and Fritts 1971). Factor loadings of 218 

principal components were calculated with the Varimax (orthogonal) rotation method to 219 

maximize variance of loadings across a correlated assemblage of variables (Jolliffe 220 

2002).  All calculations were done in Statistica 8.0 software  (www.statsoft.com).  221 

 222 

Results 223 

Pearson correlation analysis between monthly precipitation and temperature from the 224 

nearby Khatanga weather station (download http://meteo.ru/data_temperat_precipitation/) 225 

for the interval AD 1936-2000 and 26 element tree-ring series shows no significant 226 

correlations, confirming our assumption that the tree-ring element series is an 227 

independent environmental proxy. Both linear and non-linear interactions in variability of 228 

the normalized element tree-ring records were evaluated in two steps (table 1). First, the 229 

http://www.statsoft.com/
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cluster analysis of element tree-ring variables identified four classes within which 230 

element concentrations are most interrelated through last 700 years. Number of element 231 

tree-ring series included in a cluster varies from four to ten. Second, PCA was 232 

implemented for the tree-ring variables from each cluster. This quantified a common 233 

domain of signals recorded across the elemental concentrations previously selected by 234 

clusters.  235 

The first two clusters (cluster #1 and #2) captured the variation of concentrations 236 

of biologically essential trace elements and metals: the Fe, Zr, Cd, Sn, 208Pb assemblage 237 

and the Li, B, Na, Al, Cr, Ni, Cu, Zn, Ag, I assemblage, respectively. These elements 238 

show no changes in their concentrations with time. Two other clusters (cluster #3 and #4) 239 

contain both macro- and micronutrient elements that have steadily changed their 240 

concentrations after ca. AD 1950  (table 2). The means and standard deviations of the 241 

principal components of these two clusters compared between intervals AD 1305-1900 242 

and 1900-1995 are significantly different. 243 

The third cluster (#3) has two principal components that explain 56% and 26% of 244 

common variance (table 1). Concentrations of 209Bi, Cl and Si from the first principle 245 

component (PC1) of this cluster show no significant trend, but the second PC with P 246 

concentration shows a positive trend (table 2, figure 3 a-b).  The phosphorous signal 247 

accounts for the highest loading in the second PC variance (0.8) and reveals significant P 248 

increase in tree rings formed over sixty years after ca. 1940.  249 

Three principal components obtained from the fourth cluster (#4) demonstrate 250 

trends over the most recent 50 years of the tree-ring records. The three PCs explained 251 

45%, 27% and 12% of common variance within the cluster #4 element set composed of 252 
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Mg, K, Ca, Mn, Rb, Sr, and Ba (table 1). The first PC of this cluster connects dominant 253 

variance between Mg and Ca records and shows a negative trend (table 2, figure 3c) 254 

suggesting depletion of these two elements. In contrast, the second and third PCs have 255 

positive trends after the 1950s and integrate signals across the Mn and Rb group and the 256 

K, Sr, and Ba group of tree-ring records, respectively (table 2, figure 3d-e).  The positive 257 

trends suggest enrichment of exchangeable P, Mn and K in the soils, which have the 258 

highest factor loadings in the groups. In contrast, the negative trend probably is consistent 259 

with protracted depletion of exchangeable Ca and Mg from the soil.  260 

The elemental concentration changes through time are large and statistically 261 

significant. The wood chemistry indicates a ten-fold and a three-fold increase in P and K 262 

concentrations, respectively, and a three-fold reduction in Ca and Mg concentrations 263 

(figure S1).  Notably, the timing of the nutrient shift correlates between various elements 264 

and the peak concentrations appear during the last few decades of the records (1970-265 

2000). This timing would seem consistent with observations related to higher cation 266 

mobility in sapwood – living xylem tissue where water conductivity takes place 267 

(Helmisaari and Siltala 1989, Smith et al 2009).  However, the observed trends extend 268 

beyond the 10-15 year sapwood segment.  Moreover, the tree-ring records have two 269 

segments with sapwood, i.e., ca. AD 1875-1900 and 1975-2000, the first of which is in 270 

the 19th century (figure 2) and does not show the concentration change. Although some 271 

elements such as P and K accumulate in sapwood through function of protoplasts (Smith 272 

and Shortle 1994), we do not attribute the 20th century increase to this effect, because we 273 

do not see the same trend in the 19th century sapwood for this species. Thus, the 274 

relationship of element concentrations in the last few decades, which were detected with 275 
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the cluster and PC analysis, is capturing recent real dynamic changes, and it is not a 276 

heartwood-sapwood artifact. We believe that the chemical signal of low Ca-Mg versus 277 

high P-Mn-K in the larch tree rings relates and mirrors the availability of these 278 

exchangeable minerals in soil. However, more than one environmental factor may be 279 

prompting the long-term changes in soil and larch chemistry after ca. 1950.   280 

Discussion  281 

On one hand, the overall bulk quantity of elements in soils, contributed from 282 

various sources and processes can influence the concentration of elements in tree rings.  283 

Baseline concentrations of many elements available to plants in soils derive from 284 

weathering of the local bedrock. However, element concentrations can sometimes be 285 

greatly enhanced by airborne transport of natural and anthropogenic atmospheric inputs 286 

(Nriagu 1989, Law and Stohl 2007).  There are more than a few varied forest locations 287 

where evidence of changing soil chemical composition and soil pH correlated with tree-288 

ring element concentrations and pollution in the late 20th century (e.g., Johnson et al 289 

2008, Chen et al 2010). 290 

On the other hand, the elemental composition of tree rings is further determined 291 

by processes affecting availability and uptake of elements.  The availability of nutrients 292 

to trees is a function of total concentration in soil solution, which will be influenced by 293 

both soil pH and soil mineral exchangeable pool (Berthrong et al 2009).  The input of H+ 294 

during acid deposition can alter the chemistry of soils by altering weathering, cation 295 

exchange, and mobility and availability of ions in the soil (e.g., Lawrence et al 1995, 296 

DeHayes et al 1999).  Excess acidity may adversely affect plant nutrition if it contributes 297 

to uptake of excess toxic metals or to deficiency of essential nutrient cations such as 298 
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calcium and potassium (Hirschi 2004, Lautner and Fromm 2009).  Soil acidification (low 299 

soil pH) can decrease exchangeable Ca as acid-liberated Al cations occupy cation-300 

exchange sites on clays and displace the atmospheric-origin base cations (e.g., Ca, K, 301 

Mg, Mn) from the soil exchange complex, contributing to their leaching out of the soil 302 

column (Warby et al 2009). The observed negative trend in the wood Ca and Mg 303 

concentrations at the tree-ring site may be signaling these soil acidification effects on 304 

base-cation loss. The observed increase of xylem Mn concentration can indicate ongoing 305 

soil acidification as well.  Reconstructions of soil pH with tree rings suggest that xylem 306 

concentration of Mn correlates negatively with soil pH (Kogelmann and Sharpe 2006), so 307 

the acidity may be mobilizing Mn that might otherwise by locked up in mineral oxides. 308 

Like Mn, Ba concentration in trees also has a negative relationship with soil pH (Barber 309 

1984) and is used to monitor sulfur deposition into soils (Guyette and Cutter 1994). The 310 

largest local source of sulfur deposition, the Norilsk smelting complex, is about 500 km 311 

west of the tree-ring site. The area of larch dieback impacted by the Norilsk pollution has 312 

been increasing for the last 50 years and presently reached ca. 85 km from Norilsk 313 

(Ivshin and Shiyatov 1996, Voronin and Ziganshin 1999, Kirdyanov et al 2014). There is 314 

no direct evidence of detrimental effects of the Norilsk pollution on the forest (Golubeva 315 

et al 2013) although modeled trajectories indicate active delivery of airborne sulfur to the 316 

site at times (figure S2).  Historically, the smelting complex started operating since 317 

1950s, the metal production tripled between the 1960s and 1980s. In 1983 the emissions 318 

of sulfur dioxide and mineral dust from the Norilsk metal production complex reached a 319 

maximum of 2483 thousand tons and 73.7 thousand tons, respectively (Doklad 2010). 320 

During the more recent 1990-1999 decade, Norilsk Nickel production released an average 321 

http://istina.msu.ru/workers/597861/
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of 2066.5 thousand tons of sulfur dioxide and 25.5 thousand tons of particles into the air 322 

each year (Doklad 2010). Thus, the modification of tree nutrient cycling at the studied 323 

site may signals the soil pH variation and may link to consequences of both global and 324 

local sources of Arctic acidification after 1950. 325 

However, the elevation of xylem K, P, Rb and Sr concentrations in the tree-ring 326 

records is puzzling.  The K+ activity in soils with low pH should be reduced by 327 

availability of Al cations, similar to Ca and Mg.  Nor should high P be expected in most 328 

arctic soils with low fertility because of low mobility and availability of this element to 329 

plants (Burton et al 2002). It therefore seems likely that the interrelated concentration of 330 

these elements is driven by a mechanism apart from soil acidification. Acquisition of 331 

phosphorous by trees mainly occurs through diffusion (Barber 1984) and changes in larch 332 

root morphology and absorption efficiency would be the prime suspect for the upsurge. 333 

Root-induced increase of soluble P, K and Rb in alkaline or slightly acid soils has been 334 

reported as function of both decreasing soil pH (acidification) and the warming air 335 

temperature (Hinsinger 2001, Burton et al 2002, Ruess et al 2006). Considering the fact 336 

that climate of the Taymyr Peninsula has been warming steadily since 1880  (figure 4) 337 

several factors may contribute to the root-induced mineral modification, including 338 

ongoing thaw of permafrost soils and deepening of its active layer (Fedotov et al 2012). 339 

Permafrost thawing contributes to release of old carbon accumulated over thousands of 340 

years and changes the net carbon exchange in the Arctic and boreal forest  (Hobbie et al 341 

2002, Schuur et al 2009). Obviously, this alters the exchangeable pools of soluble 342 

minerals in soils. Even so the rate of release of base cations from the permafrost thaw is 343 

controversial (Keuper et al 2012), the thawing and associated nutrient release are coupled 344 

http://link.springer.com/search?facet-author=%22Sarah+E.+Hobbie%22
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with tree nutrient uptake (Hobbie et al 2002, Herzschuh et al 2013). To date many studies 345 

report significant impact of both drought and moisture excess on the soil exchangeable 346 

cation pool throughout the soil profile in the Arctic caused by climate warming (e.g., 347 

Kreuzwieser and Gessler 2010). There could be additional causes of the observed trends 348 

in the elemental concentrations of our tree-ring records.  349 

The estimated signature of multidecadal changes in the cycling of major tree 350 

nutrients Ca, Mg, K, P and Mn) is important to monitoring of health and productivity of 351 

the Siberian forests. The signature suggests nutrient stress on the larch that can be 352 

directly linked to reducing resistance of trees to environmental stress, mainly because of 353 

Ca depletion. The role of calcium, phosphorous and potassium for wood formation is 354 

well-recognized and a direct relationship between the cambial concentrations of these 355 

nutrients and uptake from soils is confirmed by many plant physiology studies (e.g. 356 

McClenahen et al 1989, Barrelet et al 2006, Fromm 2010). Calcium particularly plays a 357 

role in regulating physiological and structural processes related to tree growth and its 358 

response to environmental stress (Lauther and Fromm 2010). Long-term calcium 359 

decrease in the tree nutrient points to weakening tree vigor and stand-level water stress 360 

(Sudachkova et al 2002). It has even been reported that larch regeneration is common and 361 

no visible forest decline was found in the Taymyr, except within a 85-km radius of the 362 

Norilsk smelting complex (Ivshin and Shiyatov 1996, Voronin and Ziganshin 1999, 363 

Zhulidov et al 2011, Kirdyanov et al 2014). Calcium depletion over a long period can 364 

negatively impact xylem development, particularly lignification of secondary cell wall 365 

and length of tracheid (Hirschuk 2004), which compromises integrity of wood against 366 

decay resistance and other environmental stressors (Cronan and Grigal 1995). This 367 

http://treephys.oxfordjournals.org/search?author1=J%C3%BCrgen+Kreuzwieser&sortspec=date&submit=Submit
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pathway affects not only mechanical properties of the timber but most importantly 368 

reduces cambial activity at the beginning of the growing season (Shortle et al 1997).  The 369 

maximum latewood density of tree-ring records of the same area (Kotuy River 370 

catchment) shows a steady decline after AD 1950 (author A. Kirdyanov, personal 371 

observation). It is possible the recent density reduction was caused by the altered 372 

chemistry of the trees. The observed wood chemistry change may also bring particular 373 

insights to the divergence problem (Briffa et al 1998) in dendroclimatology 374 

(disagreement between tree-ring growth and summer temperature observations in boreal 375 

forests after 1950), but it needs further testing.  376 

In conclusion, the 700-year tree-ring records of elemental concentrations from the 377 

Taimyr Peninsula indicate steep changes in tree-ring concentrations of P, Ca, Mg, Mn, K, 378 

Rb, Sr and Ba after ca. AD 1950. The negative trend in tree uptake of soluble Ca+-Mg+ 379 

and the positive trends in soluble P, and Mn+-Rb+ and K+-Sr+-Ba+ elements suggest 380 

ecologically important changes in biogeochemical cycling of major nutrients available to 381 

the trees, which could be at least identified through the elemental composition of tree 382 

rings. The signal of low Ca-Mg and high P-Mn-K exposes a diagnostic relationship 383 

between concentrations of these elements, and supports the value of tree rings in 384 

addressing how the concentrations of nutrient elements in soils have changed with time. 385 

Although we have no soil chemistry measurements, the long-term trends in our data may 386 

be a consequence of pH fluctuations of permafrost soil with increasing soil acidity at 387 

decadal resolution in this region and interactions of permafrost thawing with forest and 388 

thaw lakes.  Our tree-ring records of wood chemistry are linked to changes in 389 

atmospheric chemistry driven by both climate changes and Arctic pollution.  Because of 390 
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the extremely high magnitude of the assessed signal and the timing of changes in the 391 

elemental concentrations of tree rings, we think that changes in the wood and soil 392 

chemistry were predominantly triggered by anthropogenic factors.  393 
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 712 
Table 1.  713 
 714 
Results of cluster and principal component (PC) analysis of 26 tree-ring element 715 

chronologies for the period 1300-2000 (701 yrs).  716 

PC# Eigenvalue 
Total 

Variance 
% 

Cumulative 
eigenvalue 

Cumulative 
variance, 

% 

              Cluster #1:  Fe, Zr, Cd, Sn, 208Pb 

1 1.43 28.54 1.427 28.54 

2 1.14 22.85 2.57 51.39 

3 0.96 19.19 3.53 70.59 

4 0.88 17.57 4.41 88.16 

Cluster #2: Li, B, Na, Al, Cr, Ni, Cu, Zn, Ag, I 

1 3.87 38.74 3.87 38.74 

2 1.82 18.22 5.69 56.96 

3 1.39 13.96 7.09 70.92 

4 0.84 8.35 7.93 79.26 

              Cluster #3:  Si, P, Cl, 209Bi 

1 2.23 55.69 2.23 55.69 

2 1.03 25.65 3.25 81.34 

              Cluster #4: Mg, K, Ca, Mn, Rb,Sr, Ba 

1  3.17 45.25 3.17 45.25 

2  1.89 27.0 5.06 72.25 

3  0.83 11.89 5.89 84.14 
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 717 
Table 2.  718 
 719 
Factor loadings for each PC from cluster #3 and #4 with detected long-term trend after 720 

ca. AD 1950. Each PC denotes a sign of the fitted trends (distance-weighted least 721 

squares) at 95% confidence interval tested with one-way ANOVA modeling. Bold font 722 

marks significant coefficients of correlation.  723 

 724 

Elements 
Cluster 3 

PC1 PC 2 
 Elements 
Cluster 4  

PC 1 PC 2 PC3 

No Trend 
Positive 

trend 
Negative  

Trend 
Positive  
Trend 

Positive   
Trend 

Si 0.32 0.27 Mg 0.41 0.05 -0.10 

P -0.16 0.80 K -0.20 0.08 0.62 

Cl 0.40 0.07 Ca 0.51 0.07 -0.29 
209Bi 0.51 -0.39 Mn 0.19 0.55 -0.33 

   Rb -0.14 0.45 0.15 

   Sr 0.09 -0.14 0.42 

   Ba 0.07 -0.22 0.35 

 725 

 726 

Figure Legends 727 

Figure 1. Remote location of the tree-ring site (triangle) in pristine forest-tundra ecotone 728 

of Taymyr Peninsula and the Norilsk Nickel mining & smelting site (star). Lower right 729 

insert is a world map denoting the study location (Downloaded from demis.nl). 730 
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 731 

Figure 2. Segment length of tree-ring series from this study. Line represents a tree 732 

specimen. Shaded area shows the tree sapwood (about 15 outer rings with functioning 733 

vascular tissue) in two segment groups around the 1890s and 1990s. Notice that the 734 

sapwood ca.1890 is outside of the discussed trends in the tree-ring element 735 

concentrations. This proves that the trends not being the result of the mobility of elements 736 

within the sapwood and/or between the sapwood and the heartwood. 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

Figure 3. Long-term variations of element concentrations in the tree rings from AD 1300 745 

to 2000 (700 years) contributing to the principal components of cluster #3 ((a) PC1, (b) 746 
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PC2)) and cluster #4 ((c) PC1, (d) PC2, (e) PC3) where the trends are observed. Thin 747 

lines represent normalized element concentrations of the tree specimens. The trend line 748 

(thick line) after 1900 is estimated with distance-weighted least squares fitted fitting 749 

described by McLain (1974). See Table 1 for cluster’s statistics and Table 2 for factor 750 

loadings of PCs from cluster #3 and #4. Elements of major contribution to the PC 751 

variance are denoted on the left.  752 
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  755 
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 756 

Figure 4. Tree-ring width chronology of larch from Taymyr (Briffa et al. 2008) that 757 

includes the tree specimens used in this study. Variability of the tree-ring indices 758 

corresponds to June and July temperature. Red dotted line shows mean June –July 759 

temperature observations from Khatanga weather station for interval 1934-2000. Thick 760 

black line is 20-year low-pass filter curve of tree-ring indices. The plot shows the reduced 761 

tree-ring width growth during the Little Ice Age and the increased growth since the mid 762 

1850 induced by the Modern Era warming.  763 
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 772 

Supplementary Data 773 

 774 

Figure S1. The average values of raw element concentration measurements for the period 775 

from 1300 to 2000 (701 yrs). Error bars show two standard deviations of the mean 776 

values.  The results for element concentrations are shown in ppb (µg/kg) referenced 777 

to the mass of initially dry wood sample prior to adding acid.  The chemical 778 

concentrations of Li, B, Na, Mg, Al, Si, P, Cl, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Zr, Ag, 779 

Cd, Sn, I, Ba, Pb and Bi were measured on an Agilent 7500 quadrupole Inductively 780 
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Coupled Plasma Mass Spectrometer (ICP-MS). Detailed description of analytical 781 

methods used for the tree-ring measurements of element concentrations has been 782 

published in Grachev et al. (2013). Notice, we used normalized indices of tree-ring 783 

element concentrations in statistical calculations and interpretations.    784 
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 809 

 810 

 811 

Figure S2.   Simulation results of SO2 transport from the Norilsk Nickel complex (star) 812 

into the studied area (triangle) using Dispersal HYSPLIT 4.8 model (Draxler and Rolph 813 

2013). Downloaded from http://ready.arl.noaa.gov/HYSPLIT.php Example of 814 

concentration (a) and deposition (b) of daily sulfur dioxide emission along a 48-hour 815 

dispersal pathway as calculated for May 13, 1991. Annual value of SO2 emission in 1991 816 

was 2397 thousand tons, which is ca. 6 million kg day-1 on average (Doklad 2010). The 817 

tallest smelting smokestack in 1991was 300 m. Norilsk elevation is about 180 m a.s.l.  818 

Note that the background concentration of SO2 in the Russian Arctic is on average 1 μg 819 

m-3 (AMAP 2006).  The modeled daily concentration of sulfur suggests its 10-fold 820 

enrichment over the tree sampling region compared to the background concentration in 821 

the Russian Arctic. The modeling indicates a 12-hour transport of emissions to the tree-822 

ring site, on average.  823 

http://ready.arl.noaa.gov/HYSPLIT.php
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