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A B S T R A C T   

The Ulaanbaatar area in Mongolia has become one of the most polluted regions worldwide due to the rapid 
increase in urbanization, industrial activity and traffic. However, we critically lack knowledge on the impacts of 
air pollution on surrounding forest ecosystems that may be further amplified by the ongoing climate change. 
Here, we apply a novel combination of multiple stable isotope analyses (nitrogen: δ15N, carbon: δ13C, oxygen: 
δ18O, hydrogen: δ2H) in foliar and tree-ring samples from different tree species, including deciduous, broadleaf 
species (poplar and birch), a deciduous conifer (larch) and needle evergreen species (spruce and Scots pine). This 
was complemented by trace element analysis, to study the influence of air pollution and climate on urban, 
suburban and more remote forests in and around Ulaanbaatar. We found indications of pollution effects in urban 
and suburban sites in foliar material, particularly in δ15N, with unusually high values of > 10‰, that could be 
related to tree uptake of NOx. Results were similar for all species, but with a smaller effect for Scots pine. The 
tree-ring δ15N values were found to be clearly enriched in recent years compared to 50 years ago at the urban 
sites, consistent with a pollution signal. Leaves and needles at suburban and urban sites had accumulated higher 
concentrations of various trace elements including Al, B, Ba, Ca, Cr, Cu, Fe, Mg, Na, S and Zn compared to the 
more distant sites, confirmed by Principal Component Analysis. Our data on δ13C, δ18O and δ2H enabled us to 
infer possible physiological effects induced by air pollution. Consistently increasing tree-ring δ13C values over 
recent decades for all investigated species indicated increasing plant stress, like hampered stomatal conductance 
and photosynthesis, but this was found for all sites, suggesting climate change rather than air pollution effects. In 
summary, we show that our multi-isotope and -element approach provides new insights into the threats to forests 
in urban areas, where the occurrence of more frequent droughts acts together with air pollution.   

1. Introduction 

Air pollution is of major concern for the society in Mongolia, which is 
one of the most rapidly developing countries in Asia (Allen et al., 2013; 
WHO, 2019). Increased industrial activities and expanding human 
population have resulted in growing emissions of pollutants, enhanced 
by secondary aerosol formation (Barabad et al. 2018; Nishikawa et al. 
2011), affecting not only ecosystems, but also human health (Lelieveld 
et al. 2015). During the last two decades, air pollution has increased to 
such an extent that Ulaanbaatar during wintertime was reported as one 
of the most polluted cities in the world (UNICEF 2018). Recently, forest 

decline has been observed at Mt. Bogdkhan near Ulaanbaatar, suspected 
to be related to air pollution (Sase et al. 2005). Sulfur content of the 
needles from larch trees (Larix sibirica) were two times higher on the 
slope facing a power plant than in more distant areas, which suggests 
that the observed forest decline is driven by increased SO2 emission 
levels from industrial activity (Dulamsuren et al. 2009; Sase et al. 2005). 

Furthermore, forests in Mongolia suffer not only from air pollution, 
but also from extreme climate events, such as frost or extended drought 
and heat events (Leland et al. 2023). On the Mongolian Plateau, a recent 
decade-long drought that exceeded the variability of the instrumental 
record, associated with economic, social, and environmental changes, 
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was recorded (Hessl et al. 2018). As a result, the forest area in Mongolia 
has significantly decreased during recent decades under the combined 
effects of natural and anthropogenic factors (Juřička et al. 2020). 
Studying the combined effects of air pollution and climate change on 
urban and peri-urban forest ecosystems in Mongolia is crucial to gain 
more information on their health status, risk of decline (Cailleret et al. 
2018; Cherubini et al. 2021), and response to climatic variability, in 
order to assess appropriate management measures (Hauck et al. 2016; 
Sase et al. 2005; Takahashi et al. 2020). 

The stable isotopic composition of plant organic matter as well as the 
trace elemental composition have been used to quantify sources and 
effects of atmospheric pollution on vegetation, either in the short term 
using needles or in the long term based on tree rings (Griffiths 2020; 
Savard et al. 2004; Siegwolf et al. 2001). Due to the relatively depleted 
heavy isotope 13C relative to 12C in fossil fuels, expressed as δ13C, their 
combustion results in a long-term decline in the atmosphere globally 
(Belmecheri and Lavergne 2020), but can also lead to more 13C-depleted 
CO2 in strongly polluted urban areas compared to rural areas (Newman 
et al. 2008). Furthermore, carbon isotope fractionations of plants during 
photosynthesis are modified under stress, e.g., by reduced stomatal 
conductance and subsequently enhanced water-use efficiency, which 
results in relatively higher δ13C values of organic matter, like leaves 
(Farquhar et al. 1989). Such changes are also recorded in the isotope 
ratio of tree rings which enables their reconstruction over long time 
scales (Büntgen et al. 2021; Kress et al. 2010). The consideration of 
oxygen (δ18O) and hydrogen (δ2H) isotope ratios in plant material 
provides further insight into hydrological processes in the atmosphere as 
well as during ecosystem evaporation and transpiration (Cernusak et al. 
2016), but also air pollution effects (Siegwolf et al. 2022). Nitrogen 
isotope ratios (δ15N) have previously been used to distinguish between 
two main N pollution sources, NOx from combustion processes and NHx 
from agriculture (Saurer et al. 2004). The nitrogen cycle in ecosystems is 
complex and many fractionation processes in the soil, e.g. microbial 
processes, affect the isotope ratio of soil N, which is the main source of N 
for plants (Högberg et al. 2011; McLauchlan and Craine 2012). Despite 
this complexity, uptake of atmospheric N-compounds through stomatal 
pores has been shown to significantly affect leaf and wood δ15N values 
under conditions of high pollution (Savard et al. 2023). Generally, 
higher δ15N values have been reported for the main urban N-deposition 
form (NOx) compared to the main rural and agricultural N-deposition 
form (NHx). The relationship between plant δ15N and N concentrations 
in different plant species and at varying spatial scales were investigated 
and their combined analysis was proven to be helpful for a better un
derstanding of nitrogen uptake (Cobley and Pataki 2019; Gerschlauer 
et al. 2019; Saurer et al. 2004). However, the combination of all these 
stable isotope ratios (C, O, H, N) has so far hardly been applied, but 
could be useful to better trace anthropogenic contaminations sources 
(traffic emissions or industrial production) and detect physiological re
sponses of the trees to air pollution and climate. 

Furthermore, the use of trace elemental analysis is useful to monitor 
air pollution effects on trees (Maher et al. 2008; McLaughlin et al. 2002). 
Emissions from different sources like road traffic activities, soil dust or 
industrial activity may be differed by their typical trace elemental 
compositions, e.g., Cu, Zr, Sb, Ba for brake wear, Fe for other traffic- 
related emissions, Si, Ca for resuspended dust, and Cr, Ni for indus
trial emissions (Visser et al. 2015). Accordingly, various species and 
plant parts have already been used as biomonitors, as particulate matter 
is not only deposited on leaf surfaces, but is able to enter plants either by 
the roots (Cutter and Guyette 1993), or through leaves (Ballikaya et al. 
2023; Cocozza et al. 2019). For instance, micro and macro-elements in 
leaves of three broadleaf tree species were analysed (Kardel et al. 2018) 
and Al, Fe, Ti, Co, Cr, Cu, Ni, Rb, Si, V, Zn and Zr attributed to emissions 
from road traffic activities and Mn and Sb to industrial activity. Den
drochemistry is the analysis of trace elements in wood and, in combi
nation with tree-ring analysis, can provide past levels of contamination 
(Dinis et al. 2021; Guyette et al. 1991; McLaughlin et al. 2002). This 

method enables to trace pollutants on a spatial and temporal scale in 
relation to their sources (Austruy et al. 2019; Ballikaya et al. 2022), but 
leaves may still be the most direct and reliable recorder of pollution 
levels (Salehi et al. 2020). 

The aims of this study were applying a novel combination of multiple 
stable isotope and element analyses of needles and leaves from different 
tree species growing in or around the city of Ulaanbaatar to detect 
possible pollution effects, and to link them to long-term changes by 
applying the same method to tree rings. Specifically, we assessed 1) how 
sensitively different tree species are recording air pollution, 2) how this 
impact has changed over the recent decades, and 3) how much trees are 
affected physiologically today by the combined influence of climate and 
air pollution. 

2. Materials and methods 

2.1. Air pollution and climate in the study area 

The study area is located in and around Ulaanbaatar (49⁰74′N, 
106⁰79′E) as shown in Fig. 1. Ulaanbaatar, the capital city of Mongolia 
with 1.5 million inhabitants, is located in north-central Mongolia in a 
basin at around 1300 m a.s.l., surrounded by mountains in the north 
(Chingeltei Khairkhan, 1947 m a.s.l) and the south (Bogd Khan, 2250 m 
a.s.l). The Tuul river runs through the valley from the east to the west. 
The rapid growth of Ulaanbaatar city and the significant population 
migration from rural areas contributed to the massive increase of air 
pollution levels during the last three decades. 

Particularly during the cold season (from November to February), 
high levels of pollution are observed. This is due to the geographical 
location of the city in a depression and the temperature inversion under 
the Siberian high-pressure system obstructing air circulation (Ganbat 
et al. 2020; Kolář et al. 2020). The most abundant air pollutants in 
winter are sulfur dioxide (SO2), nitrogen dioxide (NO2) and particulate 
matter (PM), as a result of the high emissions from fossil fuel and 
biomass combustion for heating and domestic needs (Davy et al. 2011). 
During the past two decades, pollutants such as SO2, NO2 and PM have 
been higher than the standards set by the World Health Organization 
(WHO) guidelines (Ganbat et al. 2020). In particular, extremely worri
some is the fact that atmospheric SO2 does not show a decreasing trend 
in Ulaanbaatar, in contrast to most cities in East Asia (Takahashi et al. 
2020). 

As recorded during the period 1960 to 2019 (CRU TS4.04), mean 
annual temperature and precipitation were − 2.2 ± 0.9 ⁰C and 304 ± 54 
mm (mean ± deviation), respectively. Around 70% of the total precip
itation falls in the summer, between June and August. The meteoro
logical records show warming trends in our study area during the past 
decades. 

2.2. Sampling sites 

In the vicinity of Ulaanbaatar city, we selected four study sites 
(Fig. 1B): two in the city (Suburban, Urban) dominated by Larix sibirica 
(larch), Pinus sylvestris (Scots pine), and Populus tremula (poplar) and two 
in mixed forests sites located in the mountains, north of Ulaanbaatar at 
Khalzangiin Davaa (Mt.A) and at Bogd Khan (Mt.B), south of Ulaan
baatar, with altitudes ranging from 1200 to 1600 m a.s.l, dominated by 
Betula platyphylla (birch), Larix sibirica, Pinus sylvestris, and Picea obovata 
(spruce). Suburban is a complex area that includes industrial, com
mercial, and residential areas, with varying traffic intensity. Mt.B is the 
closest forest area to Ulaanbaatar and comprises two separate locations 
for our study (Fig. 1B). Mt.A as the most distant from the city and 
opposite to the general wind direction can be assumed to be the least 
polluted site. The distance of the sub-urban sites to the city center is ca. 
5 km, the two sites at Mt.B are each ca. 15 km away from the city, while 
Mt.A is ca. 25 km distant. 

All samples in this study were collected in the summer (end of July to 
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the beginning of August in 2020) (Table 1). Twigs with leaves and 
needles were sampled in paper bags following Rautio et al. (2020). 
Specifically, current year needles were collected. The samples were then 
stored in a cool box, and air-dried. Two cores from each tree were 
sampled at breast height (1.3 m), using an increment borer with 5 mm 
internal diameter. All tree-ring cores were dried, polished and cross- 
dated following standard dendrochronological methods. The cross- 
dating measurements were tested and corrected using the COFECHA 
program (Holmes 1983). The tree-ring width (TRW) was measured using 
the WinDENDRO program with 0.001 mm resolution. TRW indices were 
calculated as residuals from estimated growth curves after applying a 
spline method to the raw measurement series. 

2.3. Elemental analysis 

Dried leaves and needles and woody samples were homogenized by 
ball-mill (“Retsch” MM 400, Germany) with a frequency of 30 times per 
second for one minute using metal-free zirconium oxide ball and tube. 
For the sample pre-treatment, mixtures of nitric acid (5 M, HNO3) and 
hydrofluoric acid (0.5 M, HF) were added to the dried and ground plant 
materials and placed in a microwave (Ultraclave IV, MLS GmbH) under 
pressure in order to digest the samples completely (Salehi et al. 2020). In 
total, nineteen elements including aluminum (Al), boron (B), barium 
(Ba), calcium (Ca), chromium (Cr), copper (Cu), iron (Fe), potassium 
(K), magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium 
(Na), nickel (Ni), phosphorus (P), sulfur (S) and zinc (Zn) were measured 
in leaves/needles samples by Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES Optima 7300 DV, Perkin Elmer) in the 

Fig. 1. Study area in Mongolia (A) and sampling sites (B). The circles on the detailed map B are color-coded according to the altitude (inner color) and site location 
(outer ring). 

Table 1 
General characteristics of site, tree species and needle isotope composition in the different sampling areas. Values are given as averages (±standard deviation for 
isotope and % values).  

Sites/Species n Altitude, m a.s.l Height, m Diameter, cm δ15N, ‰ δ13C, ‰ δ18O, ‰ δ2H, ‰ C, % N, % C/N 

Mt.A 
Birch 5 1554  19.6  25.8 − 3.9 ± 1.9 − 29.8 ± 1.3 19.9 ± 1.7 − 190 ± 8 43.0 ± 1.2 2.3 ± 0.2  18.5 
Larch 5 1542  23.4  43.7 0.6 ± 2.3 − 29.3 ± 0.6 22.0 ± 0.7 − 182 ± 3 44.6 ± 0.4 1.8 ± 0.2  24.4 
Scots Pine 5 1555  21.5  42.5 − 3.8 ± 1.4 − 27.0 ± 0.7 23.4 ± 0.9 − 167 ± 6 48.5 ± 0.7 1.5 ± 0.2  35.5 
Mt.B 
Birch 15 1559  13.8  21.5 0.6 ± 1.2 − 29.7 ± 0.9 22.1 ± 1.1 − 167 ± 9 43.8 ± 0.7 2.6 ± 0.2  17.0 
Larch 15 1527  19.0  42.8 1.9 ± 1.4 − 27.7 ± 1.0 23.4 ± 0.7 − 170 ± 8 44.9 ± 0.6 2.3 ± 0.2  20.1 
Spruce 10 1551  19.4  37.5 2.3 ± 1.6 − 26.6 ± 1.3 27.0 ± 0.8 − 153 ± 9 45.4 ± 0.8 1.2 ± 0.1  37.0 
Scots Pine 15 1564  16.4  41.7 1.2 ± 1.7 − 26.2 ± 1.1 24.7 ± 0.9 − 152 ± 10 47.8 ± 0.7 1.4 ± 0.1  34.6 
Suburban 
Larch 4 1314  13.6  24.6 10.0 ± 2.3 − 27.0 ± 0.5 23.3 ± 1.9 − 163 ± 11 43.8 ± 0.7 2.8 ± 0.7  16.4 
Poplar 16 1292  15.2  31.2 7.9 ± 3.1 − 29.7 ± 1.3 21.7 ± 1.4 − 137 ± 13 39.8 ± 1.4 2.6 ± 0.4  15.9 
Scots Pine 5 1293  5.9  8.2 4.7 ± 1.9 − 26.2 ± 0.5 24.1 ± 1.5 − 176 ± 10 47.5 ± 0.9 1.3 ± 0.0  36.8 
Urban 
Larch 7 1303  15.4  32.5 11.1 ± 1.1 − 28.1 ± 0.8 24.5 ± 0.8 − 157 ± 7 42.6 ± 0.9 2.1 ± 0.3  20.3 
Spruce 5 1304  15.0  25.3 11.3 ± 0.8 − 27.5 ± 0.6 29.3 ± 0.7 − 147 ± 17 44.6 ± 1.3 1.7 ± 0.6  28.5 
Poplar 5 1309  15.1  36.5 13.3 ± 3.1 − 30.4 ± 1.8 20.0 ± 1.9 − 140 ± 18 39.9 ± 1.8 2.8 ± 0.4  14.3 
Scots Pine 5 1301  9.4  18.0 5.1 ± 4.3 − 27.0 ± 0.5 25.4 ± 1.7 − 159 ± 14 46.8 ± 1.1 1.4 ± 0.1  33.8 
Total 117            
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laboratories of WSL, Switzerland. Each measurement was replicated 
three times. 

2.4. Stable isotope analysis 

Homogenized plant materials as whole leaves and needles and wood 
samples were prepared for isotopic analysis. For wood samples, separate 
cores of 5 trees per site were extracted with ethanol using Soxhlet 
apparatus during 24 h to remove resins. The dried cores were then split 
into ten-year increments for the last six decades (1960–2019) and each 
increment of each tree was separately ball-milled for isotope analysis. 
For the determination of the δ15N and δ13C, 0.9–1.1 mg samples were 
weighted into tin capsules, combusted in an elemental analyser and 
measured in a Sercon 2020 Isotope ratio mass-spectrometer (IRMS). The 
precision of the analysis was 0.3‰ for δ15N and 0.1‰ for δ13C. For δ2H 
and δ18O-analysis, the same amount of samples were weighted using 
silver capsules, equilibrated with water of known isotopic composition 
to account for exchangeable hydrogen-groups (Schuler et al. 2022) and 
measured by thermal decomposition at 1420 ◦C with a TC/EA (Ele
mentar, Hanau, Germany) connected to an IRMS (Delta XP, Thermo). 
The precision of the analysis was 2‰ for δ2H and 0.2‰ for δ18O. Tree- 
ring δ13C values were corrected for the so-called Suess effect, the trend 
in global background atmospheric δ13C values of CO2 due to the 
increasing CO2 concentration originating mainly from fossil fuel com
bustion (Belmecheri and Lavergne 2020). This was done after calcula
tion of ten-year averages of the atmospheric correction corresponding to 
our tree-ring values (1960–69, 1970–79, 1980–89, 1990–99, 
2000–2009, 2010–2019). 

2.5. Statistical analysis 

Significant differences in concentrations of chemical elements in 
needles of larch and Scots pine from four different sites were tested t- 
tests, separately. In order to evaluate the relationship between δ15N 
composition and N content for each species, the Pearson’s correlation 
analysis was used. The Principal Component Analysis (PCA) was used to 
investigate the concentration of chemical composition in needles of 
larch and Scots pine and calculate the significant correlation with the 
macro- and micro element concentrations in studied sites. All statistical 
analyses were performed using R and RStudio (Version 4.0.3) with 
“ggplot”, “Factoextra”, “Factominer” packages. The statistical signifi
cance of the trends was assessed using R (R-Core-Team 2020) and the 
package “treeclim”. 

3. Results 

3.1. Stable isotope composition of foliar materials 

The average δ13C varied between the studied species, consistently 

across all sites, and were most negative for the deciduous, broadleaf 
species poplar and birch (-29.7‰ to − 30.4‰), intermediate for the 
deciduous conifer larch (-27.0‰ to − 29.3‰), and highest for the needle 
evergreen species spruce and Scots pine (-26.2‰ to − 27.5‰) (Table 1, 
Fig. 2A). In contrast to these differences between species, there were no 
significant differences between the sites for δ13C when comparing the 
same species (Table 1). 

For δ15N, the composition varied over a large range of − 5‰ to +
15‰ across all study sites and species, with a mean of 3.67 ± 4.5‰. No 
significant differences between species were observed when combining 
the data from all sites (Fig. 2B). In contrast to the δ13C results, however, 
the site differences were clear for δ15N. The average δ15N values in 
needles of larch, one of the species measured at all 4 sites, were signif
icantly lower (p < 0.01) at Mt.A and Mt.B (0.6‰ to 1.9‰) compared to 
suburban and urban sites (9.9‰ to 11.1‰). This gradient was also 
observed for Scots pine, but to a smaller degree (-3.8‰ to 1.2‰ vs. 4.7‰ 
to 5.1‰). Strongly enriched δ15N values above 10‰ at urban and sub
urban sites were also found for spruce and poplar (Table 1). 

The contrasting patterns for δ13C and δ15N values in foliar materials 
can be made visible by considering the relationship between them 
(Fig. 3). The four sites are clearly separated in their δ15N composition in 
foliar materials, even when showing all species together, which is not 
the case for δ13C. Slightly negative relationships were observed for 
suburban and urban sites for poplar, e.g., lower δ 13C-values with 
increasing δ15N. The relationships between N concentrations in foliar 
materials and their δ15N-values were strong (Fig. 4, Table 1). When 
analysing the relationship between N% and δ15N across all sites, 
significantly positive relationships were found for leaves of poplar (p <
0.05, r2 = 0.45) and the needles of spruce (p < 0.05, r2 = 0.29). The 
nitrogen content was also different between the species (Fig. 4, Table 1), 
with relatively low values for Scots pine (N = 1.4 ± 0.2%) and spruce (N 
= 1.4 ± 0.4%) compared to larch (N = 2.2 ± 0.4%), birch (N = 2.5 ±
0.3%) and poplar (N = 2.6 ± 0.4%). 

The δ18O values across all species and sites ranged between 17.3 and 
29.9‰ with a mean value of 23.6 ± 2.4‰. Generally positive relation
ships were found between δ18O and δ2H values of foliar materials 
(Fig. 5), particularly strong for Scots pine (r2 = 0.57, p < 0.01). These 
patterns were driven mostly by site differences, where both isotope 
compositions were generally enriched in the same order as Mt.A < Mt.B 
and suburban < urban, although this was not the case for poplar at 
urban and suburban sites. Hydrogen isotopic composition in the leaves 
of birch (δ2H = -190 ± 8‰) showed the most depleted (negative) values 
at Mt.A compared to Mt.B (δ2H = -166 ± 9‰). δ2H was relatively 
enriched in the leaves of poplar at the suburban (δ2H = -137 ± 13‰) 
and urban (δ2H = -140 ± 18‰) sites. For the needles in larch there was a 
gradient along Mt.A, Mt.B, suburban and urban sites with δ2H values of 
− 182‰, − 170‰, − 163‰ and − 157‰, respectively. 

Fig. 2. Stable carbon isotope (A) and nitrogen isotope (B) composition in needle and leaf materials of the five tree species.  
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3.2. Trace element composition of foliar materials 

Table 2 shows the concentrations of macro- and micro-elements in 
needles, highlighting the significant site differences for the investigated 
Scots pine and larch. The elements with the highest concentrations 
across all sites were Ca and K. The general order of the concentrations of 

both macro- (Al, Ca, Fe, Na and S) and micro-elements (B, Cr, Cu and Zn) 
in needles of larch was Mt.A < Mt.B < suburban < urban. For both 
species at Mt.A, the concentrations of Ni were below detection limit. The 
concentrations of Cd, Co, Mo and Pb were below detection limit in 
needles of two species at all four sites. Most prominent and significanty 
higher concentrations at the urban site were found for Al, B, Ca, Cr, Cu, 

Fig. 3. Relationship between δ15N and δ13C values in leaves and needles for the different species and sites.  

Fig. 4. Relationship between N concentration and δ15N values in leaves and needles. Linear regression lines are indicted.  
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Fe, Na, S and Zn of both Scots pine and larch compared to the needles 
from the less polluted site Mt. A (p < 0.05). Across all sites, no signifi
cant difference for the concentrations of K and Mg in needles was found. 

The Principal Component Analysis (PCA) including the variables 
concentration of Al, B, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, P, S and Zn 
resulted in two principal components with eigenvalues > 1 and together 
account for 59.1% of the data variability for Scots pine and 53.8% for 
larch (Fig. 6). The two species were selected because data for all four 
sites were available. The biplot for Scots pine revealed that the two 
components differentiated the needles from remote site (Mt.A) to the 
two city sites (suburban and urban). Concentrations of Na, Fe, Ba, Al, Cr 
and Cu in needles from both suburban and urban sites had strong pos
itive association with the first principal component. 

For larch, the first principal component accounted for 37.7% of the 
total variance, combining the concentrations of Zn, Cu, Fe, Na, Cr and Al 
elements (Fig. 6b), while the second factor explained 16.1% of B, S, Mg 

and Ca variations. The needles of larch at suburban sites had signifi
cantly higher concentrations of Mg, Ca, S and B, while at the urban site 
higher concentrations of Cu, Cr, Fe, Zn, Na and Al (p < 0.05), but lower 
concentrations of Mn and P compared to both mountain sites were 
found. 

3.3. Tree-ring carbon, nitrogen, and oxygen isotope chronologies 

The temporal development from 1960 to 2019 for δ13C, δ15N and 
δ18O derived from the tree-ring data in 10-year resolution is shown for 
the studied conifer trees in Fig. 7. For δ13C, a general increase over time 
is observed for all species and sites, which is significant (p < 0.05) 
except for larch at the suburban site. This increase was somewhat more 
expressed at the beginning of the record compared to the later decades. 
The trends were very similar for all sites, with the exception of an offset 
to lower values observed for the site Mt.A. The overall range of values 

Fig. 5. Relationship between stable hydrogen and oxygen isotope compositions in leaves and needles.  

Table 2 
Chemical composition (mean ± standard deviation) of needles of Scots pine and larch from four sites. Significant differences between values of the least polluted site 
Mt.A and the other sites (Mt.B, Suburban, Urban) are shown in bold (p < 0.05).   

Scots pine Larch  

Mt.A Mt.B Suburban Urban Mt.A Mt.B Suburban Urban 

Macro-elements (mg/g) 
Al 0.6 ± 0.1 0.5 ± 0.2 0.9 ± 0.4 1.2 ± 1.0 0.5 ± 0.2 0.7 ± 0.3 1.1 ± 0.3 2.2 ± 0.4 
Ca 3.7 ± 1.6 3.9 ± 1.1 5.5 ± 1.2 5.0 ± 2.8 5.2 ± 0.7 6.5 ± 1.7 10.4 ± 4.2 8.5 ± 1.9 
Fe 0.3 ± 0.1 0.3 ± 0.1 0.6 ± 0.3 0.7 ± 0.5 0.3 ± 0.1 0.4 ± 0.2 0.6 ± 0.2 1.6 ± 0.9 
K 4.8 ± 1.7 4.4 ± 0.9 3.8 ± 1.4 4.7 ± 1.8 6.4 ± 0.7 7.5 ± 1.7 6.1 ± 1.5 8.1 ± 1.9 
Mg 1.1 ± 0.2 1.3 ± 0.3 1.4 ± 0.2 1.1 ± 0.2 2.2 ± 0.3 2.6 ± 0.7 2.9 ± 0.6 2.5 ± 0.5 
Mn 0.3 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.3 ± 0.2 0.2 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 
Na 0.1 ± 0.0 0.1 ± 0.0 1.2 ± 0.9 1.5 ± 0.9 0.1 ± 0.0 0.1 ± 0.1 2.4 ± 1.5 4.1 ± 2.4 
P 1.2 ± 0.1 1.2 ± 0.1 0.9 ± 0.2 1.1 ± 0.3 1.9 ± 0.2 2.1 ± 0.5 1.4 ± 0.1 1.8 ± 0.5 
S 0.9 ± 0.1 1.2 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 1.7 ± 0.1 2.1 ± 0.2 2.6 ± 0.7 2.2 ± 0.3 
Micro-elements (µg/g) 
B 18.8 ± 7.7 28.8 ± 6.9 41.1 ± 17.7 24.6 ± 2.2 34.7 ± 11.7 70.3 ± 12.5 108.2 ± 28.5 89.6 ± 27.0 
Ba 5.1 ± 1.9 4.9 ± 2.2 14.2 ± 6.2 19.4 ± 13.8 95.9 ± 17.4 81.6 ± 42.4 54.3 ± 39.4 94.0 ± 36.1 
Cr 1.0 ± 0.1 1.1 ± 0.4 1.4 ± 0.4 1.9 ± 1.2 0.9 ± 0.2 1.0 ± 0.2 1.1 ± 0.4 3.3 ± 1.7 
Cu DL 3.9 ± 0.4 4.4 ± 0.5 5.7 ± 1.2 4.8 ± 0.6 4.9 ± 0.6 4.4 ± 0.5 9.4 ± 2.7 
Zn 34.7 ± 11.5 30.9 ± 10.9 37.8 ± 10.5 42.3 ± 23.1 16.5 ± 2.4 25.2 ± 7.1 35.1 ± 21.5 46.1 ± 15.5  
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was between − 20.4‰ and − 25.0‰ and therefore higher compared to 
the corresponding values of the needles by several ‰ (Table 1). 

For δ15N in the tree rings, there was a clear separation between 
values for Mt.A and B in comparison to suburban and urban sites, both in 
terms of absolute values as well as temporal trends. The chronologies 
from Mt.A and B did not show changes over time, whereas this was 
clearly the case for urban spruce and Scots pine trees, as well as urban 
and suburban larch trees. Comparing averages of the first two and last 
two decades across all species, we observed a highly significant increase 
(p < 0.01) from 1.0‰ ± 0.9‰ to 4.9‰ ± 1.1‰ for the urban and sub
urban sites. In contrast, the range of δ15N values at Mt.A and B was 
around zero or in the negative range for all species and time points. 

The δ18O chronologies showed the most distinct differences between 
the sites of all isotope ratios, but no significant temporal trends. For 
instance for larch for the most recent period, mean δ18O values (mean ±

SD) were found 21.3 ± 0.3‰, 22.7 ± 0.2‰ and 23.0 ± 0.5‰ at Mt.A, 
Mt.B and suburban, respectively, while 24.9 ± 0.6‰ for the urban site. 
Similarly for Scots pine, the mean δ18O values over the period 
1990–2019, it was 21.4 ± 0.2‰ and 23.0 ± 0.6‰ at Mt.A and Mt.B, 
respectively, but more enriched at urban sites (24.2 ± 0.6‰). Also for 
spruce, mean urban δ18O values of 23.5 ± 0.2‰ were higher than at Mt. 
B (24.5 ± 0.2‰) (only these two sites available). 

4. Discussion 

Clear differences in nitrogen isotope ratios and trace elemental 
compositions in needles and tree rings at urban and suburban sites 
compared to the more remote mountainous locations could indicate an 
air pollution effect. The stable isotope ratios of carbon, oxygen and 
hydrogen were found to reflect a physiological response of the 

Fig. 6. Results of the principal component analysis using concentration of chemical elements in the needles of P. sylvestris (A) and L. sibirica (B).  

Fig. 7. Tree ring stable carbon, nitrogen and oxygen isotopes chronologies of the investigated conifers species.  
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vegetation to the pollution, super-imposed by the impact of climatic 
factors. Our multi-isotope and multi-element approach therefore enables 
to infer information on pollution as well as their effects on the forest 
ecosystems. In the following, we discuss these findings in two parts. 

4.1. Influence of pollution 

Our δ15N results clearly show isotopically enriched values in needles 
and leaves of trees near pollution sources. The most negative and lowest 
values of δ15N were recorded in birch, larch and Scots pine at the remote 
site Mt.A, while the highest δ15N values were measured at the two city 
sites. In suburban and urban sites, δ15N reached unusually high values of 
more than + 10‰ in larch, poplar and spruce (urban only), and about 
half of this enrichment in Scots pine (Table 1). The main source of air 
pollution is likely generated by “Ger district”, which is settled between 
Mt.A and the city center (Davy et al. 2011). Considering the frequent 
wind direction from the north and northwest, the released air pollutants 
from Ger district and the city are expected to be transferred by wind to 
the north slope of Mt.B which therefore could receive more pollution 
than Mt.A (Fig. 1). This was indeed the case (Table 1). 

Although we did not measure δ15N of atmospheric compounds 
(NOx), several studies have reported anthropogenic sources to often emit 
relatively 15N-enriched compounds that can be caused by fractionation 
in combustion processes (Savard et al. 2023). δ15N of NO2 can be as high 
as + 10.2 to + 16.9‰ and is taken up by tree leaves and needles (Cobley 
and Pataki 2019; Saurer et al. 2004), consistent with our results. It needs 
to be considered that only a small fraction of nitrogen used by the plants 
originates directly from atmospheric uptake through stomatal openings, 
but the main source is nitrogen from the soil (Högberg et al. 2006). 
Processes affecting isotope ratios in the soil have a multitude of causes 
and reflect nitrogen cycling dynamics (Mathias and Thomas 2018). 
However, it was also shown that long-term exposition to pollution can 
lead to a similar enrichment in soil as in the canopy (Savard et al. 2023). 
Leaves and needles are falling to the ground and after microbial 
decomposition, this nitrogen is re-used by the plants albeit after isotope 
fractionation (McLauchlan and Craine 2012). An uncertainty in our 
interpretation is certainly involved in the comparison of different sites 
with different soil conditions. Therefore, 15N isotope differences be
tween sites could have other causes than the differential exposition to 
nitrogen pollution. However, we have several pieces of evidence for 
deriving a pollution signal from results, namely the relationship with 
nitrogen content as well as the temporal development derived from the 
tree rings. 

The pollution signal derived from the needle results is further 
confirmed by patterns observed in the total nitrogen content. In needles 
of larch, N concentrations show a clear pattern across all four sites, with 
higher values in suburban and urban than in the two mountain sites. The 
relationships between δ15N values and N concentrations were positively 
related in leaves of poplar and the needles of spruce, whereas no cor
relation was observed with needles of Scots pine (Fig. 4), thus possibly 
indicating less impact and uptake of nitrogen pollution for this species. 

The pattern of enriched δ15N values at urban and suburban sites 
compared to the more remote sites was also observed in the tree-ring 
analysis (Fig. 7). Values from Mt.A and B were generally below zero 
and not changing over the recent decades. In contrast, for the urban 
sites, where data are available for all three species, not only higher δ15N 
values were observed, but also an increasing trend over time, reflected in 
a significant increase when comparing the early period (1960–1979) to 
the more recent one (2000–2019). There were differences in temporal 
pattern for the three tree species, which may be related to different 
biological factors impacting the incorporated N (Saurer et al. 2004). 
Trends in nitrogen isotope ratios over time based on tree rings are often 
not easy to interpret because of the many isotope fractionations 
involved, particularly in the soil (McLauchlan and Craine 2012; Savard 
et al. 2023). Overall, our tree-ring results are at least consistent with 
increasing nitrogen pollution load deposited on the forests, although 

other causes cannot be excluded. 
The PCA biplot results indicated that microelements emitted from 

the traffic activities like B, Co, Cr, Cu, Fe, Ni and Zn dominated in the 
two city sites (Fig. 6), possibly with contributions also from industrial 
emissions and soil dust (Kardel et al. 2018). Toxic elements such as Al 
and Zn, which are known to be negatively associated with tree growth 
(Locosselli et al. 2019), were found at elevated concentrations in the 
urban environments. The microelement analysis and evaluation in our 
study therefore clearly showed the impact of air pollution on trees 
growing in urban and suburban sites. In particular, chemical elements 
typical for vehicular emissions and tire abrasion showed higher con
centrations in areas with higher traffic intensity and busy streets in the 
city. As a consequence, city trees may accumulate particulate matter 
(PM) including PM2.5 and PM10 on the leaf surface (Moreira et al., 2016). 
This accumulation can change the leaves’ optical properties, increase 
leaf temperature and reduce light availability for photosynthesis (Sieg
wolf et al. 2022). Furthermore, high accumulation rates of PM may 
reduce the potential gas exchanges due to partial blockage of leaf sto
mata. In Ulaanbaatar city, the coldest and most polluted months span 
from end of December to January with low precipitation. During that 
time, the concentration of PM reaches the highest values. The deposition 
of PM on the leaves and subsequent incorporation during low precipi
tation periods may adversely affect the concentration of non-structural 
carbohydrates (NSC) also later during the growing season, leading to a 
reduced photosynthetic capacity. The harsh climate conditions as a main 
driver of growth variability in this region together with the strong effect 
of air pollution may negatively impact the health of urban trees 
(Locosselli et al. 2019). These joint effects of climate change and 
increasing pollution are therefore expected to have discernible physio
logical effects, as discussed in detail in the following section. 

4.2. Physiological responses 

The δ13C values in plant compounds reflect the signature of (1) the 
source of plant carbon, i.e., atmospheric CO2, and (2) the isotope frac
tionation effects during photosynthesis (Farquhar et al. 1989). There
fore, variations between sites, species and over time can be interpreted 
with regard to these two principal factors. The carbon isotope compo
sition of CO2 produced by gasoline combustion is depleted relative to 
background atmospheric CO2, such that urban atmospheric CO2 can be 
more depleted in 13C than CO2 of rural locations (Freyer 1979). There
fore, any significant uptake of this pollution-derived depleted CO2 could 
also result in relatively depleted values of either needles and/or tree 
rings. However, for the δ13C values of foliar materials in our study, we 
found no clear patterns across all four sites, but rather species-specific 
differences were dominant (Fig. 2a). In the tree rings, even the oppo
site was observed, as values from urban and suburban sites were 
enriched compared to values from Mt.A (Fig. 7). This indicates that an 
isotopic fingerprint of increased CO2 concentrations from fossil fuel 
emissions could not be detected, but that rather physiological effects 
were dominant in shaping the δ13C patterns. When photosynthetic ca
pacity or stomatal conductance are hampered, this affects the 13C 
isotope discrimination and subsequently the carbon isotope ratio of 
organic materials (Farquhar et al. 1989). Such effects are possible 
because of both pollution and climate. For instance, stable carbon 
isotope ratios were shown to be affected by strong SO2 pollution (Savard 
et al. 2004), likely through effects on photosynthesis, with stressed 
plants often showing increased values (Siegwolf et al. 2022). Further
more, the influence of environmental factors such as temperature, water 
supply, and CO2 concentration are generally reflected in plant δ13C 
values. Organic δ13C values become lower with increasing water avail
ability, including average rainfall, while the opposite occurs under plant 
drought stress. The enriched tree-ring δ13C values at urban and suburban 
sites may therefore indicate increased plant stress, but it is not possible 
from our data alone to infer the cause as pollution or climate. Further
more, the increasing δ13C trend over time indicates increasing plant 
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stress, that would be consistent with an increasing pollution load. 
According to the Information and Research Institute of Meteorology, 

Hydrology and Environment (IRIMHE) of Mongolia, the climate also has 
changed significantly since 1940: mean annual temperature (MAT) 
increased by 1.04 ◦C. There is in fact a correlation between the tem
perature trend and the tree-ring δ13C-trends of all species and sites, 
which are, however, not statistically significant because of our grouping 
of data into 10-yr blocks. Mean annual precipitation (MAP) decreased by 
10% between 1960 and 2019, particularly from the 1990 s on in 
Ulaanbaatar. These changes in MAT and MAP increased the intensity 
and frequency of droughts, especially during the growing season, as 
expressed with the drought index SPEI. Severe droughts occurred in 
2007 (SPEI − 1.43) and 2015 (SPEI − 1.44). An influence of drought on 
carbon isotope ratios in tree rings has often been observed (Savard and 
Daux 2020). A recent tree-ring study in Central Mongolia also confirmed 
these climate and related isotope changes (Leland et al. 2023). We must 
therefore assume a combined effect of climate and pollution on urban 
and suburban trees. This can also result in a disturbance of the normal 
climate-tree growth relationship as has been reported in Europe for 
silver fir (Boettger et al., 2014). 

The stable isotope compositions of δ2H and δ18O can potentially help 
to identify better the causes of tree physiological changes as were 
described above. δ2H and δ18O values were found to be lower in the 
leaves and needles of all species at the most distant site Mt.A compared 
to Mt.B and the two city sites. The oxygen isotope composition in plant 
materials has been well studied and shown to be affected mainly by the 
isotope composition of soil water (and thus precipitation) and transpi
ration processes at the leaf level. The leaf water enrichment is mainly 
driven by changes in relative humidity, air temperature, and by the 
isotopic composition of the water vapour but also by plant physiological 
parameters such as leaf temperature, stomatal conductance, and tran
spiration rate (Allen et al. 2013; Cernusak et al. 2016). Because atmo
spheric CO2 entering the stomatal cavity rapidly equilibrates with leaf 
water, it is expected that the isotopic signal of leaf water is imprinted on 
δ18O of organic compounds during photosynthetic CO2 assimilation 
(Lehmann et al., 2017). The observed low values at the remote site Mt.A, 
however, may be mainly caused by climatic and altitudinal differences 
to the city, that influenced the isotope signal of precipitation and thus 
water the trees take up. Oxygen isotope variations in tree-rings have 
often been successfully related to temperature and drought (Büntgen 
et al. 2021; Savard and Daux 2020), but in our study we could not 
establish a clear link, maybe related to the relatively low temporal res
olution in our data. Similarly to δ18O, the environmental effects on 
transpiration and evaporation can drive the δ2H enrichment in leaf 
water and in the plant organs. High correlation between δ18O and δ2H in 
organic matter indicates that the water of source and environmental 
effects dominate the isotope fractionation, whereas a lack of correlation 
suggests an additional hydrogen or oxygen isotope fractionation effect 
during biochemistry (Lehmann et al. 2021; Vitali et al. 2022). Therefore, 
it must be assumed that leaf δ2H is not only affected by changes in 
transpiration and stomatal conductance, alongside the evaporative 
conditions, but also by photosynthetic reactions and carbon metabolism 
in plants (Cormier et al. 2018; Holloway-Phillips et al., 2022). The 
observed correlation between δ 18O and δ 2H in leaves and needles for 
our study sites suggests a dominant role of climatic over biochemical 
controls. 

5. Conclusion 

In this study, five main tree species in the Ulaanbaatar region were 
used to evaluate the effect of air pollution on the growth of urban vs. 
non-urban mountain trees. With our multi-isotope and multi-element 
approach, we found likely effects of air pollution with higher δ15N and 
accumulated higher concentrations of various trace elements in trees of 
the (sub-)urban compared to the mountain sites. We also investigated 
how this pollution affected the trees on a physiological level and the 

interaction of pollution with climate changes by analysis of δ 13C, δ 18O 
and δ 2H. While needle values reflect the current situation, the tree-ring 
data complement the information by putting this status in a long-term 
context. Our data and comparison of different sites suggested climatic 
changes to be dominant over pollution effects for forest health in the 
region. A great demand for such information exists, especially in view of 
new hot spots of pollution arising not only in Mongolia, but also in other 
Asian countries, due to ongoing industrialization processes and de
mographic developments. The gained knowledge will serve decision 
makers to better adapt future forest management practices. 
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Koňasová, E., Čáslavský, J., Esper, J., Wagner, S., Saurer, M., Tegel, W., 

E.-U. Batkhuyag et al.                                                                                                                                                                                                                         

http://refhub.elsevier.com/S1470-160X(23)00861-0/h0005
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0005
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0005
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0010
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0010
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0010
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0015
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0015
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0015
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0020
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0020
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0020
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0020
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0025
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0025
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0025
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0025
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0030
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0030
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0030
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0296
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0296
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0296
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0296
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0035
http://refhub.elsevier.com/S1470-160X(23)00861-0/h0035


Ecological Indicators 154 (2023) 110719

10

Dobrovolný, P., Cherubini, P., Reinig, F., Trnka, M., 2021. Recent European drought 
extremes beyond common era background variability. Nat. Geosci. 14 (4), 190–196. 

Cailleret, M., Ferretti, M., Gessler, A., Rigling, A., Schaub, M., Cao, K.-F., 2018. Ozone 
effects on European forest growth-towards an integrative approach. J. Ecol. 106 (4), 
1377–1389. 

Cernusak, L.A., Barbour, M.M., Arndt, S.K., Cheesman, A.W., English, N.B., Feild, T.S., 
Helliker, B.R., Holloway-Phillips, M.M., Holtum, J.A.M., Kahmen, A., McInerney, F. 
A., Munksgaard, N.C., Simonin, K.A., Song, X., Stuart-Williams, H., West, J.B., 
Farquhar, G.D., 2016. Stable isotopes in leaf water of terrestrial plants: stable 
isotopes in leaf water. Plant Cell Environ. 39 (5), 1087–1102. 

Cherubini, P., Battipaglia, G., Innes, J.L., 2021. Tree vitality and forest health: can tree- 
ring stable isotopes be used as indicators? Current Forestry Reports. 7, 69–80. 

Cobley, L.A.E., Pataki, D.E., 2019. Vehicle emissions and fertilizer impact the leaf 
chemistry of urban trees in Salt Lake Valley. UT. Environmental Pollution. 254, 
112984. 

Cocozza, C., Perone, A., Giordano, C., Salvatici, M.C., Pignattelli, S., Raio, A., Schaub, M., 
Sever, K., Innes, J.L., Tognetti, R., Cherubini, P., Steppe, K., 2019. Silver 
nanoparticles enter the tree stem faster through leaves than through roots. Tree 
Physiol. 39 (7), 1251–1261. 

Cormier, M.-A., Werner, R.A., Sauer, P.E., Gröcke, D.R., Leuenberger, M.C., Wieloch, T., 
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