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Abstract 

Climate change has become a catastrophic event that has altered Earth’s ecosystems. Global 

warming and increasing atmospheric greenhouse gases (GHGs), such as CO2 and methane, 

have caused a drier climate, thereby affecting the water availability and its impacts on carbon 

(C) and nitrogen (N) cycles within terrestrial ecosystems. Wildfires also play an important role

in C and N cycling in terrestrial ecosystems. Extreme wildfires are known to increase both CO2 

and N emissions into the atmosphere and can alter C and N cycling processes. The objectives 

of this study were to quantify the effects of climate change on long-term tree water-use 

efficiency, N availability and growth in boreal forest ecosystems of northern China, and to 

evaluate the signatures and intensities of wildfires and climate extremes (such as drought and 

flooding) by using 15N natural abundance in tree rings in the context of climate change. 

Tree rings were extracted from 4 Larix gmelinii sample trees and 4 Pinus sylvestris sample 

trees, located in a boreal plantation forest of Mohe City, Heilongjiang Province, China. Each 

set of sample trees had a range of ages, and for L. gmelinii, tree ring samples for tree 1 (54 

years old in 2018); tree 2 (54 years old in 2018); tree 3 (57 years old in 2018) and tree 4 (48 

years old in 2018). For P. sylvestris, tree ring samples for tree 1 (81 years old in 2018); tree 2 

(57 years old in 2018); tree 3 (57 years old in 2018); and tree 4 (57 years old in 2018). Tree 

rings were measured with a mean annual basal area increment (BAI), while tree ring stable C 

isotope composition (δ13C) and N isotopic composition (δ15N) as well as total C and N 

concentrations were measured on mass spectrometer at three-year intervals. Tree intrinsic 

water-use efficiency (iWUE) was calculated using tree ring δ13C and atmospheric δ13C data. 

Both tree iWUE and growth data were related to the rising atmospheric CO2 concentration and 

other climatic data. The tree ring δ15N values were related to post- and pre-wildfire events, total 

N and atmospheric CO2 concentration. Multiple regression analysis was used to quantify the 

relationships among tree ring δ15N, BAI, WUE, atmospheric CO2-e (GHG) concentration, 

temperature, precipitation and humidity of the study site. Tree ring total C and N,  δ13C and 

δ15N were determined on mass spectrometer at Griffith University, Nathan campus. Tree ring 

samples were cut every three years to obtain the isotopic results, and to effectively analyse the 

wildfire event that occurred at the study site in 1987 and climate extremes (particularly drought 

and flooding events) in the last 50-80 years.  

Overall, these results showed a quadratic decrease in relative humidity over the past 60 years 

with a continuous increase in average surface temperature, indicating an initial increase in 
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water availability, peaking when it has reached the critical threshold water availability, and a 

decrease thereafter. As atmospheric CO2 (aCO2) continued to increase, iWUE also increased. 

BAI showed a quadratical relationship with aCO2, increasing initially but peaking at a critical 

threshold and decreasing thereafter. Tree ring δ15N, an index of N availability, decreased either 

linearly and non-linearly with the rising aCO2. Tree ring δ15N of L. geminlii four sample trees 

responded non-linearly, initially increasing with aCO2, but peaking and then decreasing 

therafter with the rising aCO2. While for P. sylvestris, two of the four sample trees decreased 

linearly and the other two trees decreased non-linearly, perhaps due to the aging of the sample 

trees, with Pinus species to have a higher significant value than those of Larix species trees. 

Thus, there was decreasing N availability in the last 20-30 years as the aCO2 continued to rise. 

The result showed that during the major wildfire event of 1987, there was a peak of tree ring 

δ15N. The wildfire resulted in the increasing δ15N intensity which lasted for about 20 – 30 years, 

depending on the sample trees. Tree ring δ15N in the P. sylvestris trees was highly sensitive to 

the major forest wildfires. Once it reached its critical threshold; tree growth would decrease as 

tree ring δ15N increased. However, tree ring δ15N in the L. gmelinii trees was not as sensitive 

to the major wildfire of 1987.  

This study represents the first attempt in the world to highlight that tree ring δ15N could be used 

to fingerprint both frequency and intensity of major wildfires (such as that occurred in 1987) 

and climate extremes (such as drought with lower δ15N and flash flooding events with very 

high δ15N). In conclusion, tree ring δ15N can be used as a sensitive indicator of N availability 

in the Boreal forest ecosystems, and could be used to fingerprint both frequency and intensity 

of major wildfires and climate extremes recorded in both L. gemilinii and P. Sylvestris sample 

trees. Unfortunately, tree growth has decreased with the rising atmospheric CO2 once the CO2 

tipping points have been passed in the Boreal forest ecosystems, leading to the positive 

feedback to climate change, due to increasing water and N limitations in the boreal forest 

ecosystems under intensifying climate change and wildfires in the last 20-30 years. 
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Chapter 1 Introduction and Literature Review 
 

1.3 Climate change  

Climate change has become a global crisis that has affected Earth’s ecosystems, caused by an 

increase in atmospheric CO2 concentration and temperature. Amthor et al. (1995) highlighted 

that the combustion of fossil fuels and biomass creates an increase in atmospheric CO2 and 

temperature that causes extreme climate events. These factors raise a major concern on 

biodiversity loss and the impacts on ecosystems. Terrestrial plants and forest ecosystems play 

a major role in the socio-economic systems and provide significant services to forest 

ecosystems, such as carbon sequestration and controlling carbon dioxide concentration in the 

atmosphere. According to Lindsey (2020), the global average temperature is projected to 

increase to about 3.5 oC since above pre-industrial levels. Predict that the atmospheric CO2 

concentration will increase to at least 900 ppm by 2100 (Lindsey, 2020). These detrimental 

increases can greatly affect our complex yet fragile ecosystems.  In terms of forest ecosystems, 

increased temperature can lead to extended growing season, however where water availability 

is restricted a shift in climate variability can occur because of the increase in temperature. 

Increased global average surface and ocean temperatures have led changes in climate 

conditions such as humidity and precipitation, which have resulted in periods of drought and a 

consequential impact on tree growth and survival (Carswell 2018; Granier et al. 2007; Fuhrer 

et al. 2006; Kahle 1994). Drastic consequences due to changes in climatic conditions include 

disturbed carbon (C) and nitrogen (N) fluxes. Changes in such C and N fluxes affect the 

productivity of ecosystems and nutrient availability within Earths biogeochemical cycles.  

 

1.4 Changing environments of boreal and high-altitude forest 
 

1.4.1 Boreal environments 

Boreal forests cover 1.2 billion hectors across the globe, mainly in Eurasia and North America 

(Soja et al. 2007; Gauthier et al. 2018;). Boreal forest composition results from complex 

interaction with the climate, solar radiation, forest fires, nutrient availability, geology, 

topography, soil moisture, permafrost, soil temperature and ecology of species (Gauthier et al. 

2018). Climate means and extremes are the ultimate factors in changing the ecosystem of boreal 



15 
 

forests. Temperature and precipitation are the main manifest of climate and can determine the 

succession and distribution of forest ecosystems affecting the biosphere of boreal forest types 

(Stocks et al. 1998). Research has found that boreal forest is the largest terrestrial reservoir to 

store C 30 – 35% on a global scale ( Grishin et al.1995; Gauthier et al. 2018). This phenomenon 

shows the importance of conducting research to further understand the long-term effects of 

climate change and climate extremes on forest C stocks and fluxes (Grishin et al., 1995). It has 

been predicted that there will be a 40% temperature increase by 2100, resulting in 1.4–1.6 

degrees (Gauthier et al. 2018). Research performed in Siberia, Canada and Alaska, has 

predicted that the increase in temperature in boreal forest in the last decade has been 0.5–2 

degrees. With this change in temperature boreal ecosystems have become highly sensitive 

(Stocks et al. 1998; Chapin et al. 2007).  

 

1.4.2 High altitude environments 

Snow is an important component within high altitude environments, and it serves as a necessity 

for insulation and water availability within its environment. With the current climate change 

and increased temperatures, the persistence of seasonal snow cover has decreased. The current 

duration of persistent snow cover for five to six months has been reduced by 73–93 days in 

northern Sweden within the next century due to increased temperatures, with precipitation 

instead of snow (Kellomahi 2010; Blumwerry 2016). Increased temperature can also cause a 

reduction in water availability, because of the reduced snow fall and the duration of snow cover. 

These factors are of primary importance for replenishing the reservoirs of water in the soil and 

thereby the level of ground water (Kellomahi 2010; Groffman 2011; Zhou 2011; Blumwerry 

2016). This can cause an alteration of soil freeze-thaw cycles, which can alter C and nutrient 

fluxes into the next growing season. Damage to exposed roots and microbes can alter the C 

cycle, thereby altering soil respiration from reduced snow cover (Kellomahi 2010; Groffman 

2011; Sorensen 2016). Since the N and C cycles are both intertwined freezing can immobilise 

available C, thereby stimulating microbial immobilization, due to lack of energy source from 

the C, or denitrification of nitrate N, this in turn prevents N loss treatment response (Wipf 2009; 

Groffman 2011).  

 

1.5 Plant and soil C and N cycles and their importance 
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1.5.1 Analysis of total carbon (TC) and δ13C 

The C cycle is involved in complex biogeochemical processes that include many interactions 

within terrestrial ecosystems. The C cycle begins with CO2 assimilation by plants, and 

efficiency of the CO2 assimilation is dependent on light energy. Forestry ecosystems are one 

of the main factors that contribute to the input and output of C within the Earth’s systems. With 

plant photosynthesis and respiration being parts of the C cycle, understanding how these 

processes are evolved is essential to the understanding of the C cycle. Atmospheric CO2 is 

made up of two isotopic C atoms 13C and 12C. During the photosynthetic stage of CO2 fixation 
12C is preferably used while 13C is discriminated; this is because the 13C / 12C ratio within 

terrestrial and marine plants is lower in C sources in respective to atmospheric CO2 and ocean 

carbonates (Keeling 1979; O'Leary 1990). Among terrestrial plants, δ13C values of C3 plants 

are -20‰ to -35‰ (average -26‰) and those of C4 plants are -7‰ to -15‰ (average -12‰) 

(O'Leary 1990). The increase in the atmospheric CO2 mole fraction thus affects the C water 

balance of plant gas exchange, the energy balance of forest and the coupled global cycles of C 

and water thus the values of δ13C mentioned above can change with the changes in balances of 

water, gas and energy (Keeling 1979; Fahrni et al. 2017).  

 

1.5.2 Analysis of total nitrogen (TN) and δ15N 

The N cycle is involved in complex biogeochemical processes, and the dinitrogen (N2) gas 

makes up 78% of the Earth’s atmosphere. However, it is a nutrient that often limits primary 

production in terrestrial ecosystems, because animal and non-leguminous plants are unable to 

absorb the N2 gas (Aber et al. 1998; Fowler et al. 2013). The N2 gas is first converted by 

microbes into reactive N through symbiotic and non-symbiotic N fixation, for plants to absorb. 

Nitrification is the process by which nitrifying prokaryotes converts the ammonium N into 

nitrate N (Fowler et al. 2013). Once the reactive N has been absorbed into the roots of the 

plants, other prokaryotes can convert the nitrate N back to N2 via denitrification, which then is 

returned into the atmosphere (Fowler et al. 2013), completing then full N cycle.  

In 2010, the anthropogenic creation of reactive N was two times larger than the rate of natural 

terrestrial produced N (Lindner et al. 2009; Abatzolgou et al. 2016). During the same interval 

in 2011, as the CO2 concentration increases, reactive N such as N2O has increased by 20% 

from 271 ppb to 324 ppb (Savard et al. 2009; Leonelli et al. 2012; Bai et al. 2015; Scharnweber 

et al. 2016). The reactive N depositions have contributed to the currently increasing natural 
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CO2 sinks in some forest ecosystems. This disturbance due to anthropogenic events has 

contributed to the current change in N and C cycles within the terrestrial ecosystems. 

Changes in 15N natural abundance (δ15N) can provide an index of ecosystem N cycling. The 

ratio of N input or output relative to the N pools has been analysed by changes in plant and soil 

δ15N. Current research has also used the δ15N signature as an index of N losses with interaction 

of wildfire within soil and plant ecosystems. Differences in δ15N values are closely associated 

with the N cycling processes such as N mineralisation, nitrification, and denitrification 

(Handley et al. 1999; Houlton et al. 2007; Craine et al. 2018). The use of δ15N in different N 

pools could assist in understanding N demands of terrestrial ecosystems (Craine et al. 2009; 

Perakis 2011). 

 

1.5.3 Stable C isotope composition and intrinsic water use efficiency 

Plant WUE is an important factor in evaluating plants’ ability to use water for biomass 

production. Water-use efficiency (WUE) is the ratio between net CO2 assimilation and stomatal 

conductance (Cao et al. 2011). Isotopic C composition (δ13C) is used to quantify long-term 

plant WUE instead of estimated leaf gas exchange (Cao et al. 2011). Delta C isotope (δ13C) is 

used because it has a linear relationship with WUE (Cao et al. 2011).  δ13C and iWUE can be 

measured because of the differences in the respective time of integration or of variable 

mesophyll diffusion conductance (Broeck et al. 2014). Stomatal closure prevents hydraulic 

failure (Cabaneiro et al. 2006); when it is exposed to water limitations.   

Nitrogen-use efficiency (NUE) is defined as the ratio between net CO2 assimilation rate and 

leaf N concentration (Warren & Adams 2006). The N enrichment is an important source of 

plant nutrition that affects plant health and productivity. Even though the N limitation directly 

affects plant NUE, WUE is influenced by the stomatal conductance to water vapour, which is 

an essential factor regulating plant WUE (Warren & Adams 2006; Ulli Seibt 2007).  

1.6 Scientific research issues and contents 

Within the literature review we discussed the disturbance of tree growth, biogeochemical 

cycles (C and N), soil processes and WUE within forestry ecosystems because of climate 

change and wildfires. Using tree-ring methodology is an effective procedure to analyse the 

extent to which these disturbances influence the biogeochemical cycles of C and N and plant 

physiology in the long-term. Four main objectives were formed to address the research 



18 
 

questions that were constructed according to the literature. The experiments were conducted at 

Mohe City in northern China (52° 10'−53° 33' N 121° 07'−124° 20' E). Tree ring samples from 

Dahurian larch (Larix gmelinii) and Scott pine (Pinus sylvestir), were collected to determine 

the climatic change effects on intrinsic WUE and tree growth via analysing δ13C and δ15N as 

well as BAI over the lifespan of the species. The main objectives included:  

• To examine if the increase in atmospheric CO2 concentration would affect long-term 

trend of Larix gmelinii tree WUE and growth.  

• To assess whether climate and environmental changes (increase in temperature and air 

CO2) affect long-term rates in tree-growth and physiological responses. 

• To assess whether wildfire could be quantified by tree rings δ15N of adjacent unburnt 

boreal forest in northern China. 

• To evaluate the long-term effects of climate change on N availability in boreal forest 

ecosystems of northern China as revealed by tree ring δ15N. 
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Chapter 2 Experimental Design and Method Outline 
 

2.1 Site description 

Mohe City is located in the north west of the Heilongjiang Province, in northern China ( 52° 

10'−53° 33' N 121° 07'−124° 20' E).  Climate in this area is subarctic, with long cold winters 

and short warm summers. The average annual mean temperature is -4.49 oC. The winters 

generally last from mid-October until April, and the average temperature stays below freezing 

for seven months a year. The Heilongjiang Province is one of the largest agricultural base in 

China, containing large plantation forests that are used for cultivation. The plantation forest 

that the samples were collected from is a boreal forest consisting mainly of Pinus species and 

the occasional Larix species. However, on the sampling sites, there were many regenerated 

younger Larix species trees in this study. 

 

2.2 Experimental design  

During the start of the research project, 16 Pinus sylvestir and six Larix gmelinii tree ring 

sample were originally collected from the plantation boreal forest in northern China. Each of 

the tree ring samples were sanded and polished for analysis. The ring width was measured at 

0.01 mm precision along four radii to avoid growth anomalies, and then dated using a semi-

automated device, TSAP-Win Scientific software system. To check for ring-width data 

accuracy and the quality of cross-dating we used the statistical program COFECHA. This 

process was repeated five times for each tree sample to rule out any human errors that could 

occur when measuring the ring width. Once the BAI was then calculated using the ring width 

results. Each sample BAI was graphed with each of their respective lifespan. Analysing each 

of the graphs, four samples from each species where chosen that represented significant trends 

for further physiological and chemical analysis, such as iWUE, total C and N, 13C and 15N. 

Chemical analysis of test tree ring 15N, used two different solution to understand which solution 

would be better in sourcing out the 15N without cohesive error read by the spectrometer. 

Ammonium sulphate (NH4)2 SO4 and potassium nitrate were diluted with water to construct 

the solution. Each solution was used on four tree ring samples from different years to be 

analysed in the mass spectrometer, and this was repeated three times for maximum results and 
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significance. Ammonium sulphate (NH4)2 SO4 solution was chosen as adequate for 15N analysis 

within the tree rings. Soil isotopic analysis was constructed for the four types of soil that were 

collected close to each species as shown in the Table 3.1. 

Table 3.1 The pH, total carbon (C), total nitrogen (N), C isotope composition (δ13C) and N 
isotope composition (δ15N) of 0-10 cm soil samples collected from four areas of L. gmelinii 
and P. sylvestris trees in boreal forest ecosystems of Da Xing An Lin regions in northern 
Chinaa   

Tree species  Soil 
Type 

Total C 
(%) 

Total N 
(%) 

δ13C 
(‰) 

δ15N 
(‰) 

pH 
(1:5 H2O) 

Mean StDev Mean Stdev Mean Stdev Mean Stdev 

Larix gmelinii 1 10.43 0.412 2.24 0.060 -27.02 0.481 2.37 0.363 4.60 

Pinus sylvestris 2 7.42 0.323 0.209 0.010 -26.49 0.610 2.85 0.174 5.11 

Larix gmelinii 3 16.25 0.589 0.590 0.025 -28.53 0.596 0.83 0.117 4.34 

Pinus sylvestris 4 5.77 0.238 0.510 0.021 -27.80 0.273 1.84 0.196 5.38 

a Each soil type was sampled with six replicates; and the above soil properties are the means 
and standard deviations of six replicates. 

 

2.2.1  Tree ring sampling and preparation 

The tree ring samples were chosen at random in the plantation forest. For Pinus sylvestris var. 

mongolica, four sample trees were chosen and four sample Larix gmelinii trees were selected. 

P. sylvestris var. mongolica was larger and sparse, and L. gmelinii was rather smaller and dense. 

P. sylvestris var. mongolica was a diverse species in the plantation forest hence a lot more 

samples were collected. Tree ring cores, were collected from each sample of about 10 – 15 cm 

in thickness at the breath height (1-3 m above ground) in August 2018. The tree ring cores were 

then processed (e.g. air dried and polished) and cross dated according to the procedures 

established by Sun et al. (2010) and Xu et al. (2014). The ring width was measured to 0.01 mm 

precision along four radii to avoid growth anomalies and then dated by using a semi-automated 

device TSAP-Win Scientific software system. To check for ring -width data accuracy and the 

quality of cross-dating we used the statistical program COFECHA. 

2.2.2 Basal area increment 

Basal area increment was used to overcome the problem, of inaccurate tree growth results 

traditionally measured by only ring width, by using only the width of the annual ring to analyse 

the variation of tree growth. The ring width of mature trees might biologically decline due to 

the age and size of that tree thus this brings uncertainties when using the ring width as a growth 
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decline detector, and the ability to correlate changes induced by environmental factors with 

tree growth would be confound if using ring width alone to detect the trends of tree growth.  

BAI = π( R2
n – R2

n-1) 

where R is the radius of the tree sample and n is the year of the tree ring formation. For each 

tree, measurements there were three replications and the BAI results were averaged to minimise 

noise caused by the physiological impacts. Once the BAI results were attained it was then 

averaged every three years to correlate with each section that was cut for 13C  and 15N analyses. 

2.2.3  δ13C analysis 
 

Four sample trees of each species were chosen for δ13C analysis. To maximise average yearly 

disturbance of δ13C and to minimise noise from short-term variations, the rings were pooled 

from outer to pith every three years (e.g. 2018-2016, 2015-2013 and 2012-2010). Each three-

year increment from the wood samples were carefully split out in sequence with a sharp blade. 

The three-year sections were put into a tube and then oven dried at 60°C for 72 hours. Once 

the sections were dried they were then ground into fine powder with a ring grinder and put into 

labelled tubes (date, ring year and name of species and sample). An amount of 8 -9 mg of tree 

ring powder was weighed and placed into tin capsules, to analyse δ13C. The Secron Hydra 20-

22 isotope ration mass spectrometer was coupled with a Europa EA GSL sample prep system 

in the Stable Isotope Laboratory, Griffith University, Brisbane, Queensland, Australia. The 

spectrometer for δ13C analysis was calibrated with sucrose (IAEA-CH-6) supplied by the 

Australian Nation University, the sucrose reference standard to calculate δ13C was 0.16 ‰. The 

equation to calculate the δ13C was as follows:  

δ13C = 1000 x (Rsample /Rstandard )/Rstandard 

where Rsample was the 13C/12C ratio within the sample that was given from the isotope analysis 

and the Rstandard was the 13C/12C ratio of the PeeDee international standard.  

2.2.4 δ15N analysis 
 

Using the same sectioning as for the δ13C, a spike was added into each sample. Firstly, 56.6 

mg of ammonium sulphate (NH4)2 SO4 was weighed and placed into a tube containing 20 ml 

water, then the solution was mixed for 1 hour and put into the fridge. After the spike was dried 

we weighed and recorded the weight then an amount of 8 -9 mg of tree ring powder was 
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weighed and placed into the spiked tin capsules, to analyse δ 15N values. Four spikes were left 

without tree ring materiel as a control. The equation to calculate the δ15N was as follows:  

δ15N = 1000 x (Rsample /Rstandard )/Rstandard 

where Rsample was the 15N/ 14N ratio within the sample that was given from the isotope analysis 

and the Rstandard was the 15N/ 14N ratio, of the air as the reference.  

2.2.5  iWUE 
 

Based on the previous work to calculate iWUE we need to first calculate C isotope 

discrimination (Δ). This was a result by Farquhar et al. (1989) and Δ was defined as follows: 

Δ = (δ13Cair − δ13Cplant)/ (1+ δ13Cair/1000) 

where δ13Cair and δ13Cplant were the C isotope ratio of atmospheric carbon (CO2) and plant 

sample in the isotope analysis. The long term δ13Cair was calculated using the following 

equation by Feng (1998). 

δ13Cair = -6.429 – 0.0060exp[0.0217(t-1740)] 

iWUE (μmol mol-1 ) = aCO2 (b- Δ)/1.6(b-a) 

where the constant b (27.0 ‰) was the fractionation by Rubisco against CO2 and a (4.4‰) was 

referred to the enrichment during CO2 diffusion, Annual aCO2 was obtained from the Law 

Dome Ice core 2018 year CO2, CH4 and N2O data set available at 

http://www.ncdc.noaa.gov/paleo/icecore/antarctica/law/law_data.html. 

2.2.6 Statistical analysis 

Regression analysis was carried out to quantify signification relationships between BAI and 

WUE with aCO2 and climate trends (temperature, humidity and precipitation) from 1958-2018 

and environmental variables (total N and δ15N). Multiple regression analyses were also used to 

quantify the relationship of these environmental variables and aCO2 with BAI. Regression 

analysis was carried out to quantify atmospheric CO2 concentration relationships with tree ring 

δ15N and total N for specific wildfire years (1987 – 2018) as well as aCO2 and climate trends 

(temperature, humidity and precipitation) from 1958-2018. The software used to conduct the 

linear regression were R studio and Statistix 8. 

 

http://www.ncdc.noaa.gov/paleo/icecore/antarctica/law/law_data.html
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3.1 Abstract 
 

Purpose Climate change, particularly rising atmospheric carbon dioxide (CO2) concentration, 

can influence carbon (C) and nitrogen (N) cycling  in different forest ecosystems. The major 

objective of this study was to quantify the long-term physiological and tree growth trends of 

Larix gmelinii plantation in a boreal environment of northern China in response to elevated 

atmospheric CO2 concentration and other climatic conditions.  

Materials and methods Tree rings were extracted from, four Larix gmelinii sample trees, 

located in a boreal plantation forest of Mohe City, Heilongjiang Province, China. Tree rings 

were measured with a mean annual basal area increment (BAI), while tree ring stable C isotope 

composition (δ13C) and N isotopic composition (δ15N) as well as total C and N concentration 

were measured on mass spectrometer at 3-year intervals. Tree intrinsic water use efficiency 

(iWUE) was calculated using tree rings δ13C and atmospheric δ13C data. Multiple regression 

analysis was used to quantify the BAI and WUE relationships with atmospheric CO2 

concentration, temperature, precipitation and humidity of the study site. 

Results and discussion The results showed a quadratically decrease in relative humidity over 

the past 60 years with rising temperature, indicating the initial increasing water availability, 

which is peaked, but increasing water limitation thereafter. Tree iWUE continued to increase 

as atmospheric CO2 concentration (aCO2) increased. Tree BAI showed a quadratic relationship 

with atmospheric CO2 (aCO2), increasing initially, but peaking at the critical threshold of 352.5 

ppm or in 1986, and decreasing with the aCO2 thereafter. Tree ring δ15N, an index of N 

availability, also responded non-linearly to the rising aCO2, increasing initially with the aCO2, 

but peaking at the critical aCO2 of 348-367 ppm and decreasing thereafter with the rising aCO2, 

indicating the decreasing N availability in the last 20-30 years after the aCO2 continued to rise.  

Conclusions The iWUE of Larix gmelinii continued to increase under rising aCO2, but this 

increased iWUE did not translate into tree growth consistently due to increasing water and N 

limitation in the boreal forest ecosystems under intensifying climate change in the last 20-30 

years.  
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3.2  Introduction 
 

Climate and environmental changes have become a global concern, since it has affected not 

only natural ecosystems but also human health and environments (Xu et al. 2009; Teng et al. 

2012; Bai et al. 2015; Fu et al. 2020). Increases in atmospheric CO2 and temperature have 

caused many detrimental effects on forest ecosystem biodiversity and productivity as the 

results of climate and environmental changes. According to Lindsey (2020), the global average 

temperature is projected to increase to about 3.5 oC since above pre-industrial levels. Predict 

that the atmospheric CO2 concentration will increase by at least 900 ppm by 2100 (Lindsey, 

2020).  Increases in atmospheric CO2 concentration, air temperature, and extreme climate 

events have been caused by combustion of fossil fuels and biomass (Nock et.al. 2011; 

Zachariah et.al. 2015). It has been recorded that the anthropogenic CO2 emission from land use 

changes were 0.9 ± 0.8 PgC yr-1 through the past decade, representing 10% of the total 

anthropogenic CO2 emissions. The C emissions from fossil fuels are 9.5 ± 0.8 PgC yr-1 in 2011, 

54% above their 1990 level (Solomon et al.  2007). These detrimental increases can greatly 

affect our complex yet fragile ecosystems. The detrimental effects within our ecosystems 

include environmental and climatic changes, such as decreases in water, C and N availability 

and a shift in precipitation and humidity. What is not yet clear within the literature is the long-

term effect of increased atmospheric CO2 and temperature as well as water and N limitations 

on tree growth (Xu et al. 2009; Sun et al. 2010; Fu et al 2020). Hence, there is an urgent need 

to improve our understanding of the long-term changes in environment and climate and their 

impacts on ecosystem water and N availability as well as ecosystem functions and productivity.  

 With the long life-span of different tree species in forests, trees may be unable to adapt to the 

rapid changes in the environment due to climate change.  Previous work has given a basic 

understanding of several interactive factors like atmospheric CO2, temperature and 

precipitation on forest ecosystems (Xu et al. 2009; Bai et al. 2015; Fu et al. 2020). The 

reduction of water availability due to increased temperature, can have a detrimental effect on 

ecosystem N availability and functions as well as productivity. The lack of water availability 

within the environment can induce stomatal closure, thereby limiting nutrients (such as N) 
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going into the plants and increase iWUE to prevent hydraulic failure (Wu et al. 2015; Fernandez 

et al. 2016; Brienen et al. 2017).   

Intrinsic water-use efficiency is the ratio of net photosynthetic rate (A) to stomatal conductance 

(g) for water vapour during photosynthesis (Xu et al. 2009; Fu et al.2020). Intrinsic water-use 

efficiency is an indicator of C gain and water loss responses of tress to environmental change 

(Xu et al. 2009; Fu et al.2020). The effects of rising atmospheric CO2, increased temperature, 

decreased precipitation and humidity on iWUE have not been extensively studied, thus the 

comprehensive understanding of atmospheric CO2 and water limitation on WUE is limited 

(Farquhar et al., 1989; Eladio et.al. 2016; Brienen et al. 2017). Precipitation and humidity are 

important factors that relate to climate variability. Since a change in these climate conditions 

can lead to extended periods of drought,  resulting in a drastic consequence on tree growth and 

survival. These drastic consequences include the inability for trees to effectively 

photosynthesize thus disturbing not only forest health but also biogeochemical cycles of C and 

N (Elena et al. 2016; Eladio et.al. 2016). The increases of human induced disturbance have 

disturbed the C fluxes on a global scale.  

Climate means and extremes are the ultimate factors regulating the ecosystem functions and 

productivity of boreal forests (Oren et.al. 2001; Zhang et al. 2018). Boreal forests are 

fundamentally important due to their complex interactions and high carbon storage. Increased 

atmospheric CO2 and temperature have been found to be influencing tree growth and forest 

health, however there have not been extensive studies on how these factors would affect the 

boreal forest ecosystem water and N availability as well as long-term tree WUE and growth. 

There has been increasing evidence to suggest that with increasing temperature and 

atmospheric CO2 as well as limited water availability due to climate change and climate 

extremes, these factors also influence the reduction in tree biomass under current ambient 

conditions compared to pre-industrial conditions. Previous studies have also reported that N 

cycling has been closely linked to forest health and growth over the last a few decades. There 

is an unambiguous relationship between the climate change and the N availability in forest 

ecosystems (Aber et.al. 1998; Cleveland et al. 1999). Like water availability, N availability is 

important for plant photosynthesis and N uptake and thus it would play an important role in 

sustaining tree growth and ecosystem functions. However, there has not been adequate research 

on the relationships between climate change (particularly increased atmospheric CO2) and 

ecosystem N availability. Our working hypotheses would be based on our earlier works 

reported by Sun et al. (2010) and Xu et al. (2014) for tree ring research in subtropical China,  
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that (1) rising CO2 would initially increase plant photosynthesis and hence tree growth due to 

the CO2-facilitated photosynthesis or so called CO2 fertilization, but as the continuing rising 

CO2 concentration, the CO2 fertilization or facilitated plant photosynthesis would decrease due 

to the CO2 induced warming and warming induced water limitation, with plant growth peaked 

when the CO2 limitation and H2O limitation would equal; thereafter water limitation would 

decrease plant photosynthesis and hence plant growth when CO2 would not be the 

photosynthesis limiting factor but water limitation is continuing to increase with warmer 

climate and drier future (Sherwood and Fu 2014). However, tree water use efficiency would 

continue to increase either in the CO2 facilitated plant photosynthesis period or in the water 

limitation period later on. Hence, the CO2 induced global tree water use efficiency does not 

translate into consistent and global tree growth since tree growth would respond to the rising 

CO2 concentration in a non-linear fashion as reported by Sun et al (2010), Xu et al. (2014) and 

Fu et al. (2020). The second hypothesis would be that under the intensifying climate change 

with increasing water limitation and decreasing tree growth once the CO2 tipping point is 

passed, rising CO2 would also be expected to decrease ecosystem nitrogen (N) availability, and 

this might be reflected in decreasing tree ring δ15N and total N concentration in natural forest 

ecosystems.  In this study, tree ring samples from Dahurian larch (Larix gmelinii) located in 

the boreal plantation forest of Mohe City, Heilongjiang Province, China, were collected to 

evaluate the climatic change effects on tree iWUE and growth via analysing tree ring C isotope 

composition (δ13C) and N isotope composition (δ15N) as well as basal area increment (BAI) 

over the lifespan of the species. The major objectives of this study were to test the above two 

hypotheses that tree growth as reflected in tree ring BAI would respond non-linearly to the 

rising CO2 concentration, while tree WUE as calculated from tree ring δ13C  would continue to 

increase with the rising CO2; and ecosystem N availability as reflected in tree ring δ15N would 

decrease with rising CO2 in boreal forest ecosystem in northern China.    

 

3.3  Methods and Materials 
 

3.3.1  Site description 
 

Boreal plantation forest ecosystem of Mohe is located in the north west of the Heilongjiang 

Province, northern China ( 53° 29'−12° 22' 1'').  Climate in this area is subarctic, with long cold 

winters and short warm summers, the average annual mean temperature is -4.49 oC. The winters 
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generally last from mid-October until April, the average temperature stays below freezing for 

seven months in a year. However, in Fig. 4.1a the mean annual temperature has increased from  

1958 to 2016 while the relative humidity has decreased overall (Fig 4.1b).  The Heilongjiang 

Province is one of the largest agricultural bases in China, containing large plantation forests 

that are used for cultivation. The plantation forest that the samples were collected from, a boreal 

forest consisting Larix species. However, on the sampling sites, there were many regenerated 

younger Larix species trees in this study. 

 

 

 

Figure. 3.1 Relationship between mean annual temperature ( MAT, oC) and record period (1958 

– 2016) (a); between annual relative humidity (RH, %) and record period ( 1958- 2016) (b). 

 

3.3.2  Tree ring sampling and preparation 
 

The tree ring samples were chosen at random in the plantation forest. 4 sample Larix gmelinii 

trees were selected. Larix gmelinii was rather smaller and dense. Tree ring cores, were collected 

from each sample of about 10 – 15 cm in thickness in August 2018. The tree ring cores were 

then processed (e.g. air dried and polished) and cross dated according to the procedures 

established by Sun et al. (2010) and Xu et al. (2014). Tree ring samples were collected for tree 

1 (54 years old in 2018); tree 2 (54 years old in 2018); tree 3 (57 years old in 2018) and tree 4 

(48 years old in 2018). The ring width was measured to 0.01 mm precision along four radii to 

avoid growth anomalies and then dated by using a semi-automated device TSAP-Win 

Scientific software system. To check for ring -width data accuracy and the quality of cross-

dating we used the statistical program COFECHA.  
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3.3.3  Basal area increment 
 

Basal area increment (BAI) was used to overcome the problem with using only the width of 

the annual ring to analyse the variation of tree growth. The ring width of mature trees might 

biologically decline due to the age and size of that tree thus this brings uncertainties when using 

the ring width as a growth decline detector, and the ability to correlate changes induced by 

environmental factors with tree growth would be confound if using ring width alone to detect 

the trends of tree growth.  

BAI = π( R2
n – R2

n-1) 

Where R is the radius of the tree sample and n is the year of the tree ring formation. For each 

tree, measurements there were three replications and the BAI results were averaged to 

minimize noise caused by the physiological impacts. Once the BAI results were attained it was 

then averaged every three years to correlate with each section that was cut for 13C  and 15N 

analyses. 

3.3.4  δ13C analysis 
 

Four sample trees of each species were chosen for δ13C analysis. To maximise average yearly 

disturbance of δ13C and to minimize noise from short-term variations, the rings were pooled 

from outer to pith every 3 years (e.g. 2018-2016, 2015-2013 and 2012-2010). Each 3-year- 

increment from the wood samples were carefully split out in sequence with a sharp blade. The 

3 year sections were put into a tube and then oven dried at 60°C for 72 hours, once the sections 

were dried they were then ground into fine powder with a ring grinder and put into labelled 

tubes (date, ring year and name of species and sample). An amount of 8 -9 mg of tree ring 

powder was weighed and placed into tin capsules, to analyse δ13C. The Secron Hydra 20-22 

isotope ration mass spectrometer was coupled with a Europa EA GSL sample prep system in 

Stable Isotope Laboratory, Griffith University, Brisbane, Queensland, Australia. The 

spectrometer for δ13C analysis was calibrated with sucrose (IAEA-CH-6) supplied by the 

Australian Nation University, the sucrose reference standard to calculate δ13C was 0.16 ‰. The 

equation to calculate the δ13C was as follows:  

δ13C = 1000 x (Rsample /Rstandard )/Rstandard 

where Rsample was the 13C/12C ratio within the sample that was given from the isotope analysis 

and the Rstandard was the 13C/12C ratio of the Pee Dee international standard.  
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3.3.5  δ15N analysis 
 

Using the same sectioning as for the δ13C, a spike was added into each sample. Firstly, 56.6 

mg of ammonium sulphate (NH4)2 SO4 was weighed and placed into a tube 20 ml water, then 

the solution was mixed for 1 hour and put into the fridge. The spike was put into tin capsules, 

weighed with 30 mg N and dried, we weighed and recorded the weight, then an amount of 8 -

9 mg of tree ring powder was placed into the spiked tin capsules, to analyse δ15N values; 4 

spikes where left without tree ring materiel as a control. The Secron Hydra 20-22 isotope ration 

mass spectrometer was coupled with a Europa EA GSL sample prep system in Stable Isotope 

Laboratory, Griffith University, Brisbane, Queensland, Australia. The equation to calculate the 

δ15N was as follows:  

δ15N = 1000 x (Rsample /Rstandard )/Rstandard 

where Rsample was the 15N/ 14N ratio within the sample that was given from the isotope analysis 

and the Rstandard was the 15N/ 14N ratio, of the air as the reference.  

3.3.6 iWUE 
 

Based on the previous work to calculate iWUE we need to first calculate C isotope 

discrimination (Δ), this was a result by Farquhar et al. (1989) and Δ was defined as follows: 

Δ = (δ13Cair − δ13Cplant)/ (1+ δ13Cair/1000) 

Where δ13Cair and δ13Cplant were the C isotope ratio of atmospheric carbon (CO2) and plant 

sample in the isotope analysis. The long term δ13Cair was calculated using the following 

equation by Feng (1998), where t is year. 

δ13Cair = -6.429 – 0.0060exp[0.0217(t-1740)] 

iWUE (μmol mol-1 ) =  aCO2 (b- Δ)/1.6(b-a) 

where the constant b (27.0 ‰) was the fractionation by Rubisco against CO2 and a (4.4‰) was 

referred to the enrichment during CO2 diffusion, Annual aCO2 was obtained from Law Dome 

Ice core 2018 year CO2, CH4 and N2O data set available at 

http://www.ncdc.noaa.gov/paleo/icecore/antarctica/law/law_data.html. 

3.3.7  Statistical analysis 
 

http://www.ncdc.noaa.gov/paleo/icecore/antarctica/law/law_data.html
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Regression analysis was carried out to quantify signification relationships between BAI and 

WUE with aCO2 and climate trends (temperature, humidity and precipitation) from 1958-2018 

and environmental variables (total N and δ15N). Multiple regression analyses were also used to 

quantify the relationship of these environmental variables and aCO2 with BAI. The software 

that was used to conduct the linear regression was R studio and Statistix 8. 

3.4  Results 
 

3.4.1  Climatic conditions and Temporal variations 
 

As shown in Fig 3.1a and Fig 3.1b, mean annual temperature (MAT) increased as expected 

from 1958-2016 for this study, while relative humidity (RH, %) decreased quadratically in the 

same period. It is also expected that MAT increased significantly with the rising atmospheric 

CO2 concentration (aCO2) (Fig 3.2a), but the RH responded non-linearly to the rising MAT, 

increasing initially but peaking at the critical MAT of -5.89oC or 1968 and thereafter decreasing 

as the MAT continued to rise (Fig 3.2b). Thus, the climatic conditions were featured as MAT 

continued to rise while the RH decreased in the study period, highlighting the warmer and drier 

growing environments in this period. Tree growth, as indexed by BAI, showed slight 

differences in each sample with the range of values of BAI. However, there was general trend 

of initial increase and during the younger time of its life once the peak was reached the BAI 

values decreased thereafter (figure 3.3a). As shown in Fig 3.3b, there was a clear negative 

linear trend in  raw δ13C for all the samples. 
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Figure 3.2 Relationship between atmospheric carbon dioxide concentration (aCO2, ppm) and 

MAT (oC) (c) ; and between MAT (%) and RH (%) (d) (n = 57), for the study site in Northern 

China  

 

 

Figure 3.3 Temporal variation of BAI (cm2 yr-1) (a) and tree ring δ13C (‰) (b) for each sample 

(1, 2, 3 and 4) (n = 60) of Larix gemlinii in Northern China  

3.4.2 Tree WUE and growth 
 

Tree WUE had continued to increase linearly with rising aCO2 in the study period (Fig 3.4a) 

but tree growth as indicated by tree basal area increment (BAI) responded non-linearly to the 

rising aCO2, initially increasing with the aCO2, but peaking at the critical aCO2 of 252.6 or after 

1986 and decreasing with the rising aCO2 thereafter. This finding has significant implication 

for positive feedback of the C cycle in the boreal forest ecosystem under the warmer and drier 

growing environments after 1986 or the aCO2 reached its critical threshold of 352.6 ppm when 

tree growth would decrease with the rising aCO2 and hence would assimilate less atmospheric 

CO2 (aCO2), since the growing environments had become increasingly water limited. 
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Figure 3.4 a) Relationship between atmospheric carbon dioxide concertation (aCO2, ppm) and 

tree water use efficiency (WUE, μmol mol-1); b) or radial tree growth, indicated by basal area 

increments ( BAI, cm2 yr-1 ) of Larix gmelinii in Northern China  

 

3.4.3  Tree ring δ15N in response to the rising aCO2 

 

Tree ring δ 15N responded significantly and nonlinearly to the rising aCO2 for three of the four 

sample trees (Fig 3.5a, c, d), initially increasing with the aCO2, but peaking at the critical aCO2 

of 367 ppm for Fig 3.5a, 366 ppm for Fig 3.5c, and 348 ppm for Fig 3.5d, and thereafter 

decreasing with the aCO2. Even for the other tree with no significant relationship between tree 

ring δ 15N and aCO2, tree ring δ15N   appeared to decrease with aCO2 nonlinearly. This 

highlighted that N availability initially increased under the rising aCO2 but decreased with the 

aCO2 after the corresponding critical aCO2 was reached. This supports that tree growth of Larix 

gemlinii in the boreal environment of northern China would continue to decrease in the future 

due to both water and N limitations. This is clearly supported by the equation below: 
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The above equation highlighted that once critical threshold of
 aCO2 was reached, the 

intensifying climate change as indicated by the rising aCO2 caused not only increasing water 

limitation but also increasing N limitation. Hence, the coming positive feedback to the aCO2 

from forest ecosystem would be amplified by both water and N limitations once the critical 

concentration of aCO2 was reached 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Relationship between atmospheric carbon dioxide concentration (aCO2, ppm) and 
15N natural abundance (δ15N ‰), within tree ring samples for tree 1 (54 years old in 2018) (a); 

tree 2 (54 years old in 2018) (b); tree 3 (57 years old in 2018) (c); and tree 4 (48 years old in 

2018) (d) of Larix gmelinii in Northern China. 

 

3.5  Discussion 
 

3.5.1  The effects of aCO2 and climate on iWUE  
 

In the study, tree WUE in the boreal forest of northern China continued to increase in the 
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of increased iWUE in boreal forest ecosystems during the last century, and the increasing rates 

coincide with previous results. Rising CO2 and temperature can increase iWUE by decreasing 

stomatal conductance. Stomatal conductance is decreased due to increasing water limitation 

under intensifying climate change with warmer climate and drier future. The increasing tree 

WUE has been recorded on the global scale (Brienen et al. 2017). Previous research has 

concluded that tree WUE is a function of leaf internal CO2 and atmospheric pressure a linear 

relationship existed between WUE and aCO2. The rising atmospheric CO2 can increase WUE 

by decreasing the C assimilation and reducing stomatal conductance to prevent water loss (Fu 

et.al. 2020; Li et.al. 2017).  Boreal environments contain snow as well as rain, consistent with 

our results and past research the quadratic relationship between humidity and temperature, an 

initial increase in humidity and temperature would be expected. Due to the reliance of snow 

under warming climate, leading to a warmer and drier climate, because of decrease of humidity 

and increase of temperature (Zhang et al. 2017; Huang et al. 2017).  Research that has been 

done in the Mediterranean, temperate and other boreal region, indicating the predicted rise in 

temperature as well as decreasing humidity suggests that the evapotranspiration rates would 

arise with increasing water vapour pressure deficit and, consequently, increases in severe and 

more frequent drought periods would occur, increasing the competition for water in the forestry 

ecosystems, thus given further explanation of the curve that was demonstrated in Fig 4.2b 

(Song et.al. 2015; Saurer et al. 2014). The increasing iWUE is driven by increased 

carboxylation rate or decreased stomatal conductance, under continuous increased temperature 

and atmospheric CO2 , but the other factor that can affect the iWUE process and tree growth is 

the tree age of older samples, which was less likely to be affected by iWUE and climate change, 

and hence tree age played a role in the tree health as well (McGuire et al. 1997; Kwak et.al. 

2016; LeBlanc 1990).  This was also evident in the temporal variation results shown in Fig. 3, 

a curvature pattern within the growth rate of each species – with an initial increase and a 

decrease thereafter a threshold point, at first this could suggest that the main influencer could 

be age. However, δ13C is in an obviously decreased linear pattern, if age as the main factor of 

BAI decrease, as stated by Fu et al. (2020) that δ13C would have a similar trend to that of BAI. 

Thus, our results suggest that rather than age becoming a limiting factor, other variables such 

as increase in atmospheric CO2, water and N limitation are the key factors for the decrease in 

tree growth.  

3.5.2  Tree BAI and δ15N in response to the aCO2, and climate change 
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The impacts of environmental and climatic changes on tree growth showed a quadratic 

relationship between BAI and aCO2, with the BAI initially increased with the aCO2, peaked at 

the critical aCO2 of 352.5 ppm and then decreased with the aCO2 thereafter. This research 

finding is consistent with the previous reports by Sun et al. (2010), Xu et al. (2014) and Fu et 

al. (2020). Here, this study represents the first attempt to report that there were quadratic 

relationships between tree ring δ15N and aCO2, for three of the four sample trees. The tree ring 

δ15N initially increased with the rising aCO2 but peaked at the critical aCO2 of 367 ppm (tree 

1), 365.5 ppm (tree 3) and 348 (tree 4) and decreased with aCO2 thereafter, resulting that 

initially there was a positive response to aCO2. Tree ring δ15N fluxes could be dependent on the 

soil N availability and sources. Soil N availability increases due to increased N mineralization 

with warming, δ15N may increase due to isotopic fractionation during N losses, as was shown 

in the results (Robinson 2001). However once there was a critical threshold, aCO2 has a 

negative effect on tree ring δ15N response, indicating, if 15N-depleted sources such as 

atmospheric N deposition increases, tree ring δ15N could show a decrease pattern, thus tree ring 

δ15N is an integrator for N loss and N input and output (Robinson 2001). However, the tree 

ring samples were collected from the Boreal forest ecosystems of northern China, which would 

be expected to experience no N deposition in this region due to the long distance from any 

major industry developments and major cities. Our two hypotheses have been tested to be valid.  

This highlighted that tree growth, as reflected in tree BAI, responded non-linearly to the climate 

change, particularly the rising aCO2, increasing initially with the aCO2 but peaking at the critical 

352.5 ppm and decreasing with the aCO2 thereafter due to the increasing water limitation and 

N deficiency. This provides the positive feedback to the rising aCO2 and global warming. 

3.6  Conclusions 
 

This study has reported that while tree WUE continued to increase with the rising aCO2 in the 

period of 1958-2016, tree growth, as reflected in tree BAI, responded quadratically to the rising 

aCO2, with the tree BAI initially increased, but peaked at the critical aCO2 of 352.5 ppm (or in 

1986) and then decreased with the aCO2. This is also the first report highlighting that tree ring 

δ15N, an index of N availability, also responded non-linearly to the rising aCO2, increasing 

initially with the aCO2, but peaking at the critical aCO2 of 348-367 ppm and decreasing 

thereafter with the rising aCO2. This suggests that once the critical aCO2 of 352.5 ppm was 

reached (or in 1986), tree growth in this boreal forest would decrease with the rising aCO2, 

providing the positive feedback to the rising aCO2 and global warming due to the increasing 
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water limitation under global warming. This positive feedback to the rising aCO2 would be 

likely to be amplified by the increasing N limitation of tree BAI when the critical aCO2 of 348-

367 ppm was exceeded when the ecosystem N availability would decrease with the continuing 

rising aCO2. 
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Chapter 4 The Signature and Intensity of Wildfires Revealed by 

Tree Ring 15N Natural Abundance in Adjacent Boreal Forests 

of Northern China under Climate Change 
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4.1 Abstract 

Purpose Climate change intensifies with a warmer and drier future, as well as increased climate 

extremes such as drought and heatwave, leading to increasing wildfires, which play an 

important role in carbon (C) and nitrogen (N) cycling in terrestrial ecosystems. The aim of this 

study was to examine if stable N isotope composition (δ15N) and total N concentration in tree 

rings could be used as the signatures and intensities of wildfires and climate extremes (such as 

drought and flooding events) in the context of intensifying climate change and land 

degradation. 

Material and methods Tree rings were extracted from four Pinus sylvestris and four Larix 

gmenilii sample trees, located in a boreal plantation forest of Mohe City, Heilongjiang 

Province, China. Tree rings were measured to obtain mean annual basal area increment (BAI), 

while tree ring stable C isotope composition (δ13C), δ15N, and total C and N concentrations 

were measured on mass spectrometer at three-year intervals. The tree ring δ15N values were 

related to post- and pre-wildfire events, total N, and atmospheric CO2 concentration. Multiple 

regression analysis was used to quantify the relationships among tree ring δ15N, climate, and 

atmospheric CO2 concentration at the study site. 

Results and discussion Results showed that during the major wildfire event of 1987 there was 

a peak of tree ring δ15N. The fire induced δ15N intensity lasted for approximately 20–30 years 

depending on the sample trees. The relative humidity decreased quadratically during the past 

60 years in response to rising annual temperature, which highlighted that the growing 

environment was becoming warmer and drier during the last 30 years. The δ15N and total N 

interaction showed that as tree ring δ15N was enriched tree ring total N decreased. Tree ring 

δ15N in the Pinus sylvestris trees was highly sensitive to the major forest wildfires. Once it 

reached its critical threshold tree growth would decrease as tree ring δ15N increased. However, 

tree ring δ15N in the Larix armandii trees was not as sensitive to the major wildfire of 1987, 

because this species was not sensitive to the N limitation. Tree ring δ15N in the Pinus sylvestris 

and Larix gemlinii trees showed a negative linear relationship with rising atmospheric CO2 

(aCO2). However, there were sample trees that showed a quadratic relationship with 

atmospheric CO2 (aCO2), increasing initially but peaking at the critical thresholds of 366–367 

ppm. Multiple regression confirmed the significant relationship of tree ring δ15N with 

increasing aCO2, total N concentration, growing season rainfall, and relative humidity.  
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Conclusion Tree ring δ15N continued to decrease with the rising aCO2 after the wildfire event 

of 1987. Tree ring δ15N peaked during the wildfire event of 1987 and continued to decline, 

leading to a positive feedback to climate change due to increasing water and N limitations, 

which resulted in decreased tree growth and C sequestration once the tipping points of aCO2 

were passed. This study represents the first attempt to highlight that tree ring δ15N can be used 

to fingerprint both frequency and intensity of major wildfires and climate extremes 

(particularly droughts and flash flooding events) in boreal forest ecosystems. 

4.2 Introduction 

Wildfires seem to have increased in both frequency and intensity over the last 20–30 years, as 

climate change has intensified (CRS 2019). With the rising temperature as well as decreased 

humidity, the climate has become warmer and drier, thus leading to increasing water limitation 

and devastating wildfires globally. Wildfires can burn millions of acres of land at a rapid speed 

and can consume everything in their path. Wildfire not only affects the current area in which it 

burns, but also influences other neighbouring environment through the smoke and dust 

generated from the wildfire (Wan et al. 2001; McKenzie et al. 2014). With prevailing or 

convective winds generated by the fires, smoke and dust, with heavy particulate matter and 

harmful elements, are one of the major sources of air pollution over large areas (McKenzie et 

al. 2014).  Wildfires are major disturbances to the boreal forest over the last 6000 years (Walker 

et al. 2019). With a warmer and drier climate, boreal forests have been subjected to increased 

wildfires. Major regions that have been subjected to increasing burning are in Australia, 

Southeast Asia, the Middle East, and North America. Wildfires have increased, noting that in 

the past decade 67,000 wildfires occurred annually, with seven million hectares annually in the 

United States. In the largest burning in 2015, 10.1 million hectares burned (Stock et al. 1998; 

Doerr & Santin 2016; CRS 2019). Most of the wildfires were found to be in South America, 

Alaska and Canada, with most of the forests within the boreal environment. Thus, improving 

the understanding of climate change–wildfire relationships and finding the solutions to mitigate 

wildfires—are of great importance, particularly for the boreal forests. Such high wildfire 

exposure drives boreal forest net ecosystem C balance, emitting large amount of CO2 into the 

atmosphere, primarily through combustion of above-ground forest biomass and organic soil 

(Thiffault et al. 2008; Walker et al. 2019). Another aspect important for the health of an 

ecosystem that is known to be affected by the wildfires is ecosystem N losses. Increasing 

wildfires, N fertilizers, and burning of fossil fuels can increase the amount of N gas emissions 

to the atmosphere (Aber et al. 1998). However, to date, unlike the C cycle, there is limited 
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understanding of increasing wildfire impacts on the N cycling in terrestrial ecosystems 

(Lavorel et al. 2007).  The 15N natural abundance in the soil (plant ecosystems) is closely linked 

to the important N-cycling processes and the N balance in the context of climate change and 

increasing wildfires (Perakis et al. 2011; Wang et al. 2015; Wang et al. 2020). Increasing δ 15N 

in the soil is associated with losses of isotopically depleted nitrate and trace N gases and these 

processes can enable modelling of δ15N dynamics with 15N mass balance and identify potential 

pathways of N inputs and losses. This would be much easier to measure than direct 

measurements of N deposition and losses of N gasses by denitrification (Perakis et al. 2011). 

δ15N can be used to evaluate the wildfire events and major site disturbances (such as logging 

and thinning) to understand the N balance and dynamics in terrestrial ecosystems. However, 

there is still uncertainty of the long-term effects of such disturbances on N balance in an 

ecosystem (Perakis et al. 2011). The N availability is an important indicator of forest health 

(Aber et al. 1998). The N deposition in the 11% of the world’s forest ecosystems has exceeded 

the critical threshold (Cleveland et al. 1999; IPCC 2007; CRS 2019). From 1980–2010, the 

average N bulk deposition increased in China by 60% (Liu et al. 2017). Given the limited 

supply of N in terrestrial ecosystems (Delwiche 1970; Aber et al.1998), N deposition is an 

important driver for ecosystem respiration across all biomass. Water stress can also influence 

N limitations, reducing tree capacity to assimilate atmospheric CO2. With this in mind, 

understanding the effects of major wildfires on δ15N and N-cycling in terrestrial ecosystems 

has become increasingly important (Wang et al. 2015; Wang et al. 2020). 

Previous studies have reported that an indicator of long-term wildfires can be observed in tree 

ring δ15N, via looking at the fire history reconstruction by comparing long-term, sedimentary 

charcoal with nearby fire scar chronologies (Holz et al. 2012). There has also been research on 

using stable C isotope composition (δ13C) in tree rings to understand the constraints of 

photosynthetic rates, soil N availability, and water limitations. There is limited literature on 

relationships among tree ring δ15N, total N concentration and wildfires, with most of the 

research that has been done on wildfire impacts on δ15N and N cycling processes in the soils. 

In this study, we aimed to understand if tree ring methodology can test two features. First, 

whether neighbouring forest of the burnt forest could still record and retain the signature of 

wildfires by tree ring δ15N. Second, whether the tree ring δ15N correlated to tree growth and 

ecosystem N availability under intensifying climate change and land management 

4.3 Methods and Materials 
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4.3.1 Site description 

Mohe City, is located in north west of the Heilongjiang Province, China (52° 10'−53° 33' N 

121° 07'−124° 20' E).  Climate in this area is subarctic, with long cold winters and short warm 

summers, the average annual mean temperature is -4.49oC. The winters generally last from 

mid-October until April, the average temperature stays below freezing for seven months in a 

year. The Heilongjiang Province is one of the largest agricultural base in China, containing 

large plantation forests that are used for wood production. The plantation forest that the sample 

trees were collected from, is the boreal forest consisting mainly of Pinus species and Larix 

species. 

4.3.2 Tree ring sampling and preparation 

Tree ring samples were chosen at random in the plantation forest. Four sample trees were 

chosen for Pinus Sylvestris var. mongolica and four sample trees were chosen for Larix 

gmelinii. Pinus Sylvestris var. mongolica was a dominate species in the plantation forest, hence 

a larger number of sample trees were collected. In August 2018, 10-15 cm tree ring cores were 

collected from each sample tree at the breast height (1.3 m above ground). The tree ring cores 

were then processed (air-dried and polished) and cross dated according to the procedures 

established by Sun et al. (2010) and Xu et al. (2014). The ring width was measured to 0.01 mm 

precision along four radii to avoid growth anomalies and then dated by using a semi-automated 

device TSAP-Win Scientific software system. To check for tree ring width data accuracy and 

the quality of cross-dating we used the statistical program COFECHA. 

4.3.3 Basal area increment 

Basal area increment (BAI) was used as an index of tree growth to overcome the problem with 

using only the width of the annual ring to analyse the variation of tree growth. The BAI was 

calculated as follows:   

BAI = π (R2
n – R2

n-1) 

where R was the radius of the sample tree at breast height (1.3 m above ground) and n was the 

year of the tree ring formation. For each tree ring width measurement, there were three 

replications and the BAI results were averaged to minimize noise caused by the physiological 

impacts. Once the BAI results were attained, it was then averaged every three years to correlate 

with each section that was cut for 13C and 15N isotopic composition analysis. 
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4.3.4  δ13C measurement 

Four sample trees of each species were chosen for δ13C measurement. To maximise average 

yearly change in δ13C and to minimise noise from short-term variations, the rings were pooled 

from outer to pith every three years (e.g. 2018–2016, 2015–2013, and 2012–2010). Each three- 

year increment from the wood samples were carefully split out in sequence with a sharp blade. 

The three-year sections were put into a tube and then oven dried at 60°C for 72 hours, and once 

the sections were dried they were then ground into fine powder with a ring grinder and put into 

labelled tubes (date, ring year, name of species, and sample). An amount of 8–9 mg of tree ring 

powder was weighed and placed into tin capsules, to analyse for δ13C measurement, using a 

Secron Hydra 20–22 isotope ratio mass spectrometer coupled with a Europa EA GSL sample 

prep system in Stable Isotope Laboratory, Griffith University, Brisbane, Australia. The mass 

spectrometer for δ13C analysis was calibrated with sucrose (IAEA-CH-6) supplied by the 

Australian National University. The sucrose reference standard to calculate δ13C was 0.16 ‰. 

The equation to calculate the δ13C was as follows:  

δ13C = 1000 x (Rsample /Rstandard )/Rstandard 

where Rsample was the 13C/12C ratio within the sample that was given from the isotope analysis 

and the Rstandard was the 13C/12C ratio of the Pee Dee international standard.  

4.3.5 δ15N measurement 

Using the same sectioning for the δ13 C measurement, a spike was added into each sample. 

First, 56.6 mg of ammonium sulphate (NH4)2 SO4 was weighted and placed into a tube 

containing 20 ml water, then the solution was mixed for 1 hour and put into the fridge. After 

the spike was dried we weighed and recorded the weight then an amount of 8 -9 mg of tree ring 

powder was weighed and placed into the spiked tin capsules, to analyse for δ 15N measurement; 

4 spikes where left without tree ring materiel as a control, using a Secron Hydra 20–22 isotope 

ratio mass spectrometer coupled with a Europa EA GSL sample prep system in Stable Isotope 

Laboratory. The equation to calculate the δ15N was as follows:  

δ15N = 1000 x (Rsample /Rstandard )/Rstandard 

where Rsample was the 15N/ 14N ratio within the sample that was given from the isotope analysis 

and the Rstandard was the 15N/ 14N ratio of the air as the reference.  
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4.3.6 Statistical analysis 

Regression analysis was carried out to quantify atmospheric CO2 concentration relationships 

with tree ring δ15N and total N for specific wildfire years (1987 – 2018) as well as aCO2and 

climate trends (temperature, humidity and precipitation) from 1958-2018. The software that 

were used to conduct the linear regression were R studio and Statistix 8. 

4.4 Results 
 

4.4.1 Climatic conditions 

As shown in Fig 4.1a and Fig 4.1b, mean annual temperature (MAT) increased, as expected, 

from 1958–2016 for this study, while relative humidity (RH, %) decreased quadratically during 

the same period. It was also expected that MAT would increase significantly with the rising 

atmospheric CO2 concentration (aCO2) (Fig 4.1c), but the RH responded non-linearly to the 

rising MAT, increasing initially but peaking at the critical MAT of -5.89oC or 1968, and 

thereafter decreasing as the MAT continued to rise (Fig 4.1d). Growing season rainfall 

continuously decreased, as expected, from the recorded period 1958-2016 (Fig 4.1e), there 

were peaks of high rainfall, indicating fresh flooding periods and there was a negative peak 

indicating dry periods, 1985 had the highest drop indicating a very dry year leading to drought. 

Thus, the climatic conditions were featured as MAT continued to rise, while the RH initially 

increased and then decreased and growing season rainfall decreasing in the study period, 

highlighting the warmer, drier, and flooding  growing environments in the later parts of this 

period. 
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Figure 4.1 Relationship between mean annual temperature ( MAT, oC) and record period (1958 

– 2016) (a); between annual relative humidity (RH, %) and record period (1958- 2016) (b); 

between atmospheric carbon dioxide concentration (aCO2, ppm) and MAT (oC) (c) ; and 

between MAT (%) and RH (%) (d); between mean annual growing season rainfall (GroRain, 

mm) and recorded period (1958-2016) (n = 57) for the study site in Northern China 

4.4.2 δ15N and total N trends 

For trends of tree ring δ 15N and total N for P. sylvestris, sample tree 1 was the oldest tree 

(1938–2018) at 80 years old (Fig 4.2a and Fig 4.5). All tree ring δ15N samples showed peaks 

in 1945, 1954, 1966, 1955, 2006 (Fig 4.2, 3). These peaks correlate with the peaks of the rainfall 

results in Fig 4.1e. The other high peak event in 1987 is due to major wildfire which is the year 

after one of the driest year in the rainfall Fig. 1e. Peaks of tree ring δ15N coinciding with the 

rainfall peaks, within the lifespan of each tree recorded significant flooding event in 1945, 

1954, 1966, 1955, 2006 (Fig 4.2, 3). the 1965 rainfall peaks were exceptionally high with 200 

mm and a δ 15N peak on that same year (Fig 4.2,3). However if you look at the second and third 

peak of rainfall even though the level of rainfall is much smaller 150 mm and 50 mm the δ 15N  
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value was much higher specifically 1975-1978 period, indicating fresh flooding also the 

intensity of that specific flooding event contributed to high level of δ 15N (Fig 4.2,3). This might 

be related to the major disturbances such as major flooding event or wildfires, leading to the 

significant increase in N availability and hence more N losses with increasing tree ring δ15N. It 

is important to note that the year of 1986, just before the major 1987 wildfire, was a year of 

major drought, followed with the major heatwave in the spring of 1987, leading to the major 

wildfire. The major wildfires’ effects on increasing tree ring δ15N could also be seen in the 

other three trees of P. sylvestris, but tree 3 also showed δ15N peaks in 1966, 1976 (flooding 

event) (Fig 4.3c), and 1987 (wildfires) while tree 4 showed δ 15N peaks in 1976, 1984 (flooding 

event)( Fig 4.3d), and 1987 (wildfires). Tree 2 seemed to have only δ15N peak in 1987 

(wildfires). The tree ring total N concentration seems to be opposite to the trends of tree ring 

δ15N (Fig 4.2b), and this is clearly shown in Fig 5.4 (R2 =0.80, P<0.05, n=85). For L. gmelinii, 

all four sample trees were approximately 60 years old. Tree δ 15N peaks was a result of flooding 

events. The highest tree ring δ 15N peak was the major wildfire in 1987, tree samples 1, 2, and 

3 (Fig 4.3a,b,c), while tree 4 had its δ15N peak in 1991 or four years later than 1987 (Fig 4.3d). 

This might be because the tree sample was quite distant from the wildfire and, hence, δ15N 

peaked a few years later. However, tree ring total N concentration did not fluctuate very much, 

indicating that the trees of L. gmelinii were less sensitive to the N availability or subject to less 

N limitation (Appendix)  
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Figure 4.2 Impacts of climate extremes during lifespan of Pinus sylvestris on mean annual 15N 

natural abundance (δ15N, ‰) in tree ring samples (averaged at 3 year interval) for sample tree 

1 (81 years old in 2018) (a); sample tree 2 (57 years old in 2018) (b); sample tree 3 (57 years 

old in 2018) (c); and sample tree 4 (57 years old in 2018) (d) in Northern China. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Impacts of climate extremes during lifespan of Larix gmelinii on mean annual 15N 

natural abundance (δ15N, ‰) in tree ring samples (averaged at 3 year interval)  for sample tree 

1 (54 years old in 2018) (a); sample tree 2 (54 years old in 2018) (b); sample tree 3 (60 years 

old in 2018) (c); and sample tree 4 (48 years old in 2018) (d) in Northern China. 
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Figure 4.4 Relationship between total nitrogen (N) concentration (%) and 15N natural 

abundance (δ15N, ‰) in tree ring samples of P. sylvestris in Northern China. 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Impacts of a major wildfire in 1987 of P. sylvestris on mean annual 15N natural 

abundance (δ15N, ‰) in tree ring samples for sample tree 1 (81 years old in 2018) (a); sample 

tree 2 (57 years old in 2018) (b); sample tree 3 (57 years old in 2018) (c); and sample tree 4 

(57 years old in 2018) (d) in Northern China. 
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Figure 4.6 Impacts of a major wildfire in 1987 of L. gmelinii on mean annual 15N natural 

abundance (δ15N, ‰) in tree ring samples for sample tree 1 (54 years old in 2018) (a); sample 

tree 2 (54 years old in 2018) (b); sample tree 3 (60 years old in 2018) (c); and sample tree 4 

(48 years old in 2018) (d) in Northern China. 

4.4.3 Relationships between tree ring δ15N and climate change 

The P. sylvestris tree ring δ15N of tree 1 seemed to respond quadratically to climate change as 

indicated by the aCO2, but the relationship was statistically insignificant, perhaps due to the 

aging effect of tree 1 (80 years old) (Fig 4.6a). For trees 2 and 3 of P. sylvestris, tree ring δ15N 

decreased linearly with rising aCO2 (Fig 4.6b,c), suggesting that N availability overall 

decreased with the rising aCO2 or climate change. For tree 4 of P. Sylvestris, tree ring δ15N 

responded quadratically, initially increasing with the aCO2 but peaking and then decreasing 

with the rising aCO2, highlighting that N availability also decreased with the aCO2 once the 

tipping point of aCO2 was passed (Fig 4.7d). For L. gmelinii, tree ring δ15N of tress 1 and 3 

responded quadratically to the rising aCO2 (Fig 4.10 a, c), initially increasing with the aCO2 

and then peaking, thereafter decreasing with the aCO2, again suggesting that N availability 
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availability decreased during the last 20–30 years due to climate change (particularly rising 

aCO2), and, hence, N limitations were increasingly present in the boreal forest ecosystem. There 

were significant relationships between tree ring δ15N and the corresponding aCO2 for both tree 

species. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Impact of wildfire and post wildfire from 1983 - 2018 event on relationship between 

atmospheric carbon dioxide concentration (aCO2, ppm) and 15N natural abundance (δ15N ‰), 

within tree ring samples for sample tree 1 (a); sample tree 2 (57 years old in 2018) (b); sample 

tree 3 (57 years old in 2018) (c); and sample tree 4 (57 years old in 2018) (d) of P. sylvestris in 

Northern China. 
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Figure 4.8 Impact of wildfire and post wildfire from 1983 - 2018 event on relationship between 

atmospheric carbon dioxide concentration (aCO2, ppm) and 15N natural abundance (δ15N ‰), 

within tree ring samples for sample tree 1 (a); sample tree 2 (57 years old in 2018) (b); sample 

tree 3 (57 years old in 2018) (c); and sample tree 4 (57 years old in 2018) (d) of L. gmelinii in 

Northern China. 
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with the wet season. These results can give an indication of the extreme climate event that 

occur such as drought and floods, proposing that climate change can be the cause of the 

frequency and intensity of extreme weather such as drought, wildfire and floods. In parallel to 

this warming signal, the decrease in rainfall and snow cover has significantly impacted 

vegetation that accommodates snow environments, which initially can withstand the increased 

temperature due to the melting of the snow and the initial increase of humidity. However, there 

was a specific threshold in temperature, while the temperature continued to increase. With the 

decrease of rainfall within the area this can lead to a reduction in the natural cycle of snow 

production and drier climates, leading to the decrease in humidity. Research has shown that 

snow cover in the northern hemisphere and high-altitude environments has decreased by 10% 

since 1980 (Peng et al. 2010; IPCC 2007). This could explain the warmer and drier climate, 

due to decreasing humidity with the rising temperature. This, in turn, could lead to climate 

extreme events such as drought, which was evidently shown in the rainfall data  a couple of 

years before the wildfire event, there was a major drop in rainfall measurement in 1985 and 

1986 and heat waves in early 1987, leading to the major wildfires in 1987. Snow and rainfall 

are important factors that allow nutrients to be absorbed by soil microbes, roots, and plants. 

These factors also play a role in the implication of vegetation phenology, C cycle, and 

increasing N losses (Peng et al. 2010). With the current impacts of warming and rising 

atmospheric CO2, this is eventually the normal climate for boreal forest in northern China 

4.5.2 δ15N indictor of N cycling and drought/wildfires/flooding. 

Tree ring δ15N has been used as a ‘natural’ means to trace specific N sources in biological 

systems. For example, δ15N of legumes plants has been used to quantify biological N2 fixation 

(Delwiche 1970; Robinson 2001; Guinto et al. 2000; Reverchon et al. 2020). Our results have 

given insights into the current gaps in N depletion due to drought, major wildfires and our 

results are the first to have indicated the possibility of δ15N as a measure for flooding events, 

as well as the high and low peaks of N availability in the recorded lifespan of the chosen species 

in boreal forests. The questions posed in our study aims were both answered—to test whether 

the neighbouring forest would record the 1987 major wildfire in the affected area by tree ring 

δ15N and also whether climate extremes can be indicated by δ15N within tree ring. When 

measuring the tree ring δ15N in each three-year interval of each sample tree for each species, 

they all had increases and decreases in tree ring δ15N, indicating that N depletion was not only 

shown in the soil but also in the tree rings. The correlation between the rainfall peaks and the 

δ15N peaks gives empirical evidence that δ15N can be an indicator for not only drought as 
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reflected in lower tree ring δ15N, wildfire as reflected in higher tree rings δ15N, and N 

availability as reflected by tree ring δ15N, but also can measure flooding events and the intensity 

of the flood as reflected in higher tree ring δ15N. As shown in 1975-1978 during this period 

there was a smaller fresh flood however the δ15N peak was much higher, thus giving evidence 

to intensity of flood events throughout the lifespan of each samples and species. Each peak that 

had occurred indicated a major flooding disturbance within the forest, leading to likely N losses 

in the forest ecosystems. In this study, tree ring δ15N and total N of Pinus species positively 

responded to ecosystem N availability, which could be significantly influenced by major forest 

disturbances such as drought, flooding and wildfires, compared with those of Larix species. 

Within the literature there is a lack of understanding of the tolerance Pinus and Larix species 

have towards N inputs and outputs, however some literature suggest that as a general 

understanding Pinus species are reliant on N intake within their environment while Larix 

species is less reliant thus do not require as much N as the Pinus; this coincides with our results 

in the variation of tolerance each species showed with the tree ring δ15N signatures (Hu et al. 

2019; Vestgarden et al. 2004; Berg et al. 1982).  

4.5.3 Tree ring δ15N and climate change 

The rising atmospheric CO2 accounts for about 80% of the current greenhouse gas warming 

and is the major greenhouse gas for global warming (Xu et al. 2009; Xu et al. 2014; Fu et al. 

2020; Succarie et al. submitted). Atmospheric CO2 is also directly linked to global terrestrial 

C cycle and one of the major attributes of climate change (Xu et al. 2009; Fu et al. 2020). Here 

we report the first empirical evidence highlighting that tree ring δ15N, an indicator of ecosystem 

N availability, was significantly linked to climate change as reflected in the significant 

relationships between tree ring δ15N and atmospheric CO2. This highlights that in the last 20-

30 years, N availability in the boreal forest ecosystem has declined as atmospheric CO2 

continues to rise or climate change intensifies. Our results also give rise to the possibility of 

measuring flood and drought/wildfire frequency and intensity.  Indeed, our research finding 

also provides the direct evidence in support of the key research outcome of Craine et al. (2018) 

that there is global decline in N availability in terrestrial ecosystems. In addition, tree ring δ15N 

of Pinus species was intolerant to climate change than that of Larix species. More research is 

urgently required to test the relationships between tree ring δ15N and atmospheric CO2 or 

climate change in different forest ecosystems elsewhere (Zak et al. 2001).        
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4.6 Conclusions 

There were signatures and intensity of major flooding and wildfires in tree ring δ15N for both 

P. sylvestris and L.gmenilii in boreal forest ecosystems of northern China. This study also 

represents the first direct and empirical evidence that N availability in the boreal forest 

ecosystem, as reflected in tree ring δ15N, has declined during the last 20–30 years, as climate 

change intensifies, or atmospheric CO2 and temperature rises in the same period. Tree ring δ15N 

can also be an  integrator for frequency and intensity of floods, drought and wildfires This 

highlights that climate change has resulted in increasing water and N limitations, induce 

extreme weather that is frequent and intensive in boreal forest ecosystems, leading to the 

positive feedback to climate change due to decreasing atmospheric CO2 assimilation and C 

sequestration in the ecosystems under increasing water and N limitations. This study also 

represents the first attempt to highlight that tree ring δ15N can be used to fingerprint both 

frequency and intensity of major wildfires and climate extremes (particularly flooding and 

drought) in boreal forest ecosystems.  
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Chapter 5 Conclusions 
This study has reported that high-altitude boreal plantation forest ecosystems in northern China 

have experienced the detrimental effects of climate change, particularly rising atmospheric CO2 

and temperature, and climate extremes such as wildfires. Our research found that BAI initially 

increased with the rising aCO2 but peaked at the critical aCO2 of 352.5 ppm and then decreased 

with the continues rising aCO2 in the period of 1958-2018, while tree WUE continued to 

increase with the rising aCO2 in the same period. This is also the first report highlighting that 

tree ring δ15N, an index of N availability, also responded non-linearly to the rising aCO2, 

increasing initially with the aCO2, but peaking at the critical aCO2 of 348-367 ppm and 

decreasing thereafter with the rising aCO2. This positive feedback to the rising aCO2 would be 

likely to be amplified by the increasing N limitation of tree BAI when the critical aCO2 of 348-

367 ppm was exceeded. The increases in water and N limitations, temperature and atmospheric 

CO2 can lead to extreme climate conditions such as droughts, increasing wildfires and other 

disturbances.  

As climate change intensifies, increasing wildfires are expected to be a source of disturbing N 

cycling which can lead to decreased N availability. However, there is little research done on N 

cycling processes and ecosystem N availability within tree ring δ15N in response to climate 

change, flooding and major wildfires due to drought induced environments. Our results have 

shown that there were signatures and intensity of flooding events and major wildfires in tree 

ring δ15N for both P. sylvestris and L. gmenilii in boreal forest ecosystems of northern China. 

This study also represents the first direct and empirical evidence that N availability in the boreal 

forest ecosystem, as reflected in tree ring δ15N, has declined in the last 20-30 years as climate 

change intensifies or atmospheric CO2 rises in the same period. This highlights that climate 

change has resulted in increasing water and N limitations in boreal forest ecosystems, leading 

to the positive feedback to climate change due to decreasing atmospheric CO2 assimilation and 

C sequestration in the ecosystems under increasing water and N limitations. With these changes 

and constant exposure to stress, plant species can negatively react to the change, depending on 

their anatomical and physiological adaptation to these climatic stress, soil characteristics, 

seasonal effects and temperature and intensity of the stressed induced environments in general. 

This study also represents the first attempt to highlight that tree ring δ15N can be used to 

fingerprint both frequency and intensity of major wildfires and climate extremes (particularly 

flooding and drought) in boreal forest ecosystems.  
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Supplementary Figure S4.1 Relationship between means of 15N natural abundance (δ15N, ‰) 

in tree ring samples and record period of 1938 – 2018 (a); and between means total nitrogen 

(N) concentration (%) in tree ring samples and the corresponding record period (b) for four 

sampling trees of P. sylvestris (Sample trees 1, 2, 3 and 4) in Northern China.  
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Supplementary Figure S4.2 Relationship between mean annual of 15N natural abundance 

(δ15N, ‰) in tree ring samples and record period of 1938 – 2018 (a);  and between mean annual 

total nitrogen (N) concentration (%) in tree ring samples and the corresponding record period 

(b) for four sampling trees of L. gmelinii (Sample trees 1, 2, 3 and 4) in Northern China.  
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