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IV 

Abstract   
 

The effect climate change has on forest trees is a large scaled topic. It is to believe that one of 

the largest threat to the environment today is global warming (IPPC, 2007). The use of fossil 

fuels seems to be the big threat with its greenhouse gas (GHG) emission and therefore forest 

is of interest. Forest contributes in several ways. Forest trees work as a renewable source of 

numerus materials and as it takes up CO2 from the greenhouse gasses it gives us oxygen (O2). 

The important process of photosynthesis, to able production of more trees and creation of 

more forests, tells us the vitality of understanding the tree physiology to the fullest. The 

response of photosynthesis to temperature is a central facet of trees’ response to climate 

change. With its photosynthesis plants play a large role in the carbon cycle as they store the 

hazardous carbon dioxide helping us humans to deal with problems directly linked to climatic 

change and in the same time they build up biomass that can be used as a renewable source. To 

understand, and to find the key, how plants can achieve optimum potential of photosynthesis 

several observations were made using plant material from fertilized and unfertilized Picea 

abies. Well acknowledged leaf gas exchange measurements were used to see the limitations 

of photosynthesis, observing the net CO2 uptake rate (Anet), the maximum Rubisco 

carboxylation (Vcmax), maximum rate of electron transport for regeneration of RuBP (Jmax) and 

their unique response to temperatures. For three days observations were conducted at the Slu 

Asa field research station in Lammhult, Sweden. In addition to gas exchange measurements, 

nitrogen (N), phosphorus (P) and chlorophyll content was measured in needles of the 

fertilized and unfertilized P. abies to see if the content somehow made an impact on 

photosynthetic parameters and the influence nutrients might have on the specific leaf area 

(SLA). Results from the observations showed that optimum temperature for photosynthesis 

varies to be by fertilized 22°C and unfertilized 19°C. The net photosynthetic rate responded to 

the influence by added fertilizers to almost a double, 9.10 μmol m−2 sec−1 than of the 

unfertilized, 5.36 μmol m−2 sec−1. These results indicate that a fertilized P. abies has a greater 

potency to capture carbon than of an unfertilized P. abies. The result also reveals the future 

prospect of adding fertilizer to a P. abies as a potential of growth in biomass as well as a 

carbon sink when atmospheric CO2 levels rise. There were no great differences in the 

behaviour between Vcmax and Jmax to the added or non-added fertilized P. abies. Perhaps the 

fact that given fertilizer contained both nitrogen and phosphorous could have in their 

combinations influenced the sensitivity of the relationship between them two and therefore 

also the result. The presence of N and P in the fertilized P. abies affected the concentration of 

chlorophyll positively, paving the way for photosynthesis, accumulated biomass and possibly 

for trees defence against abiotic stress factors. 
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Abstrakt 
 

 

Effekten av klimatförändringen på skog och träd är en fråga av stor vikt. Det är att tro att ett 

av de största hoten mot miljön idag är global uppvärmning (IPPC, 2007). Användningen av 

fossila bränslen, med utsläpp av växthusgaser, verkar utgöra det största hotet varpå skog är av 

stort intresse. Träd fungerar både som förnybar biokälla samtidigt som träd genom fotosyntes 

tar upp koldioxid (CO2) från växthusgaserna och ger oss människor syre (O2). Den viktiga 

processen fotosyntes berättar för oss hur vitalt det är att förstå träfysiologin till fullo. 

Fotosyntesens respons på temperatur är en central fasett bland träd som svar mot 

klimatförändringen. Med sin fotosyntes spelar växter en stor roll i kolcykeln eftersom träd 

lagrar växthusgasens koldioxid, vilket hjälper oss människor att hantera problem kopplade till 

klimatförändringar, samtidigt som trädet bygger upp biomassa som används till förnybar 

energi. För att förstå, och för att hitta nyckeln till hur växter kan uppnå optimal 

fotosyntespotential gjordes flera observationer av växtmaterial från gödslade och ogödslade 

Picea abies. Erkända modeller för bladgasutbytesmätningar användes i studien för att 

upptäcka fotosyntesbegränsningar, observera hastigheten av CO2
 upptag (Anet), observera 

maximala Rubisco-karboxylering (Vcmax) och för att observera maximal hastighet av 

elektrontransport för regenerering av RuBP (Jmax) i respons till olika temperaturer. Under tre 

dagar genomfördes observationer på Slu Asa-fältforskningsstationen i Lammhult, Sverige. 

Förutom gasutbytesmätningar mättes kväve (N), fosfor (P) samt klorofyllhalten i barr av den 

gödslade och ogödslade P. abies. Mätningen gick ut på att se om barrens näringsinnehåll 

påverkar fotosyntesen och barrens specifika storlek (SLA). Resultat från observationer visade 

att optimal temperatur för fotosyntes och upptag av CO2 varierar för att vara 22 ° C för den 

gödslade och 19 ° C för den ogödslade. hastigheten för netto upptag av CO2 svarade positivt 

på inflytandet av tillsatt gödsel till nästan dubbelt, 9,10 μmol m-2 sec-1 än av den ogödslade, 

5,36 μmol m-2 sec-1. Resultatet indikerar att en gödslad P. abies har större potential att 

producera fotosyntes och på så sätt även binda kol än en ogödslad P. abies. Resultatet avslöjar 

positiva framtidsutsikter för att gödsla P. abies som en potentiell kolsänka när atmosfärens 

koldioxidhalt stiger. Det fanns inga stora skillnader i beteendet mellan Vcmax och Jmax för 

gödslad och ogödslad. Kanske det faktum att gödselgivan, som innehöll både kväve och 

fosfor, kunde i dess kombination påverkat känsligheten hos förhållandet mellan Vcmax och Jmax 

och därför också resultatet, detta kräver fler studier. Förekomsten av halter från N och P i den 

gödslade P. abies påverkade klorofyllkoncentrationen positivt. En hög klorofyllhalt banar 

vägen för fotosyntes vilket höjer potential för en ökad biomassa och kanske även trädets 

försvar mot abiotiska stressfaktorer. 
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VIII 

 

Variable Definitions 

 

Anet: Net assimilation rate (photosynthesis), μmol CO2 m
-2 s-1 

Vcmax Maximum Rubisco carboxylation rate, μmol CO2 m
−2 s−1 

Jmax: Maximum rate of electron transport for regeneration of RuBP, μmol m -2 s-1 

PAR: Photosynthetically active radiation 

UF       Unfertilized site 

F          Fertilized site 

RuBP: (ribulose 1,5-biphosphate) reacts with CO2 in the first step of the Calvin cycle for 

fixing carbon in photosynthetic systems.  

Rubisco: The enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase, used in the 

Calvin cycle to catalyze the first major step of carbon fixation. 

C3 plant/species: A plant in which the CO2 is fixed into a compound before entering the 

Calvin cycle of photosynthesis. C3 plants include most broadleaf plants and plants in the 

temperate zones.   
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1. Introduction 
 

 

1.1 Background 

 
The continual increase of atmospheric carbon dioxide (CO2) is the primary 

contributor to global warming, an increase in global temperature (IPPC, 2007; NASA 

2014). Climate models predict an increase of global temperature of up to 4 ºC and an 

elevated CO2 concentration in our atmosphere to the level of twice as high as today 

by the end of 2100 (IPPC, 2007). As for today (2017) the atmospheric CO2 

concentration is an average of 400ppm and on the rise. The last time the atmospheric 

CO2 concentration was considered this high was 3-5 million years ago (Keeling, 

2017).  

 

To tackle the global warming caused by fossil fuels the European Commission 

(2017), has set a target to lower the atmospheric CO2 emissions by 85-90% year 

2050. Sweden have, to fight climate change and the rapid increase of athmospheric 

temperatures, set up climatic frameworks to take on action. As an example, the 

Swedish government has decided that by the year 2045 there should be no net 

emissions of greenhouse gasses to the atmosphere and subsequently achieve negative 

emissions. Negative emissions mean that emissions of greenhouse gases from 

operations in Sweden are less than the amount of carbon dioxide taken by nature, as 

part of the natural cycle. According to the Swedish government (2017), future 

investments in the Swedish forests would be one way to achieve such goals.  

 

The magnitude and direction of global change on forest ecosystem and the forest 

sector as such cannot yet be estimated with complete certainty. Not only does forest 

and its vegetation work as a carbon sink but it also serves, unlike fossil fuels, as a 

renewable source of material. This shows us that trees, among other vegetation types, 

has one crucial role to play within the global carbon cycle. Since the greenhouse 

gasses also contributes to a rapid increase in temperatures trees can find it hard to 

adapt to such rapid temperature change (Berry and Björkman, 1980).  

 

As we cannot predict with certainly what the response of forests to increased CO2 

will be one can only assume that elevated CO2 would positively increase the 

photosynthetic process in leaves and therefore also the uptake of CO2 (Hikosaka et 

al., 2005; Way and Sage., 2008). We know through scientific studies that a change in 

climate also involves higher temperatures and therefore we need to alternate some of 

the environmental factors that influence forests growth (Tjoelker et al, 1998; IPPC, 

2007). Such important alterations could consist the alteration of available plant 

nutrients (Bergh et al., 2004). According to a report from Stockholm environment 

institute, SEI, (2016) the Swedish forestry sector has the potential of helping the 

renewable energy source by increasing both production and extraction of bio goods 

with 25% by the year 2050. To do so we could develop plant materials more tolerant 
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to higher temperatures and use more intense forestry practises than today, done by 

for example adding fertilizers (Bergh et al, 2004).  

 

1.1.2 The effect of future environmental and physiological factors on photosynthesis  

 

Different environmental and physiological factors such as foliage nitrogen (N) 

content, atmospheric CO2 concentration, irradiation, vapour pressure deficit, air 

temperature along with abiotic stress, like drought and nutrient deficit, are strongly 

connected to photosynthetic response within plants (Tjoelker et al., 1998; Evans, 

1989). Long-term climatic changes of elevated temperature and CO2 can according to 

Hall et al. (2013) change the modification of these responses and it is important to 

know which one of these responses that might change.  With an increased 

temperature like global warming, the temperature will not only increase in the 

atmosphere but also on a more local scale, in the leaves and needles. Most C3 species 

close their stomata to prevent water loss when exposed to hot temperatures. In 

response to this event Way and Sage (2008) expects that the temperature of a leaf 

will be over its thermal optimum for photosynthesis leaving the photosynthetic 

process to slow down, as a reaction to fight heat stress. This phenomenon expects to 

occur in all types of C3 species and therefore also in the boreal forests of Sweden.  

 

1.1.3 Photosynthetic reactions in contact with temperature 

 

Photosynthesis is part of the growth process within plants and is affected by 

temperature. Exposure to temperatures below 10 ºC or above 35ºC can cause 

irreversible damage to the photosynthetic system since structural functions of the 

photosynthetic membranes are fragile in C3 plants. However, limits of temperature 

tolerance and thermal breakdown varies between species (Berry and Björkman, 

1980). The light independent reaction of photosynthesis is catalysed by enzymes and 

these enzymes are dependent on temperature. When enzymes reach optimum 

temperatures the overall rate of photosynthesis increases. When temperatures are too 

high the enzymes begin to denature and are not able to function normally which 

leads the photosynthetic rate to decrease. When a plant is exposed to high 

temperatures, above its normal, the stomata often close to prevent itself from losing 

water to prevent drought-stress. This closure stops the gas exchange that in turn 

slows down the photosynthesis further. When a leaf temperature exceeds the 

temperature of the surrounding air the leaf cools itself down by sensible- and 

evaporative heat loss, these ratio flux also called the Bowen ratio. This way of 

“cooling down” also causes the net transpiration rate to go down with increasing 

temperatures above optimal and is also usually correlated with a reduction in growth 

(Taiz and Zeiger, 2010).  

At temperatures above the “temperature compensation point”, meaning the amount 

of CO2 fixed by photosynthesis equals the amount of CO2 released, photosynthesis 

cannot replace the carbon used for respiration, as it becomes stressed, and the 

carbohydrate reserve decline. As a result, it gives less photosynthetic production and 

therefore less production of biomass. 
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1.1.4 Rubisco and reactions in contact with CO2 

 

Solar energy is converted to a chemical bound energy with physical bonding of coal. 

To increase photosynthesis would be a possible way to increase the plant absorption 

of carbon dioxide (CO2). Rubisco, except for being the most profuse existing protein 

here on earth, is also well-known for being the sometimes supreme-speed-restricting 

step for the fixation of carbon in the photosynthetic apparatus (Feller et al., 1998). 

Some enzymes can carry out thousands of chemical reactions each second. However, 

rubisco is a slow enzyme and are most of the time able to fix 3-10 carbon dioxide 

molecules per second and molecule of each enzyme. Nevertheless, under most 

conditions its speed responds positively when an increase of carbon dioxide 

concentrations occurs. Way and Sage (2008) reveals other theories proposing a 

photosynthetic reduction when temperatures in C3 plants are elevated since high 

temperatures can decrease the CO2 concentration to dissolved in the moisture of the 

leaf tissue. The reduction could be due to a downscaling capacity of the electron 

transport that regenerate the RuBP (ribulose bisphosphate) or simply because of a 

capacity reduction of Rubisco activase when trying to keep Rubisco actively in 

shape. To maintain their health C3 plants must be in areas where CO2 the 

concentration is high, ground water is available and temperature are moderate.  If 

there is an imbalance rubisco will react with O2 instead of CO2 leading to 

photorespiration. Photorespiration in its turn causes wasteful loss of CO2 in C3 plants 

in the process of photosynthesis.  

 

1.1.5 Increase of carbon and nitrogen, an increase of SLA and biomass  
 

Additional CO2 help trees to photosynthesize and might directly speed up the growth 

of a tree (Warren et al., 2015). Hemming et al (2013) found in their studies an 

increase of carbon dioxide into a doubled atmospheric CO2 concentration that, when 

associated with climate change, could potentially increase the global Net primary 

productivity (NPP) on overall plant growth by an average of 57%. The potential NPP 

does require a non-restricted water and plant nutrition. Although the climatic change 

of global warming can act as water and heat related stress factor to forests (IPPC, 

2007) previous experiments with boreal species in the northern hemispheres 

temperate forests has described that when both levels of CO2 and temperatures 

elevates a significant physiological process comes to change. These changes showed 

a positive outcome in response to tree growth and accumulation of biomass (Tjoelker 

et al., 1998b, Bergh et al., 2004). 
 

Nitrogen (N) is the most limiting factor for growth in boreal forests (Hiromi et al., 

1997; Bergh et al., 2004; Strand, 1994). As leaf photosynthetic rates are influenced 

by radiation, water and CO2, the availability of nutrients plays a large role (Farquhar 

et al, 1980). The magnitude of relationship between the photosynthetic rate and the 

leaf nitrogen content is according to Evans (1989) widely recognized. The capacity 

of photosynthesis is primarily linked to Rubisco and nitrogen. Nitrogen stands for the 

proteins in the Calvin cycle where thylakoids stand for most of the nitrogen content 

in a leaf and proportion to the chlorophyll content. 

https://www.biology-online.org/dictionary/Plant
https://www.biology-online.org/dictionary/Concentration
https://www.biology-online.org/dictionary/Temperature
https://www.biology-online.org/dictionary/Rubisco
https://www.biology-online.org/dictionary/Photorespiration
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Trees are, as they cannot move around, dependent on the nutrients in the soil where 

they stand. Forest in Sweden are almost without any exceptions limited in N, 

therefore by adding N-rich fertilizer there would be a rather prominent show of 

increase in tree growth (Bergh et al, 2004). The reason behind this fertilization effect 

is due to an improved nutritional asset that can give rise to a fast-expanded needle- or 

leaf mass. With an increase in mass there is an increase in photosynthesis. Increased 

photosynthesis and absorption of CO2 would leave a positive effect on the forest 

growth and on climate, as trees works as a carbon sink. By making the soil more 

fertile and nutrient Bergh (2004) shows that there will be a change of allocated 

resources between under- and over ground biomass. The fertilized trees will put more 

of its resources to build up needles/leaves leading to more of a greater production. 

The effectiveness of photosynthesis increases by 10-20% on a fertilized stand in 

compare with an unfertilized stand. A tree stores about 41% of carbon in its biomass 

(Slu, 2017) where here adding nitrogenic fertilizer is the only care measure that is 

with certainty increases the storage of carbon in forest (Bergh, 2004). Fertilization 

should preferably be given at an early stage of the juvenile age and only once (1) or 

if needed by an interval of 8-10 years (Bergh et al, 2004). Previous studies have 

shown that needles of spruce need at least 1,5% of nitrogen content to be able to 

produce photosynthesis optimal (Bergh et al, 2004; Taiz and Zeiger, 2010; 

Domingues et al, 2004, 2010).  Phosphorus constitutes to be some important 

compounds as sugar-phosphate intermediate for photosynthesis and respiration when 

phospholipids build up membrane of plant cells (Taiz and Zeiger, 2010). 

 

Specific leaf area, also called SLA, is the one-sided area of a fresh leaf, divided by its 

oven-dry mass. Often are SLA used as of an important parameter when analysing 

growth since it is often related to a potential growth rate (Pérez-Harguindeguy et al., 

2013). Since most of the nutrients, enzymes and cell organelles are found in the 

watery part of the plants tissue (cytoplasm) the dried mass of leaves is found in the 

cell walls and therefore directly connected to the SLA. According to Meziane and 

Shipley (2001) neither photosynthesis nor water are the main important factor to 

SLA, but that SLA is a direct cause of a leaf nitrogen concentration.  
 

1.1.6 Modelling photosynthesis through a net assimilation rate of CO2 

 

Since global warming will increase atmospheric temperatures, it is highly relevant to 

understand the limitations in the photosynthetic apparatus specially when these 

limitations occur in response to elevated temperatures. Picea abies is the most 

frequent planted tree in Sweden as per today (Slu, 2017) and therefore it is of utter 

importance to see its reaction to elevated temperatures, this to prevent a decline in 

the photosynthetic rate. To do this, there are sk. “photosynthesis models” available to 

help us understand and predict the photosynthetic capability as well as underlying 

limitations of plants. The first model of photosynthesis was the one developed by 

Graham Farquhar, Joe Berry and Susanne von Caemmerer (1980). This model was 

developed from the curiosity of the behaviour of leaf stomatal conductance, its CO2 

fixation and photorespiration as well as the quantitative links between leaf 

biochemistry and its gas exchange kinetics. The model that has been frequently used 
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as measurement of photosynthetic rates in C3 species are also called the FvCB 

model.  
 

The photosynthetic rate in models like FvCB are referred as A and together with the 

net assimilation rate (Anet) normally explained as the amount of CO2 that is fixed per 

meter square per second (unit: μmol m−2 sec−1) in leaves and needles. 

The FvCB model has through its years been further developed by Graham Farquhar 

(Bernacci et al., 2001) and as for today leaf CO2 uptake (A) contra intercellular CO2 

concentration (Ci) makes up in curves. These curves are routinely captured from gas 

exchange systems to be used and to form an A/Ci response curve. Through this kind 

of assimilations, the curves quantify the limitations that stomata have on a CO2. A 

long with A (the uptake of CO2) calculations of carboxylase/oxygenase (Rubisco), 

maximum rates of ribulose- 1,5 bisphosphate (RuBP), carboxylation (Vcmax), electron 

transport regeneration of RuBP (Jmax) are parameters frequently used to represent 

limitations, and optimums, of a light-saturated photosynthesis (Farquhar et al. 1980; 

Bernacci et al., 2001).   

 

As the model aims to increase the understanding and prediction of leaf biochemistry 

this type of gas exchange also helps to predict the photosynthetic flux of trees when 

reacting to temperatures. Therefore, this model can be used to predict a tree response 

to climate change and global warming but also a useful measurement of the 

photosynthetic assimilation capacity of plants and is also a useful tool to predict the 

production of biomass of a tree. Anet 
  

  

1.2 Objectives 
 

This study aims to assess the photosynthetic temperature response function in Picea 

abies by applying net assimilation rate Anet in two different spruce stand, one 

fertilized and one unfertilized. Furthermore, the aim of this study is to better 

understand the response of Picea abies to elevated temperatures and climate change 

and to see if the ad of fertilizers will influence the photosynthetic outcome.  

More specifically I ask: 

“How does folia nutritional status influences the key photosynthetic parameters used 

in the study such as Anet Vcmax and Jmax in response to temperature changes?” 

 

With the use of temperature response curves, the highlight is to see how these two 

stands differs in performance in comparison to each other. 

 

1.2.1 Hypothesis 

 

According to Linder and Axelsson (1982) adding fertilization consisting nutrients to 

a young stand influences the amount of foliage production therefore indirect the 

process of photosynthesis. Applied fertilization on Picea abies should increase the 

rate of photosynthetic parameters and increase some resistance to abiotic stress, 

therefore decrease the sensitivity to photoinhibition and maybe give higher tolerance 

towards temperatures.   
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1.3 Delimitations 
 

The study was geographically defined to two stands of Picea abies at Asa Science 

park, Lammhult, Sweden. The material assimilations were made upon came to be 

delimited on twigs and tips from six different Picea abies branches coming from two 

age classes, 7 and 8.  Depending on their result of photosynthetic performance 

discussions and conclusions were drawn on their potential for future fitness and 

production ability. Detailed studies on photosynthetic parameters like ATP, NAPD, 

chlorophyll has not been investigated within the framework of plant physiology. Nor 

has the significance of other macronutrients been raised, other that nitrogen and 

phosphorous, for the quality purpose of photosynthesis.  
 



 

  

7 

Anna Schyman 

2. Materials and methods 
 

 

2.1 Site description 
 

The site of studies and where material for the study were taken was collected from 

SLU Asa Science park, Lammhult Sweden. The park is located at 57°10'N, 14°47'E, 

250m a.s.l. and is a part of the Swedish boreo-nemoral forest belt. The science park 

consists of 1010 hectares, where 80 % is productive woodland consisting of conifer 

species and broadleaves. According to measurements taken by SMHI (2017) (the 

Swedish metrological and hydrological institute) Asa Science Park had an average 

length of 209 vegetation days over a 9-year period between 2007-2016. The mean 

precipitation for September 2017 was 78 mm and for the last 10 years precipitation 

shows a mean of 783 mm. The air temperature for these 3 days showed a mean of 

10,5 C although over the last 30 years (1987-2017) the mean temperature for 

September month has been 11,5 C (SMHI, 2017) which likely could have been a part 

of the temperature that influencing the activity of the plant photosynthesis and 

characterised its growth from the beginning – until today.  

 

Measurements were conducted from both fertilized and unfertilized sites (appendix 

1, figure1); Site number 1 was an unfertilized (UF) 7 – year old Norway spruce 

(Picea abies) at altitude 244 m, coordinates: NE 6334583-485039 and the other 

stand, site number 2, was an 8- year old, one time fertilized (F) Norway spruce at 

altitude 267 m, coordinates: NE 6334127-484641 and treated with Skog-CAN, 150 

Nitrogen (N) kg/ha, 28 Calcium (Ca) kg/ha, Magnesium (Mg) 13 kg/ha and Bor (B) 

(appendix 2, figure 3).  
 

2.2 Modelling carbon assimilation 
 

The model for photosynthetic (A) rates in C3 species, also called the FvCB model, 

was published by Farquhar et Al (1980) as an aim to understand and predict the leaf 

biochemistry but also the photosynthetic flux of trees in response to climate change 

and global warming. The Farquhar model predict that the uptake of CO2 would be 

limited due to a slowdown of three activities; the RuBP-limited activity (electron 

transport rate controlling the regeneration of RuBP, Ribulose 1,5-bisphosphate) or 

the Rubisco-limited activity (the maximum rate of carboxylation catalysed by 

Rubisco).  

 

The net assimilation rate (Anet) is a useful measurement of the photosynthetic 

assimilation capacity of plants in producing biomass, normally explained as the 

amount of CO2 that is fixed per meter square per second (μmol m−2 sec−1) in leaves 

and needles. The three most representable measurements for limitations within the 

light saturated photosynthesis are today Vcmax, and Jmax (Hall et al., 2013).  
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2.3 Gas exchange 
 

Photosynthetic temperature response functions were generated over a range of 

temperatures using two portable gas exchange systems LI6800 and LI6400 (LI-COR, 

Lincoln, NE, USA). The curves were made to access key photosynthetic parameters 

such as: photosynthetic net assimilation rate (Anet), maximum rate of Rubisco 

carboxylation (Vcmax) and maximum rate of electron transport for regeneration of 

RuBP (Jmax).  

 

The branches for all samples were removed from a breast height (130 cm, above 

ground) and from the side where the canopy absorbed the daily sunlight without 

potential shade, the canopy side facing south. With the use of the portable gas 

exchange systems measurement of photosynthetic capacity of total 6 branches was 

conducted in the Asa sciences laboratory for three days during the 13th -15th of 

September 2017. Six 40–60 cm long branches, three from each site, were collected 

every morning at 07:30 and taken indoors to the laboratory. The branches were 

immediately divided according to site properties (UF and F) when put together three-

and-three into two different buckets of fresh tap water and immediately recut twice 

under the surface. Only one branch from each bucket was used per day and the others 

were there as a potential backup. Two 2cm long twigs, one from each bucket were 

put into the 2 x 3 chamber and measured in parallel between 08:30h -18:00h each 

day. To get accurate data as the branches (UF and F) took turn to be measured each 

day between the two LICOR machines; LI6800 and LI6400 portable photosynthesis 

systems Gas exchange was measured in constant light conditions (irradiance, PAR) 

at 1000 μmol m-2 s-1 at 11 different pre-set leaf temperatures (Tleaf); 10, 13, 16, 19, 

22, 25, 28, 31, 34, 37 and 40°C for approximately 20 minutes for each temperature 

curve. Each new twig measurement started with an initial period of total darkness for 

10 minutes in the cuvette to later with the light be able to absorb the first photons 

with greatest efficiency (LI-COR, 2016). Photosynthetically active radiation (PAR) 

was manually set respectively on both machines to a constant 1000 μ molm-2 s-1 at all 

time for each and all gas exchange measurements. Full sunlight is around 2000 μ 

molm-2 s-1 (Taiz and Zeiger, 2010). Both LI-6400 and LI-6800 can calibrate 

temperatures within the reach of +10°C and - 10°C therefore to assimilate high and 

low temperatures tools were used to help the gas equitant. One large fridge with 4 °C 

was used to stimulate a cooler climate (10 – 19°C). A 25°C temperate room 

stimulated the 22 - 28 °C and a room with a large drying cabinet with temperature 60 

°C helped to stimulate a warmer climate (31 - 40 °C).  

 

To assimilate current and future atmospheric CO2 levels CO2(R) concentration was 

set manually to an initial 400 (approx. current) µmol only to end at 1600 µmol. The 

CO2 was set during each A/Ci curve together with relative humidity set to 50 %, with 

the intention for the relative humidity (RH) to remain constant throughout each of all 

measurements.   
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2.4 Leaf Traits  
 

To retrieve the specific leaf area (SLA) the methods of Pérez-Harguindeguy et Al, 

(2013) was used. SLA was calculated as follows: dividing the leaf area (cm2) with 

the oven-dried mass expressed in grams (g), expressed in cm2·g-1or in mm2 mg-1. 

Needles were removed from the twig just after the gas exchange measurements, 

photographed and put into separate envelopes divided by day sites and branches. 

Projected leaf area was determined using ImageJ 1.42 software (ImageJ, National 

Institutes of Health, Washington DC, USA). Samples were dried and specific leaf 

area (SLA) retrieved by taking the one-sided area of a fresh leaf, divided by its oven-

dry mass. 

The envelopes were marked and stored in dry conditions until the third day of 

elaboration where they were transported to Linnaeus University in Växjö where their 

weight was measured and then shipped to the Institution för skogsekologi och vård, 

the Laboratory and institution for forest ecology and silviculture in Umeå to analyse 

the content of nitrogen (N) and Phosphorus (P) in needles. 
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3. Result 
 

 

The three most representable measurements to analyze limitations within the light 

saturated photosynthesis are today Anet, Vcmax, and Jmax (Walker et al., 2014)  

In this section these three parameter results were compared and showed as in 

comparison between the F and UF site. 
 

3.1 Leaf gas exchange, response curve activity  
 

The analysis of steady-state net photosynthesis (Anet) and CO2 response curves (figure 

1) shows that both curves align somewhat in behaviour until reaching what is 

referred to as the optimum degrees Celsius, that varies between them two. Except for 

differences in optimum temperatures the curve of the fertilized P. abies (upper 

orange) have a much higher rate, almost with 100%, than of the unfertilized P. abies 

(lower yellow). It is interesting to see how the fertilized P. abies curve continue to 

rise with elevated temperatures and reach its optimum at 22°C whereas the 

unfertilized P. abies  curve shows a steady rate even after reaching its optimum at 

19°C only to start declination after 30°C.  

 

The temperature response curve of the maximum rate of Rubisco carboxylation 

(Vcmax) show almost two (2) aligned behaviour curves (figure 2). The fertilized P. 

abies (orange curve) has its optimum almost at the beginning with 13°C just like the 

unfertilized P. abies that has its optimum right at the beginning of the curve at 10°C. 

Both curves show the same pattern of a steady-slow decline towards 40°C. The 

potential of regenerate RuBP by triose phosphate utilization also decrease as 

temperature rise. 

 

 In figure 3, Jmax, the fertilized the average of P. abies shows a slower but steadier 

transport rate at lower temperatures than of the fertilized P. abies. When both the 

curves come to reach 22°C they kind of switch behaviour and the curve of the 

fertilized P. abies gets unstable while the curve of the unfertilized P. abies becomes 

rather stable. Both curves climb up in their transport rate towards warmer 

temperatures.   

 

3.2 Anet, Jmax, and Vcmax in response to temperature 
 

The results from the curves of net assimilation rate (Anet) (figure 1) indicates 

differences between the fertilized and the unfertilized values of 9.10/5.36 μmol m−2 

sec−1 and shows that the assimilation rate increases with a rise in temperature. When 

reaching the highest top, the assimilated rate then drop as going towards much 

extreme temperatures and a reduction of a RuBP regeneration occurs when exposed 

to elevated temperatures. 
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Figure 1. Average Net photosynthesis rate (Anet) response curve. Showing minimum to maximum 
values in response to air temperature of unfertilized (yellow) and fertilized (orange) P. abies twigs.  

 

 

The response of both the electron transport for regeneration of RuBP (Jmax) and the 

maximum Rubisco carboxylation rate (Vcmax) in relation to temperature, each other 

and to A, these two P. abies shows great differences in their curve pattern (figures 1-

3). The reduction/declination in Vcmax, (figure 2) can be related to the decrease in the 

amount of Rubisco, or a low state of activation, as the triose phosphate utilization 

rate for a potential of regeneration of RuBP goes down by rising temperatures 

(Nakano et al, 1997). 
 

 

 

 
Figure 2. Average rates of the potential maximum carboxylation rate (Vcmax) response curve. Showing 
minimum to maximum values in response to air temperature of unfertilized (yellow) and fertilized 
(orange) P. abies twigs.  
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The fertilized P. abies shows a slower transport rate (figure 3) at lower temperatures, 

F-10°C /107.42 μmol m−2 sec−1 and 13°C /97.35 μmol m−2 sec−1, to then reach higher 

potential, 16°C /132.37 μmol m−2 sec−1 and 22°C /132.94 μmol m−2 sec−1, in a quite 

steady rate until reaching its optimum rate at 40°C /137.8 μmol m−2 sec−1. The 

unfertilized spruce shows a different behaviour with a steady increase in electron 

transport rate until the reach of 22°C where the rate of electron transport jumps from 

91.52 μmol m−2 sec−1 to a level rate of 169.99 μmol m−2 sec−1. Optimum for both 

fertilized and the unfertilized stand seems to be at higher temperature F-40°C /137.80 

μmol m−2 sec−1 respectively UF-37°C /182.80 μmol m−2 sec−1. The fertilized P. abies 

shows a more stable and linear curve than of the unfertilized.  
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Figure 3. Average of measured data of electron transport rate.  Showing the minimum and maximum 
potential rate in response to temperature of fertilized (orange) and unfertilized (yellow) Picea abies 
twigs.  

 

3.2 Nutrients, SLA and Chlorophyll  
 

As average rates of Anet were twice as high in the fertilized branches than the 

unfertilized branches the importance of a high N content in needles, as from being 

the essential element of nucleic- and amino acids building up the plant DNA and 

structures, indicates by its support of making photosynthesis by giving the apparatus 

a higher formation rate which shows in figure 1. Nitrogen, as well as phosphorous, 

magnesium, have a specific role in for example enzyme activation in respiration, 

photosynthesis and formation of the chlorophyll structure (figure 4).  

In figure 4 the fertilized needles show a higher content of nitrogen than of the 

unfertilized with mean of 0,80 to 1,27% nitrogen respectively. Phosphorus (P) 

content in needles. Unfertilized (grey) in comparison with Fertilized (yellow) 

samples of P. abies needles show almost an identical percentage of phosphorus with 

a mean of 0,11 to 0,12%. 
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In figure 4B of Chlorophyll content, (mg cm-2) in twigs and needles, the fertilized 

(orange, grey), samples of P. abies. show a greater chlorophyll content than of the 

unfertilized (blue, yellow) for all collected data. The results show a relationship 

between chlorophyll concentration (mg cm-2) to its total N & P concentration (% 

DW) in all needles. A mean of 1,29 % nitrogen to 405 mg/cm2 of the fertilized 

needles in contrast to a mean of 0,70% nitrogen content in the unfertilized needles 

(blue). The percentage of phosphorus content 0,10% of unfertilized needles (grey), 

given in mean, shows a smaller impact on the chlorophyll content than as the mean 

of fertilized (yellow) by 0,12%  

 

Although the visual size of the needles from the two different stands varied (data not 

shown) they did not show any uniformed and clear pattern among the fertilized and 

the unfertilized specific leaf areas, in relation to their size and contents of nutrients 

(figure 5).  

 

The results of N and P, and when comparing them to chlorophyll content, shows 

clear differences between the fertilized and unfertilized needle content (figure 4B). N 

and P show a larger influence of the content of chlorophyll that shows a higher 

concentration mg/cm2. Results show a relationship between chlorophyll content (mg 

cm-2) to total N & P concentration (% DW) in all needles. Figure 5A; A mean of 1,29 

% nitrogen to 405 mg/cm2 of the fertilized needles in contrast to a mean of 0,70% 

nitrogen content in the unfertilized needles (blue). Given in mean, the percentage of 

phosphorus content 0,10% of unfertilized needles (grey), shows a smaller impact on 

the chlorophyll content than as the mean of fertilized (yellow) by 0,12%  

   

The needles of the unfertilized P abies (figure 5) show a mean of 63,43 cm2/g 

whereas the unfertilized needle samples give a mean of 55,22 cm2/g (figure 5).  
 

 

Figure 4 (A) Nitrogen (N) and phosphorus content in needles. Unfertilized needles (blue,) in 
comparison with fertilized needles (orange) of P. abies. (B) Chlorophyll content to %N and %P 
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Figure 5. (A) The total of specific leaf area cm2/g, given in mean, of unfertilized (blue) and fertilized 
(orange) P. abies needles.  
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4. Discussion 
 

 

4.1 Photosynthetic response to temperature 
 

The results from the curves of net assimilation rate (Anet) (figure 1) indicates that the 

time measurements were taken was at the end of the photosynthetic active season. 

With probably lower assimilation rates than if measured during mid-summer periods, 

as the level of assimilation corresponds with the growing period of conifers (Jensen 

et al, 2015, Bergh and Linder, 1999). The different rates between the fertilized and 

the unfertilized values of figure 1, 9.10/5.36 μmol m−2 sec−1, draws similarities 

reported by Bergh and Linder (1999), mentioned earlier, where a fertilized stand of 

Picea abies, also from Asa Science park, had a change of 100% increase in biomass 

when adding fertilizers. 

 

As expected the Net assimilation rate (A) curve (figure 1) shows that the assimilation 

rate increases with a rise in temperature (Medlyn et al, 2002). When reaching the 

highest top, also called optimum degrees Celsius, the assimilated rate then drop as 

going towards much extreme temperatures as an outcome or chain-reaction when a 

reduction of a RuBP regeneration occurs when exposed to elevated temperatures. 

 

The twice as high net assimilation rate, Anet, (figure 1) tells us that added fertilizer 

improves the net assimilation rate significantly but maybe not the Vcmax, and Jmax. 

The fact that there was nearly twice as high net assimilation rate (figure 1) in the 

fertilized P. abies than of the unfertilized goes well along with the results from 

similar studies of Strand (1995). A progressive increase in temperatures tilts the 

balance away from the Calvin-Benson cycle and towards the C2 oxidative 

photosynthetic cycle, significantly limiting the efficiency of photosynthetic carbon 

assimilation (figure 1).  Like earlier explained, different C3 species has different 

tolerance to high and low temperatures (Berry and Björkman, 1980), P. abies 

belongs to one of those species that inhibits the photosynthetic CO2 fixation when 

exposed to too high temperatures. Previous reviewed data on gas exchange studies 

also shows that some tree species that grows in cold climate has lower temperature 

optima for photosynthesis, than species growing in warmer climate, which according 

to Medlyn et al. (2002) also reflects on Jmax (19°C) and for Vcmax (29°C).  

 

The understanding of the electron transport rate, Jmax, mechanism has not often been 

deeply evaluated as it is not very clear what is happening there but that deactivation 

of Jmax occurs at high temperature in some species somehow due to the RuBP 

regeneration capacity (Hikosaka et al., 2006). The reduction of Jmax is made through 

many biochemical steps that often is far more complexed than the undergoing of 

Vcmax but happens through high temperatures, like here when the behaviour bounce 

(figure 3), and affects the temperature dependence (Farquhar, 1981). 
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A decrease in net assimilation rate (A) can be linked with stomatal limitation in high 

temperatures with dry air conditions (Way and Sage, 2008). Although the RH was set 

to a constant (%), the avoidance of an increased stomatal limitation might have been 

possible by making sure the room, and not only the gas exchange cuvette, was 

equally humid/dry. By doing so the plant has a potential of a greater stomatal 

opening and perhaps keeping a more constant temperature response curve. The fact 

that this study, started measuring in a cool, humid room for the low temperature 

curves moving on to be in a very hot and dry room when measuring the higher 

temperature of gas exchange, could have had a given and misleading outcome from 

the response curves as the plant might not acclimatise that fast. The theories that 

increasing CO2 in the atmosphere is good for tree growth is not always the case, 

especially when in compliance with rising temperatures. The Bowen ratios way of 

“cooling down” causes the net transpiration rate to go down with increasing 

temperatures above optimal (figure 1) (Taiz and Zeiger, 2010). At temperature above 

the “temperature compensation point”, meaning the amount of CO2 fixed by 

photosynthesis equals the amount of CO2 released, the photosynthesis can’t replace 

the carbon used for respiration when under stress and the carbohydrate reserve 

declines. As a result, it gives less photosynthetic production and less production of 

biomass shown in the differences of size between the unfertilized tree and the 

fertilized tree (photos of trees not shown). Not to expose the plant for temperature- or 

such other abiotic stress, giving extra nutrients to prevent nutrient insufficiency, 

should be able to maybe dampen this risk.  

 

4.2 Rubisco carboxylation - conflict with rising temperatures 
 

The twice as high net assimilation rate, Anet, (figure 1) tells us that added fertilizer 

improves the net assimilation rate significantly but might not affect the Vcmax and Jmax 

as much. In other studies, these two parameters (Jmax and Vcmax) have shown a strong 

correlation between them when acting in A/Ci curves. There, just like here in figure 2 

and 3, shows an increase and a decrease in performance when Vcmax and Jmax are at 

similar levels of temperature (Hikosaka et al, 2005; Jensen et al, 2015; Stinziano et 

al, 2015). Hikosaka et al., (2005) suggests that this is due to a balance between 

carboxylation and regeneration of RuBP keeping them constant with each other. 

Other studies say that different species have different outcome of correlations 

between Jmax and Vcmax depending on species and growth condition but also on the 

ratio of CO2 concentration (Berry and Björkman, 1980). Therefore, it is not very 

clear why both Vcmax and Jmax (figure 2 and 3) of this study does not collude or follow 

each other’s pattern completely by showing great differences in behaviour mid curve. 

 

At ambient CO2 concentration and temperature levels photosynthesis often is limited 

by the rubisco activity. In these assimilations the CO2 was set to automatic mode 

giving each temperature response curve, each knot on figure 1 to 3, to represent 

former, present and potential future CO2 ambiance, to not gamble the relation of CO2 

and temperature Celsius. There are two conflicting processes that occurs when 

ambient temperature rise; 1. a change carboxylation capacity caused by thermal 

effects and 2. an increase in oxygenase activity which in both processes inhibits the 
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photosynthesis. The theories that both photosynthesis and respiration are inhibited by 

temperature stress (Taiz and Zeiger, 2010) aligns with the figures 1 and 2. Those 

species of higher temperature tolerance has another kind of photosynthesis system 

where rubisco easier hold on to the carbon dioxide molecule than of the C3 species 

Picea abies through its extra biochemical pathway in the Calvin cycle. This kind of 

process fixate the carbon molecule faster, there of the result (figure 1-3) (Taiz and 

Zeiger, 2010). 

 

4.3 The importance of nutrients, specific leaf area and chlorophyll 
 

A negatively affected photosynthesis occurs mainly through biochemical limitations 

and since both stands are not known to an abnormal lack in nutrients the response 

curves shows not much of a difference in performance (figure 2 and 3), with 

exceptions of the net assimilation curve (Anet) (figure 1). As previous studies revealed 

that aliment status of plants often indicates by the character of; Nitrogen (N) and leaf 

phosphorus (P) and that it often has a relation to its specific leaf area (SLA) (Walker 

et al., 2014) draws the attention to result in both figure 1 and 4. The result from 

figure 1 confirms that a higher substance of Nitrogen in leaves and needles gives 

chlorophyll (organelle) essential components to form carbohydrates through 

photosynthesis (as obtain energy from light) and so forms a visually larger sized tree 

(appendix 1) as the specific leaf area (SLA) often relates to biomass and yield 

(Pérez-Harguindeguy et al., 2013).   

 

Larger leaf area tends to optimize the production of photosynthate but can also be a 

downfall for heat stress. One might think that a large leaf area equals a large area for 

cooling through evaporation, and its true! But it also leaves a large area for removal 

of excessed water damaging the potential of solar absorption.  

As all the measurements came from branches growing at similar conditions, except 

fertilization, with canopy facing the same direction south and had been exposed to 

the same sunlight one would expect that the fertilized stand had a potential of have 

greater SLA. The fact that measurements were conducted on twigs could perhaps 

influenced the result of SLA (figure 5). The results of less SLA (cm/gr) on the 

fertilized P. abies than of the unfertilized perhaps since the needles of twigs normally 

seems to be smaller on its tip than the needles further up on the branch of a P. abies 

tree (appendix 1, figure 2). 

To cope with stress and as a physiological defence the plant often reduces its leaf 

area by reduction of leaf cell division/expansion, alternate the shape or initiate a 

power loss in cell production or by shredding its leaves/needles. Perhaps since Picea 

abies is an evergreen tree species and does not normally shred its needles when it is 

time to hibernate for winter perhaps results in a slow down of its photosynthetic 

production when closer to the colder winter months. Earlier studies show that the 

potential for CO2 assimilation decreases in the autumn as the tree prepares for 

dormancy (Strand, 1994; Taiz and Zeiger, 2010).  

 

Although according to studies made by Strand (1995) the size of needles of P. abies 

has much to do with sunlight versus shade before the impact of SLA and fertilizer 
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giving the indications that the size of twigs measured at the tip of the branch was not 

of a great difference (appendix 1, figure 2). One must also assume that the fertilizer 

has not yet come to affect the size of the needles although the height and branches 

visually looked much larger than of the unfertilized (appendix 1, figure 1). Needle 

mass of spruce needs >1,5 % of nitrogen content, to maximize the build-up of 

biomass and therefore could have influenced the photosynthetic build-up of biomass 

negatively (figure 1-5) (Taiz and Zeiger, 2010; Domingues et al., 2010, 2014). 

 

Since the fertilizer was given only once, the same spring (April 2017) the growth 

effect of needles, due to the wet coldish summer, might not show its full potential.     
 

4.4 Potential errors 
 

According to Bernacci et al. (2001) the photosynthetic rates are often difficult to 

predict due to limitations by Rubisco in natural conditions. In this study it might have 

given a possibility of errors when the branches were put outside of its natural 

environment when under assimilated temperatures.  

 

The instrument to control the relative humidity (RH) on the LI6400 is set manually 

on an initial 50% RH and should stay so or through the measurements, or at least 

between 50% and 75% (LI-COR, 2016). Due to the moist environment in the chiller 

respectably the very dry conditions in the large drying cabinet room the RH of the 

LI6400 machine fluctuated between 40-79%. The LI6800 has an automatically pre-

set system where the RH stays throughout the activation near the recommended 

percentage.   
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5. Conclusions    
 

 

All in all, exposing different samples of P. abies to a wide range of temperatures 

reveals the dependency of photosynthesis formation when responding to 

temperatures. Most apparent was the net assimilation rate (Anet) of the fertilized P 

abies samples that went up to double (x2) the formation rate than of the unfertilized 

samples, binding more CO2. Assimilating the photosynthetic rate in response to 

temperature assumes that a higher content of both N and P provides an extra push to 

produce photosynthesis and so the biomass specially when fertilizer is added in early 

years of growth (Bergh et al., 2004). The great differences between Vcmax, Jmax 

remains for me somehow uncertain but previous conducted studies, as well as 

previous reviewed data, has demonstrated a sensitivity collision between the foliar 

nutrient N and P to Vcmax (Walker et al., 2014; Domingues et al., 2010, 2014). 

Gathered data from 24 studies made by Walker et al. (2014) reviled that Vcmax were 

strongly related to leaf N and that leaf P increased the sensitivity of Vcmax to N. The 

same study showed that P increased the rate of A. Most of these reviewed data, 

regarding N, P in relation to Jmax and Vcmax, were conducted on tree species standing 

on already weathered soils (Walker et al., 2014, Domingues et al., 2014). To 

compare this study with studies like Domingues and Walker can be somewhat 

misleading. Their gathered facts come from deeply weathered soils that are 

predominant impoverished of important nutrients like N and P, for a long period of 

time. Therefore, also more sensitive to an addition of N and P as it calls for long 

acclimatisation time to new improved soil. These facts might therefor not be of too 

much relevance in this thesis, thinking that the addition of fertilizers like N and P to 

an already weathered soil could result in a greater oversensitivity of Jmax and Vcmax 

than of the young boreal soils. Overall the reviews of data from different species, in 

different environments, has proven N, P and sometimes also SLA, to have an impact 

on the velocity of Jmax and Vcmax alone. The lack of quantified studies on species from 

boreal forests makes the assumptions difficult to make on these relationships and 

therefore requires more studies to be made.  Perhaps the late addition of fertilization, 

and the fact that one of the stands only was fertilized once, is the reason for a low 

reaction of Vcmax and Jmax in this thesis of fertilized P. abies stand. 
 

5.1 Adding fertilizer to prevent abiotic stress in response to elevated 

temperature of climate change  
 

As well as a warmer climate can give a longer vegetation period and potential larger 

carbon sinks for boreal forests other seasonal occasions like photoperiod (hours of 

sunlight and darkness) also come to dictate.  

Edaphic (soil) factors strongly impact the plant growth, development, reproduction 

and survival as in the wellness of the plant (Taiz and Zeiger, 2010). Wind, 

atmospheric gases, light, temperature, precipitation, and humidity are other factors 

influencing the fitness of plants and they are called climatic factors affecting the 

physiological homeostasis of plants and therefore also the production of 

photosynthesis. The natural habitat, natural macro- and microflora often alters and 
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disturbs by human activity causing physiological stress (Taiz and Zeiger, 2010; Hall 

et al, 2013).  Most plants adapt to the abiotic stress by time but when the plant failed 

to do so, the imbalance creates primary and secondary effects. A primary reason of 

stress could be a nutrient insufficiency (Ca 2+, Ma 2+, N and P). As we saw by the 

figure 1, representing net photosynthetic rate – measured as a net assimilation rate of 

CO2, the adding of fertilizers helps the plant photosynthesis to accelerate. Figure 4 

reveals the importance of the macronutrients nitrogen and phosphorus for both 

production of photosynthesis and growth. Since the fertilizer was added quite 

recently it is difficult to see its full potential along the future timeline (Bergh et al., 

2004). Since nitrogen gets available to plants through biological and chemical 

nitrogen fixation such as from nitrogen rich fertilizers and through atmospheric 

nitrogen. Since atmospheric nitrogen is harder to fixate it might be wise to 

mechanically add nitrogen rich fertilizers. 

Adding fertilizer might prevent insufficiency in plant nutrition (figure 5) and could 

be a way to help the plant fighting a possible abiotic stress as well as assisting when 

building up a potential biomass, as shown in appendix 1, figure 1. A large tree 

requires more water when growing than of a small tree, and therefore,  should be 

seen as a potential water stress if atmospheric temperature rise. The fertilizers used 

today are often chemically made with help from fossil fuels therefore the question 

from where and from what fertilizers will be made of has to be asked.  
 

5.2 Potential stress on a “good day” 
 

Although plants, when accessed to abundant water like in this thesis, can maintain 

their temperature within their leaves through evaporating cooling, they often get into 

a stressed mode when temperature gets too high. Thinking that some wet soils reduce 

heat stress is not always right as wet soil often absorbs more heat as it is darker than 

a dry light soil, telling us that Swedish rainy summers, or adding water, not always 

comes as a solution. Well-fed plants/trees can also show potential of stress when 

exposed to elevated temperatures just like we saw in figures 2,3 and 4. This stress, 

when caused by high temperatures, can also results in damage to membranes and 

enzymes and can easily disturb the cellular processes. This form of stress can also 

lead to loss of the three-dimensional structure that is required for the correct function 

of enzymes or structural cellular components and activity, creating serious problems 

within the cells of a leaf or needle. Figure 4B shows that a nutrient rich plant has a 

greater possibility of maintaining the chlorophyll content leading to a higher 

formation of photosynthesis (figure 1) and biomass (figure 4a and 5). Previous 

studies made by Valcu et al. (2008) shows that Picea abies has a mechanism that 

maintain the protein structure when undergoing temperature stress called the “heat 

shock proteins” (HSPs). It forms a protection from oxidative stress when exposed to 

high temperatures. This protein is a kind of stabilizing protein protecting the plant 

when temperatures suddenly increase by 5-10 °C. This thesis might not have the 

potential to detect an HSP reaction, like within the electron transport (Jmax) and Vcmax 

(figures 2 - 4) but would be interesting to know about. The fact that nature has, 

through millions of years, acclimatized its genotypes for a potential geneflow to 

prevent extinction only strengthens the theories that different species have different 
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resistance to heat.  These hypotheses should set doubts if this kind of species, Picea 

abies, has future growth potential when future potential for abiotic stress arise.  
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Appendix 1 
 

Figure 1 of the unfertilized (left) and the fertilized (right) Picea abies in their natural stand.  

 

 

 
Figure 1: Natural stand Picea abies. (Private 2017) 
 
 
 
 

 
Figure 2: Fertilized and unfertilized branches (Private 2017) 
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Appendix 2 
 

Figure 4 of the applied fertilizers of the fertilized Picea abies stand 

 

 
Figure 4: Skog-CAN (Asa Science park 2017) 
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