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Abstract 

Increasing atmospheric CO2 concentrations due to anthropogenic activity is resulting in climatic changes. Cities are major emitters of CO2 

and are therefore interested in the possibilities of urban vegetation to sequester carbon in order to mitigate climate change. The city of 

Helsinki aims to become carbon neutral by 2035; subsequently, there is interest to understand the sink capacity of its urban vegetation. 

Current existing carbon cycle models are based on natural ecosystems and there is a need for carbon cycle models based on vegetation 

in an urban setting. Photosynthetic potential provides a base for understanding the carbon cycle in an ecosystem, which is calculated using 

a light response curve. Chlorophyll fluorescence measurements provide information about the general status of photosystem II and are 

commonly used as indication of the leaf photosynthetic potential, general health status and the leaf’s response to environmental conditions. 

Photosynthetic potential is also depended on illumination conditions around the canopy; leaves located in the sun will generally be more 

productive than those in shade. In this study, three tree species were selected for photosynthesis potential measurements: Tilia cordata, 

Tilia x europaea and Betula pendula. In Helsinki, Tilias are usually planted in managed areas while B. pendula is naturally regenerating. 

Data collection was conducted during May-September 2020 around Kumpula, Helsinki. Trees were located in three different urban settings: 

urban forest (B. pendula), built garden (T. cordata) and roadside (T. x europaea). Photosynthetic potential and chlorophyll fluorescence 

yield were measured four times during the summer at different canopy heights. Results show that B.pendula had higher photosynthetic 

potential than the Tilias, with no differences between the canopy heights. T. cordata showed differences in the photosynthetic potential and 

chlorophyll fluorescence between the canopy heights in July and August, with higher values at the bottom canopy. T. cordata also showed 

a seasonal cycle, with low photosynthetic potential values in the beginning and end of the season and high values in July. B. pendula 

demonstrated a similar seasonal cycle. Lastly, T. x europaea showed higher photosynthetic potential values at the top canopy compared 

to the bottom. Overall, chlorophyll fluorescence mirrored photosynthetic potential especially in the case of seasonal dynamics, rather than 

canopy heights. The high photosynthesis potential observed with B. pendula allows greater amount of carbon to enter the urban ecosystem 

and could be since the trees are naturally growing in the forest patch. The Tilia trees were transplanted as saplings, which could have 

caused damage to their roots in excess soil moisture conditions and cause growth inhibition. A better understanding of the urban managed 

vegetation is needed, as well as the urban stress factors. Nevertheless, based on these findings, I would recommend conserving the 

natural unmanaged urban forests patches, as they seem to have an important role in urban carbon cycle.   
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1. Introduction  

1.1. Background 

Carbon dioxide (CO2) concentration in the atmosphere has been rising since 1850 due to 

anthropogenic activity and is causing changes in the atmospheric composition. CO2 is one of the 

most prolific greenhouse gases (GHG’s), leading to global warming as well as other local 

environmental changes. These changes include feedback loops which may result in irreversible 

change to the climate and are not currently fully understood. Governments and international panels 

are concerned about the rising CO2 concentrations in the atmosphere. Consequently, they are 

seeking for solutions to limit and reduce the rise, mitigating the increase in temperature to 1.5ºC 

above pre-industrial times (1750, 280 ppm), according to the Paris Climate Agreement (IPCC, 

2019). Cities are a major emitter of CO2 as they are responsible for more than 60% of carbon 

emissions (Marcotullio et al, 2013). Therefore, they are developing mitigation and adaptation plans 

(Reckien et al, 2014, Rosenzweig et al, 2010). One possible solution to control carbon emissions 

is to achieve carbon neutrality, meaning that cities will not emit more carbon than they are able to 

absorb. To become carbon neutral, an estimation of both existing carbon emission and the carbon 

uptake capacity of the city is needed. Approximately 20 cities are members of Carbon Neutral 

cities Alliance (CNCA), meaning they have set a goal to reduce GHG emissions by 80-100% by 

2050 or sooner.  

The city of Helsinki set as a goal becoming carbon neutral by 2035. It requires the reduction of 

80% of emissions relative to the 1990 level. The remaining emissions will be offset by increasing 

the sinks of urban vegetation or by compensatory actions, for example, investments in carbon sinks 

in other countries. The existing sink level is currently unknown and cannot be accurately estimated 

at present, as the current carbon cycle models have been developed for and based on observations 

of natural ecosystems rather than urban areas (Lal et al, 2013, Ilvesniemi et al. 2009, Mäkelä et al, 

2004). Urban vegetation is different compared to vegetation in natural ecosystems due to urban 

effects such as ‘heat island’, as well as other disturbances like pollution, low humidity and drought 

(Oke, 1998). Another difference between cities and natural ecosystems is that cities are relatively 

more heterogeneous; exemplified by the large variety of urban vegetation types, for example urban 

parks, roadsides and gardens. Therefore, developing a model for carbon cycle and storage in urban 

conditions is a more complicated process. Although there has been debate about the contribution 

of urban vegetation to the global terrestrial carbon cycle, studies have shown that urban vegetation 
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is a significant contributor to carbon sequestration and should therefore be accounted for the global 

carbon cycle (Hutyra et al, 2011).  

 

1.2.  Photosynthesis, carbon cycle, and seasonal dynamics  

Photosynthesis is a key component in the carbon cycle in an ecosystem. In the process of 

photosynthesis, CO2 is taken from the atmosphere and together with water molecules is 

transformed into sugar molecules which are then used, for example, to build plant tissue. Plants 

use some of the sugars to fuel vital functions, as well as store it as starch for further use. The sugar 

is lost in variable pathways, through reproduction, respiration and litter. The carbon lost as litter, 

can be stored in the soil in complex and stable structure. The remaining carbon in senesced plant 

components can be used by other organisms, mainly microbes, who release carbon back to the 

atmosphere in the form of CO2 and CH4. The process and capacity of organisms to photosynthesise 

is the key for the carbon to enter the ecosystem and is the bottleneck of the carbon assimilation 

process (Hari et al, 2013). The main drivers for photosynthesis are environmental factors: light, 

temperature, CO2, water vapor and soil nitrogen content (Laisk et al, 2005). Other factors regarding 

the plant's capacity to photosynthesise include total leaf area, chlorophyll content adjustments, and 

other physiological mechanisms, such as chloroplast movement and leaf movement, which are 

related to species-specific differences. On a diurnal scale, the variation in momentary rate of 

photosynthesis is driven mainly by the variation in the intensity of solar radiation, whereas the 

other factors usually reflect the angle of this response. Thus, a light response curve of 

photosynthesis is a useful tool to understand the maximal quantum yield and capacity of a plant 

(Ögren & Evans, 1993, Xu et al, 2019).  

Photosynthesis has a strong seasonal cycle, especially in high latitudes (Hari et al, 2013), which 

effects the CO2 uptake, and is regulated mainly by light, but also by temperature as well as the 

availability of photosynthesis enzymes and pigments. The highest photosynthetic rate in natural 

forests is observed during the summer, with stable values during mid-summer (late June).  

 

1.3. Chlorophyll fluorescence 

Chlorophyll fluorescence gives an indication of the function of Photosystem II (PSII), as well as 

the reaction of the leaf to environmental conditions (Murchie & Lawson, 2013). Light is the driving 

factor for photosynthesis reactions; however, excess light may cause damage to the leaf due to the 
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formation of reactive oxygen species (ROS) (Barber & Andersson, 1992). Light energy comes in 

the form of photons and is captured by photosystems. The captured energy can be used in four 

ways: to split a water molecule, escaping as heat, reemitted as fluorescence, and in the formation 

of ROS. These processes are competing for the incoming energy, and their relative amounts 

depend on concentrations and the reaction rate constant. Plants tend to acclimate themselves to the 

environmental illumination conditions in order to achieve chlorophyll triple state in balance 

(Horton & Ruban, 2005).  PSII uses the incoming energy to split water molecule, which activates 

electron transport chain to Photosystem I (PS I), which uses captured energy as well, to synthesis 

sugar molecules in the process known as Calvin-Benson cycle. In order to optimise the light use 

while reducing the damage to the cell, plants adjust their photosynthesis capacity in seasonal 

(Kolari et al, 2007) and diurnal cycles (Flexas et al, 2000). The amount of energy which is 

reemitted as chlorophyll fluorescence is mainly emitted from PS II and depends on the amount of 

absorbed light by photosynthesis pigments, and the amount of the other light related reactions. A 

pulse-amplitude-modulated (PAM) is a method used to remove the ambient light conditions effect 

on the chlorophyll fluorescence. PAM fluorometers send a measuring light pulse which generate 

fluorescence signal which can be measured independently of the illumination environmental 

conditions. PAM fluorometers can reveal the maximum quantum efficiency, which is one of the 

most commonly chlorophyll fluorescence measurement parameter used (Baker, 2004). The 

measurement is taken in dark adapted state, which is usually achieved in 15-20 minutes. In dark 

state, PSII reaction centres open and a saturating pulse will give the minimal fluorescence level 

(Fo), and shortly after (>1 second) the maximal fluorescence levels will (Fm) be measured when 

the maximal number of reaction centres close. The maximum quantum yield is the ratio between 

these (Fv/Fm) and refers to the efficiency of PSII:  

 

(Fv/Fm) = (Fm-Fo)/Fm 

(1), 

For a healthy leaf, the value varies between 0.79-0.84, with variation between species, when lower 

values may indicate on stress (Maxwell & Johnson, 2000).  Chlorophyll fluorescence 

measurements are commonly used in ecophysiological research combined with direct 

photosynthesis measurements, as it gives an indication of the electron flow of PSII which is a key 

compound for photosynthetic reactions. In controlled laboratory conditions, there is a direct 
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relation between chlorophyll fluorescence yield and carbon photosynthetic potential (Maxwell & 

Johnson, 2000), therefore, in field conditions, it may give an indication about the general 

photosynthesis capacity of the leaf (Maxwell & Johnson, 2000). This provides information about 

the stress status of the leaf and therefore indicates about the branch and the plant in its entirety 

(Baker, 2008).  

 

1.4. Canopy heights  

The distribution of light is unequal throughout the canopy and is affected by leaf area index (LAI), 

sand density and canopy properties (Oker-Blom et al, 1989), and therefore the photosynthesis is 

different between the canopy heights. In most cases, leaves located at the top canopy receive higher 

radiation and contain more chlorophyll, and as a result, their photosynthetic rate is higher (Nyrgen 

& Kellomäki, 1983, Laisk et al, 2005, Lichtenthaler et al, 2007). Leaves located in the shade 

receive less radiation and show reduction in chlorophyll per leaf area (Nyrgen & Kellomäki, 1983). 

This is subjected to vary between tree species in accordance with their adaptation to radiation 

environment, as some trees are sun tolerated and others are shade tolerated. Trees with more leaves 

and higher LAI are more productive and have higher photosynthetic potential (Asner et al, 2003).  

 

1.5. Tree species  

Urban vegetation is diverse and heterogeneous; in this research, three tree species were selected 

for photosynthetic potential measurements: Tilia cordata, Tilia x europaea and Betula pendula. 

Tillia trees are resistant to biotic and abiotic stress factors, as they are bio accumulators of heavy 

metals (Tenche-Constantinescu et al, 2015). These characteristics make them a popular choice as 

an urban tree in many European and Nordic countries (Sjöman et al, 2012), as they help to reduce 

air pollution as well as help to cool the urban environment due to high transpiration rates (Konarska 

et al, 2016). Tillias are also found to be resistant to droughts (Tenche-Constantinescu et al, 2015), 

floods, and increases in temperature, which makes them suitable for unpredictable future changing 

climate. From ecophysiological perspective, T.cordata is a shade tolerance tree (Aasamaa & 

Aphalo, 2016), meaning it can tolerate and adjust itself in low light intensities. From a biotic point 

of view, Tillias may endure aphid breakouts whilst sustaining some minor damage to the tree 

(Tenche-Constantinescu et al, 2015). Tilia trees generally are planted as saplings, for example, in 

parks, gardens and as street trees, whereas some other species regenerate naturally in the urban 
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areas. B. pendula is a common species around Helsinki capital area, found naturally in parks and 

gardens, but also in areas that are not intensively managed, such as small-scaled urban forests.  

 

1.6. Research Objectives 

This research is part of CarboCity project. Based on these results, a model for urban carbon 

sequestration will be developed. 

Carbon cycle has been well studied in natural terrestrial ecosystems (Lal et al, 2013, Ilvesniemi et 

al. 2009). The research conducted in urban areas (Nowak & Crane, 2002, Linden et al, 2020) has 

still gaps, as it does not consider the photosynthetic potential of the trees. Therefore, observations 

for model development for carbon cycle in urban ecosystem are needed.   

The aim of this study is to reveal the photosynthetic potential in T.cordata, T. x europaea and 

B.pendula grown in three different urban conditions: urban forest, built garden and roadside.  

a. What species has the highest photosynthetic potential? Are there species-specific 

differences in the photosynthetic potential between the species? 

b. Does the photosynthetic potential differ between the heights in the canopy? 

c. Does the photosynthetic potential change during the season? 

d. Does the changes in the chlorophyll fluorescence track changes in the photosynthetic 

potential?  

In addition, I also describe the observed changes in the photosynthetic potential and yield in 

response to varying weather events and other limiting factors which were measured during 

observation period.  

Based on previous research results (Nyrgen & Kellomäki, 1983, Wilkaniec et al., 2012), I 

hypothesise that the photosynthetic potential will be higher at the top canopy compared to the mid 

and bottom canopy in the cases of the T. cordata and B.pendula, but not in the case of the Street 

trees, as they may be more exposed to urban disturbances.  
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2. Materials and Methods 

2.1. Study sites  

The study was conducted in proximity to ‘Kumpula Campus’ at the University of Helsinki, in the 

city of Helsinki, during the summer of 2020 (May-September). Three sites were chosen based on 

their proximity to SMEAR III (60°12'11.3"N 24°57'40.4"E), where continuous meteorology data 

is collected, as well as an Eddy Covariance measurement setup, which measures CO2 exchange in 

the ecosystem level. Three locations were chosen based on their characteristics regarding the urban 

land cover they represent: urban forest, built garden and roadside.  

The built garden site (‘Garden’, Fig. 1,4) is situated in Kumpula botanic garden (60°12'08.4"N 

24°57'21.4"E) and was the main measurement site in this experiment (Fig. 1, Fig. 4). It consists of 

four T.cordata. trees which arrived as seedlings in 1989 and were planted in 1995 on shallow soil 

close to a gravel footpath. The ground vegetation consists of mosses, grasses and clovers (T. 

repens). The trees and grass are seldomly fertilized. An automatic device mows the ground 

vegetation, and the grass clippings remain on site. However, the experimental area was fenced and 

the device was restricted from reaching the trees for the duration of the measurements in 2020. 

The irrigation system was activated during warm and dry days. The soil at the garden site was 

shallow (0.5 m) due to a high bed rock (Lindholm, private communication, 2020). 

 

Figure 1:  The Garden site during installations in early May (Liisa Kulmala). 
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The urban forest site (‘Birches’, Fig. 2, 4) is a small patch (25×30 m2) located at the north side of 

the botanic garden parking lot (60°12'07.7"N 24°57'33.0"E). The patch is confined by an open 

managed meadow from the north and west (Nylanderin park) and by a forest from the east. This 

site represents a forest stand in terms of urban land cover. Out of the three sites, it is the only one 

that consists of naturally regenerating vegetation and is not managed or maintained. This site 

consisted of mostly B.pendula, which were measured in this experiment. Other than B.pendula, 

the forest patch contained other deciduous trees such as Betula pubescens, Alnus glutinosa, Acer 

platanoids, and Corylus avellana. The ground vegetation was thin and consisted of Aegopodium 

podagraria. Three B.pendula were chosen based on their accessibility to the road which allowed 

the measurements to be obtained. 

 

 

Figure 2: Birches Site, view from the south in August. 
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The roadside (‘Street’, Fig. 3, 5) site consists of T. × europaea, which is a hybrid of T.cordata and 

Tilia platyphyllos. It is a typical urban tree in Europe and the Nordic countries, as well as the most 

common tree in Helsinki, and makes up to 44% of Helsinki’s street trees (Sjöman et al, 2012). The 

Street trees were transplanted as saplings. The Street consists of a row of T. × europaea, defined 

by the busy Hermannin rantatie road from north, and a footpath and bicycle lane from south 

(60°11'51.6"N 24°58'13.2"E). The soil patch spared over 60 metres long and about 2.7 metres wide 

and includes low vegetation, mainly grasses. The distance between the trees is 8.2 m in average. 

At this site, three trees were chosen based on their proximity to an electricity box, which supplied 

power for automatic measurements which were conducted at the same time. The trees at the street 

site are regularly trimmed and maintained by the city gardening company, however they were 

unmanaged for the measuring time (Stara, from private communication). 

 

Figure 3:  The Street site during installation in early May (Liisa Kulmala). 
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Figure 4: locations of the Garden and Birches sites (Image from Google maps, in the public domain). 

 

Figure 5: locations of the Street site (image from Google maps, in the public domain). 
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The top 30 cm soil layer was analysed. The soil properties at the Garden and Birches sites are 

relatively similar regarding type and bulk density. The highest pH, as well as carbon to nitrogen 

ratio, was observed at the street site (Table 1).  

 

Table 1: Soil properties of the sites (Liisa Kulmala, private communication) 

 Garden Birches Street 

Soil type Sand moraine Sand moraine Fine sand moraine  

Bulk density (kg/l) 1.15 1.14 1.07 

Main particle size 

distribution 

28% medium sand 
24% fine grained sand 

35% medium sand 
25% fine grained sand 

21% fine sand 
16% medium sand 

Carbon content (%) 3.7 3.9 3.3 

Nitrogen content (%) 0.252 0.329 0.168 

C:N ratio  14.8 11.9 21.8 

pH 5.6  6.5 7.2 

 

 

2.2. Study setup 

During the summer of 2020, the three sites were visited four times (Table 2). The first time was at 

the beginning of June (week 23; 01-05.06.2020), second at the end of June (week 26; 22-

26.06.2020), third at July (week 30; 20-24.07.2020) and fourth time in August (week 34; 17-

21.08.2020). During the visits, photosynthesis and chlorophyll fluorescence were measured at 

three individual trees at two heights at the Birches (mid and top canopy) and at the Street (bottom 

and top canopy). At the garden three heights of the canopy were measured (bottom, mid and top). 

The last visit took place in September (week 38; 14.9), where the bottom canopy at the Garden 

was measured. 

The initial purpose was to measure three heights at all the sites- bottom, mid and top (Fig. 6). 

However, this was possible only at the Garden site (table 3). At the garden, the bottom canopy was 

in the shade, while mid and top canopy were in the sun. At the Birches, the branches grew in a 

way that allowed only two heights measurements; both were illuminated. The Street trees were 

managed by the municipality gardeners, and therefore the bottom branches were regularly 

trimmed. As a result, it allowed measuring at two heights: bottom canopy which was at the shade 

and top in the sun (Table 3). At all the three sites, the measurements were taken at the southern 

part of the trees. The selected branches were marked with tape at the beginning of the campaign 

and were measures throughout the season. 
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Table 2: Manlift campaign durations.  

Month Week of the year  From Until 

Early June Week 23 01.06.2020 05.06.2020 

Late June Week 26 22.06.2020 26.06.2020 

July Week 30 20.07.2020 24.07.2020 

August  Week 34 17.08.2020 21.08.2020 

September*  Week 38 14.09.2020 - 

 

As the trees were different in size and heights, the heights are not identical but rather relative. For 

example, the bottom canopy at the Street is higher than at the bottom canopy at the Garden; mid 

canopy at the Garden is lower than the mid canopy at the Birches.  

 

Figure 6: illustration of the canopy heights. 
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Table 3: Description of measured canopy heights at each site 

 and the illumination conditions of the heights. 

 Garden Birches Street 

Top  sun  sun  shade 
Mid  sun  sun - 

Bottom  shade -  sun 

 

At all the heights, a part of the garden bottom canopy (which was accessible by foot), a man lift 

was used in order to reach the different heights of the canopy. The locations and heights were 

selected based on their accessibility to the manlift. At the Birches and the Garden, fuel engine 

manlift was used, which reached a maximal height of 15.5 meters. At the street, a smaller electric 

manlift was used with a range of up to 10 meters (Fig. 7).  

  

Figure 7: Left: the manlift that were used at the Garden and Birches at the Birches site, right: the manlift 

that was used at the Street, preforming gas exchange measurement at the bottom canopy. 

 

Apart from the monthly measurements, chlorophyll fluorescence was measured weekly at the 

bottom canopies at all sites. At the Garden and Street, the same trees were measured (at the Garden 

one more tree was measured, four trees in total), but at the birches only one tree out of the monthly 

measured trees was measured, and two other trees, as the lowest branches of the monthly measured 

trees were too high to reach.  The measurements were taken at different times of the day to dim 

possible diurnal effects; however, the brightest hours of the day were avoided (12-14 pm), and 

most of the measurements took place during the morning hours (8-12 am). Each week the sites 
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order was altered.  The illumination conditions were different each measuring week, as a result of 

cloudiness and seasonal changes, which effect the results. A ladder was used in order to reach the 

bottom canopies at all sites. 

 

2.3. Instruments  

2.3.1. Gas exchange  

Gas exchange was measured by GFS-3000 (Walz GFS-3000, Heinz Walz, GmbH, Germany) with 

a standard measuring head (8 cm2 cuvette, 2X4 cm, Fig. 8) on one healthy looking leaf, meaning 

without visual damage. A programme was set for a light response curve in order to estimate 

maximal carbon assimilation. At first, PAR top was set to 1200 µmol m-2 s-1, and after 12 minutes 

increased to the maximal level of 1500. After, it gradually decreased to 0.6 over the course of 43 

minutes. The CO2 level was set to ambient conditions (415 ppm). The temperature, however, was 

not set and followed the environmental conditions. In case the assimilation at the first 10 min was 

very low (under 1.5 µmol m-2 s-1), a different leaf from the branch was selected.  

 

Figure 8: Operation of GFS-300 at the Street site top canopy. 



   
 

19 
 

2.3.2. Chlorophyll fluorescence  

PAM-2500 (Walz) was used to measure chlorophyll fluorescence. Light control, which includes 

measuring light intensity, activation light, saturating pulse, and F0/Fm, was set according to the 

PAM-2500 manual, specifically to each type of species (Table 4) and was used throughout the 

season. Five dark acclimation measurements were collected in each location. Dark acclimation 

clips (Fig. 9) were set for 30 min to measure maximal photochemical quantum yield of PS II. Six 

leaf clips were placed, and five were collected, in case there was an error in the measuring or in 

case the dark acclimation clip fell due to wind or faulty ladder manoeuvring (Fig. 10).  

Table 4: Dark acclimated leaves measurements settings 

 Measuring light 

nm 

Activation light 

nm 

Saturating pulse  

μmol m-2 s-1 

F0/Fm saturating pulse  

μmol m-2 s-1 

Garden 4 7 10 7 

Birches 4 7 10 5 

Street 4 4 6 4 

 

 

Figure 9: Dark acclimation clip at the Street 
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Figure 10: weekly fluorescence measurements at the Street 

 

2.4. Specific leaf area  

During July measurements, the leaves which were measured for photosynthesis were cut and used 

to calculate specific leaf area (SLA). Those leaves were marked with tape at the stem, photos of 

them were taken, and their sizes were calculated with the software imageJ. They were kept at 

ambient air until the end of the measuring week, dried in the oven (60 °C) for 36 hours and then 

weighted. The specific leaf area was calculated as the ratio between weight (g) and size (mm2). 

The highest SLA values were observed at the shaded leaves at the bottom canopies at the Garden 

and Street, and the lowest at the top canopies of the Birches and Garden (Fig. 12). 

 

Figure 12: Specific leaf area for (left to right): Garden, Birches and street. 
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2.5.  Growth dynamics  

Bud length was measured three times per week for the period of 08.05-18.6.2020 by digital 

callipers. At the Street and Birches, different trees than the monthly measured trees were observed, 

based on their accessibility. The bud length (x) was normalized (xnew) with the maximal (xmax) and 

minimal (xmin) length in order to compare them to each other as follows:  

 

(2), 

The Street and Garden trees show similar pattern of growth, reaching the fully developed bud in 

mid June (Fig. 13).  

Figure 13: The growth dynamics in the different species. In Pink- Garden, green-Birches, black-Street (May 

until Late June 2020).  
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2.6. Photosynthesis data processing  

The output from GFS-3000 was processed in three main stages. The first stage included data 

screening and removal of unrealistic data. This included calculation of β function (Tables 5-7) and 

excluding data with β higher than 1. Excluded data was characterized by low or high values and a 

curve shape that did not fit to non-rectangular hyperbola (A7.1, A7.2, A7.3). The excluded data 

could have been due to a leakage from the cuvette as a result of failure in operation of the GFS-

3000 device. In other cases, the leaf broke and disconnected from the shoot, which could have led 

to changes in the metabolism of the leaf and different reading. Other reasons for excluding data 

might be due to technical issues with the computer regarding short battery life.  

The second stage was curve fitting to non-rectangular hyperbola function (see example at A7.4), 

according to equation 3. The last stage was calculation of the photosynthesis potential at PAR 1200 

µmol m-2 s-1, according to the fit. As the photosynthesis saturation occurred usually around 

PAR=1200, the photosynthetic potential was calculated based on the curve fit for the value of PAR 

1200.  

After this, an averaged of the three trees (or less in some cases) was calculated for each height 

(Tables 9-11).  Plotting the light response curve is another supportive stage in the data processing 

of photosynthetic potential (A7.1, A7.2, A7.3), where the first eight measurements points were 

excluded, as the leaf was acclimating to the high PAR (1200 µmol m-2 s-1) and reaching steady 

state.  

The following functions were fitted to the observations:  

P(PAR) =Amax * PAR / (beta + PAR) 

(3), 

Where β is the parameter of maximal measured assimilation, the PAR and constant beta, equal to 0.15. 

 
(4), 

Where the curve is a function of photosynthesis flux density (I), maximal assimilation (Pnmax), quantum 

yield of assimilation (φ), curve convexity (K) and dark respiration (Rd)   
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Table 5: β values of the Garden light curves. The observations where standard deviation of beta was larger 

than 1 were excluded from the analysis and marked with bold.  

 
Garden1 Garden4 Garden3 

  bottom  mid   top   bottom mid top bottom mid top 

Week 23 8.79 0.59 6955 -  2.90 0.71 0.39 0.18 0.88 

Week 26 0.06 0.94 0.45 0.28 0.28 0.28 0.24 0.05 0.23 

Week 30 0.36 0.31 0.46 0.18 0.42 8976 0.34 0.41 0.50 

Week 34 0.43 0.74 0.14 0.29 0.37 0.28 0.33 0.28 0.25 

Week 38 0.24 -  -  77140 -  -  0.32 -  - 

 

Table 6: β values of the Birches light curves. The observations where standard deviation of beta was larger 

than 1 were excluded from the analysis and marked with bold. 

 Birch1 Birch2 Birch3 

  mid top mid top mid top 

Week 23 1.70 0.63 0.38 0.57 0.63 0.72 

Week 26 0.40 0.66 0.55 0.62 0.47 0.45 

Week 30 0.44 4415 0.44 0.65 0.54 0.37 

Week 34 0.26 0.28 0.47 0.37 0.32 0.41 

 

Table 7: β values of the Street light curves. The observations where standard deviation of beta was larger 

than 1 were excluded from the analysis and marked with bold. 

  Street1bottom  Street1top Street2bottom   Street2top   Street3bottom Street3top   

Week 23 0.22 -  0.24 -  0.27 -  

Week 26 0.22 0.34 0.06 0.37 -  -  

Week 30 0.10 0.19 0.15 0.25 0.07 1.43 

Week 34 0.15 0.12 0.15 0.35 0.12 0.83 
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2.7. Statistical analysis 

Python software, R and Excel were used for plotting charts. SPSS was used for the statistical 

tests: t-test, Tukey tests with one-way ANOVA (α =0.05).  One sample Kolmogorov-Smirnov 

test was used for the data to check normal distribution.  

 

 

3. Results  

3.1. Weather during observation period  

June was the warmest month, July was the rainiest and September the coldest, during the campaign, 

according to SMEARIII and FMI (Finnish meteorological institute) measurements. The observed 

weather was warmer as well as rainier than the average climate measured in Helsinki region. 

However, it followed the climatic radiation pattern, with high values during June and July and 

decline from August (Fig. 11, Table 8). Urban heat island effect was observed at the street, 

demonstrated by high soil temperature, compared to the other sites (Fig A.7.5).  
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Figure 11: daily man air temperature (a), relative humidity (RH) (b), photosynthetically active radiation 

(PAR) (c) and daily precipitation (d) from SMEAR III and FMI, Kumpula during 25.05-21.09.2020. In 

grey: Campaign weeks. 
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Table 8: monthly mean of temperature, relative humidity (RH), global radiation, and precipitation (monthly 

sum) from Station SMEAR III and FMI, Kumpula. In parenthesis are the average values observed in 

Helsinki between 1981-2010 (Pirinen et al, 2012). 

 

 

Temperature RH Global radiation 
Precipitation 

Monthly sum  

(°C) (%) (MJ/m2 month) (mm) 

June 18.1 (14.6) 61 (61) 735 (605) 78 (61) 

July 16.7 (17.8) 72 (66) 622 (624) 98 (66) 

August 17 (16.3) 72 (79) 500 (445) 74 (79) 

September 13.4 (11.5) 79 (64) 280 (259) 67 (64) 

 

 

3.2.Photosynthetic potential 

3.2.1. Difference between the species 

The highest photosynthetic potential was observed at the Birches during late June (week 26) (16.27 

µmol m-2 s-1) (Table 10, Fig. 16), with no significant difference between the canopy heights. The 

Garden followed up the Birches with high photosynthetic potential during July (week 30) at top 

and mid canopy (15.36 µmol m-2 s-1, 15.29 µmol m-2 s-1 respectively) (Table 9, Fig. 14). The 

highest photosynthetic potential at the street was the lowest out of all the sites, during July (week 

30) at the top canopy (8.327 street µmol m-2 s-1) (Table 11, Fig. 18). 

 

3.2.2. Differences within the canopy 

Significant difference in photosynthetic potential between the heights was observed in the Garden 

during August (Fig. 14), where the highest value was observed at the bottom canopy, which was 

significantly different than the top canopy (p-value 0.0226). At the street, the values are 

significantly higher (p-value 0.019) over the season at the top canopy compared to the bottom 

canopy. At the Birches, the photosynthetic potential was similar between the two heights (Fig. 16).  
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3.2.3. Seasonal cycle 

At the Garden top canopy, the photosynthetic potential is highest in July compared to the rest of 

the season and lowest during August (p-value 0.0077) (Fig. 14). The bottom canopy values remain 

stable, while mid and top canopy show fluctuations. The top canopy shows significant difference 

during the season (p-value .008), with increasing values from early June, and then highest values 

shown during July, and lowest value in August (Fig.14). The Birches show relatively low values 

in June, peak to maximal level in late June, and start to decline with lowest values in August. At 

the mid canopy, late June was significantly (p-value 0.0235) higher than August (Fig.16). At the 

street, the photosynthetic potential increases throughout the season in both bottom and top canopy 

(Fig. 18) but declines at the top canopy in August.  

 

3.3. Chlorophyll fluorescence 

At the Garden, significantly low (p-value 0.003) chlorophyll fluorescence yield in early June is 

corresponding to the low photosynthetic potential (Fig.14,15). Differences between the heights 

were observed in July, with significantly high values at the bottom canopy (p-value 0.006) 

compared to the mid canopy. At the Birches, the values are significantly lower (p-value 0.41) in 

early June compared to the rest of the season. The values are highest during late June, which 

correspond with the photosynthetic potential, and then decline (Fig 16,17). At the Street, high 

values were observed in June and July, and low values in August (Fig.19), which track the same 

trend as in photosynthetic potential (Fig.18). 

Continuous chlorophyll fluorescence measurements (Fig.20) from the Garden trees show 

fluctuations during July, with two events of decline during this month. Birches and Street trees are 

relatively unified compared to the Garden trees. Street and Garden trees show a decline in the 

beginning of August, where Birches do not.  
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Table 9: The mean A1200 and the number of measured individuals in Garden. A1200 stands for the 

assimilation at PAR=1200 µmol m-2 s-1, and its standard deviation in shown in parenthesis and the highest 

value in bold.  

  W23 

Early June 

W26 

Late June 

W30 

July 

W34 

August 

W38 

September 

A1200  
  
 

Garden bottom 11.85 (N/A) 11.41 (0.67) 11.58 (.96) 12.43 (3.07) 11.27 (2.10) 

Grden mid 5.63 (3.74) 8.14 (6.08) 15.29 (1.13) 9.14 (1.26) - 

Garden top 8.64 (2.23) 13.04 (1.53) 15.36 (3.39) 5.60 (1.67) - 

Number of 

trees 

 

Garden bottom 1 3 3 3 2 

Garden mid 2 3 3 3 - 

Garden top 2 3 2 3 - 

 

 

Table 10: The mean A1200 and the number of measured individuals in Birches. A1200 stands for the 

assimilation at PAR=1200 µmol m-2 s-1, and its standard deviation in shown in parenthesis and the 

highest value in bold.  

  W23 

Early June 

W26 

Late June 

W30 

July 

W34 

August 

A1200  
 

Birches mid 12.70 (1.25) 16.27 (1.53) 13.98 (2.0) 8.64 (3.19) 

Birches top 12.14 (1.32) 16.15 (1.19) 14.48 (4.72) 9.87 (3.07) 

Number of trees 

 

Birches mid 2 3 3 3 

Birches top 3 3 2 3 

 

 

Table 11: The mean A1200 and the number of measured individuals in Street. A1200 stands for the 

assimilation at PAR=1200 µmol m-2 s-1, and its standard deviation in shown in parenthesis and the 

highest value in bold. 

  W23 

Early June 

W26 

Late June 

W30 

July 

W34 

August 

A1200  
  

Street bottom 3.969 (2.27) 3.886 (3.31) 4.488 (2.51) 5.643 (1.56) 

Street top N/A (N/A) 7.212 (2.36) 8.327 (.82) 7.233 (.719) 

Number of trees 

 

Street bottom 3 2 3 3 

Street top 0 2 2 3 
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Figure 14: Photosynthetic potential at the Garden site (June-September) in three canopy heights: bottom 

(light blue), mid (blue) and top (green) canopy. The letters in the top of the figure indicate possible 

differences between the months, letters above the bars in August represent differences between the 

canopy heights, and letters at the bottom of the bars of the top canopy represent possible differences 

during the season. 

 

Figure 15: Chlorophyll fluorescence yield at the Garden site (June-September) in three canopy heights: 

bottom (light blue), mid (blue) and top (green) canopy. The letters in the top of the figure indicate possible 

differences between the months, letters in the middle of the bars in August represent differences between 

the canopy heights, and letters at the bottom of the bars of the bottom canopy represent possible differences 

during the season. 
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Figure 16: Photosynthetic potential at the Birches site (June-August) in two canopy heights: mid (blue) 

and top (green) canopy. The letters in the top of the figure indicate possible differences between the 

months, and letters at the bottom of the bars of the mid canopy represent possible differences during the 

season.  

 

 

Figure 17: Chlorophyll fluorescence yield at the Birches site (June-August) in two canopy heights: mid 

(blue) and top (green) canopy. The letters in the top of the figure indicate possible differences between the 

months, and letters at the bottom of the bars of the top canopy represent possible differences during the 

season. 
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Figure 18: Photosynthetic potential at the Street site (June-August) in two canopy heights: bottom (light 

blue) and top (green) canopy. 

 

Figure 19: Chlorophyll fluorescence yield at the Street site (June-August) in two canopy heights: bottom 

(light blue) and top (green) canopy. 
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Figure 20: Chlorophyll fluorescence yield at the bottom canopies from June to September. Top to bottom: 

Garden (G1-4 indicates individual trees), Bitches (B3-5) and Street (S1-3).  

 

4. Discussion 

Cities are interested in the possibilities of urban nature to sequester atmospheric carbon. I studied 

the ecophysiology of common urban trees in Helsinki and found that B.pendula had higher 

photosynthetic potential than Tilia species and that there were interesting differences in the 

photosynthetic potential and chlorophyll fluorescence during the season and inside the canopy. My 

research aims to analyze and summaries the first year out of two years of data collection in 

CarboCity project. Based on these results, improvement means will be considered in the data 

collection during summer 2021. 

 

4.1. Species-specific differences 

Birches showed the highest photosynthetic potential (Fig. 16, Table 10) of the three tree species. 

Different tree species has different photosynthetic potential; however, possible explanation could 

be related to species differences as well as the differences between the attributes of the sites, as the 

Birches grow naturally in a small unmanaged forest patch. Tilias, on the other hand were 

transplanted as saplings. The process of transplantation is known to reduce canopy growth in the 

case of T. x europaea. (Riikonen et al, 2011), due to possible root loss which may lead to 
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temporarily suspended growth, especially in the case of excess soil moisture. The Street soil 

moisture was high compared to the other sites (A.7.6), possibly due to runoff of onto the soil patch 

from the nearby impermeable footpath, as well as due to the soil small particle size composition 

(Table 1), which can store moisture more efficiently. Therefore, there is a possibility that the Street 

trees may have experienced growth inhibition at earlier stage of their lives, which may affect their 

growth and overall productivity, and therefore may be reflected in the results of this study. This 

finding is supported by previous research, which show growth limitation in street Tilia trees grown 

in a small soil patch (Sand et al, 2018).  

Nitrogen is an important mineral for synthesis of proteins and other metabolic functions. About 

half of the protein in leaves is composed of enzyme related to photosynthesis which is found in 

the chloroplast (ribulose bisphosphate carboxylase – Rubisco) (Warren et al. 2003), and therefore 

soil and leaves nitrogen may provide an indication about the plant’s productivity (Laisk et al, 

2005). The availability and uptake of nutrients from the soil is subject to other parameters, such as 

pH and other soil properties, and therefore the volume in the soil is not reflecting the availability 

of the nutrient. However, soil nitrogen content is considered as the limiting factor at the boreal 

region (Högberg et al, 2017), as the other factors (water and light) are abundance during the 

summer. The soil at the Birches site had the highest nitrogen content (Table 1), which correlates 

with the finding of high photosynthesis potential. The street site, on the other hand had the lowest 

soil nitrogen content. Nevertheless, the soil nitrogen content, did not determinate the leaves N 

content, as the Garden leaves had the highest values (possibly due to fertilization), while Street 

and Garden showed similar values (A7.8). The high photosynthetic potential at the Birches is also 

supported by the high LAI values measured at this site during the season (A7.7), as LAI is used to 

predict photosynthesis potential (Asner et al. 2003).  

The tree’s health status could have had an effect on the tree's productivity. Some of the Garden 

trees demonstrated Eriophyes tiliae gall (Fig. A7.9), which is known to attack relative healthy trees 

according to their size and age (Buchta et al, 2006). However, it was not found to have a serious 

effect on the tree’s health. This finding contradicts earlier findings by Wilkaniec et al at 2012, that 

the overall condition of Tilias grown in parks was better than the ones located by the road, as the 

latter were found to be attacked by pests, as there hasn’t been pests' bursts signs at the Street trees.  
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Some of the Birches demonstrated rust damage (Fig A7.9) in late July, which is known to be caused 

by Melampsoridium betulinum fungus that was found to attack birches at late summer, where the 

conditions are moist and warm (Hynynen et al. 2010). The presence of the fungus may cause the 

attacked leaves to be vulnerable to herbivores (Hynynen et al. 2010). As July was wetter than usual 

(Table 8), the fungus has shown burst signs starting at mid to late July.  

 

4.2. The effect of canopy height 

Difference between photosynthetic potential within the canopy was observed in T.cordata in 

August. A possible reason for these differences may be a due to the reason that Tilia is a shade 

adapted tree (Aasamaa & Aphalo, 2016). The photosynthetic potential varied the most at the top 

canopy in the Garden during the season, as it is exposed to different illumination conditions, unlike 

the bottom canopy which was mainly in shaded conditions (Table 3) and remained constant during 

the season. This finding is supported with the high SLA found at the Garden bottom canopy (Fig. 

12). 

Street site, nevertheless, demonstrated an opposite pattern to the Garden, where the photosynthetic 

potential was significantly higher at the top canopy compared to the bottom throughout the season, 

as expected in higher illumination conditions. This, however, is contrast to the high SLA found at 

the bottom canopy (Fig.12) 

Birches showed no differences in photosynthetic potential between the heights, possibly as a result 

of the proximity of the heights and the unified illumination conditions. This finding is supported 

by Sellin et al in 2009, who found that sun leaves had higher photosynthesis than shade leaves, as 

a result of low light availability. As both canopy heights were in illuminated conditions in this 

research, no difference was observed.  

 

4.3. Seasonal dynamics 

Garden and Birches showed differences in photosynthetic potential during the season, with low 

values at the beginning of the season (early June), high values at the middle of the season (late 

June/July), and low again at the end of the season (August). Low values at the beginning of June 

can be explained as the leaves were not yet fully developed (Fig. 13). As a result, the leaf 

photosynthesis capacity is still low, as the synthesis of chloroplast enzymes and pigments is not 
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fully done. The trees showed decline in photosynthetic potential as response to the declining PAR 

from mid August (Fig. 13). Street trees did not manifest seasonal cycle in the photosynthetic 

potential like the Birches and the Garden. This could be a result of the urban island effect, as the 

Street trees experience different environmental conditions than the Garden and Birches.  

 

4.4. Chlorophyll fluorescence 

To some extent, changes in the photosynthetic potential were tracked by the chlorophyll 

fluorescence, especially regarding the seasonal cycle, rather than canopy heights. This finding is 

supported by previous research, which was aiming to trace seasonal changes in photosynthesis 

using solar-induces chlorophyll fluorescence and found a link to the gross primary production in 

large scale (Magney et al, 2019), based on changes in the chlorophyll volume.  

Chlorophyll fluorescence yield during the season show fluctuations in the Garden, where at the 

Birches and Street sites, the trees were more stable and show similar patterns (Fig.20). This can be 

explained by the different illumination conditions where the trees are located. The trees in the 

Street and Birches are in a more homogeneous illumination conditions, where the Garden trees are 

more subjected to a heterogeneous illumination conditions, as some bigger trees are located around 

them (Fig. 1,2,3). A decline in the yield in Street trees at during the second week of August (week 

33, Fig 20) is associated with a decline with temperatures, high relative humidity and low 

precipitation in the weeks before (Fig. 13). In September, Tilias show a decline in yield, while 

birches maintain high yield. This is despite the findings that the lowest photosynthetic potential 

was observed in the birches August.  

 

4.5. Shortcomings of the methods and other concerns 

In this research, three or less trees were measured at each site, and in the case of the Garden 

sometimes four trees. From statistical point of view, this number is low and therefore it is hard to 

get significance and draw conclusions in some cases, and especially in the street site, as some 

samples were missing.  

Measurements of photosynthesis were conducted on healthy looking leaves with no visible 

damage, and if the assimilation was low (less than 1.5 µmol m-2 s-1), a different leaf was measured. 

Therefore, the measured photosynthetic potential is not necessarily representing the status of the 
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whole tree but rather the leaves in good condition, which is important to keep in mind in case of 

model development.  

The measurement of photosynthetic potential places great stress on the leaf and in many cases the 

leaf is damaged at the end of the process. In order to avoid measuring the same leaf over the 

measurement period, measured leaves were removed, but only after July. Therefore, until July, 

there could have been cases that the damaged leaf was measured, which could alter the results in 

a way that would represent lower photosynthetic potential than the actual values.  

The temperature was not set but subjected to environmental conditions. As temperature is a drive 

of metabolic process, it could have had an effect on the results. This should be taken into 

consideration in the next measurement season as well as in the model development.  

Another issue which affected the results is very low photosynthetic potential that was measured in 

an individual tree in the mid canopy during the two measurements taken in June (2.99, 2.1 µmol 

m-2 s-1; early and late June respectively). Changing the leaves after the first ten minutes due to 

low values did not change the results, as the photosynthesis remained low. The averaged 

photosynthetic potential without these measurements would have been 8.28 / 11.15 µmol m-2 s-1 

(early and late June respectively) instead of 5.63 / 8.14 µmol m-2 s-1 (early and late June 

respectively). It is unclear for the driver causing these low values, as the tree did not demonstrate 

stress and generally looked healthy, as well as maintained normal values of chlorophyll 

fluorescence yield.  

 

5. Conclusions 

B.pendula was found to have the highest photosynthetic potential out of the three trees species. 

Differences between the canopy heights were observed at T.cordata trees, with higher values in 

August at the bottom canopy. At the Street, photosynthetic potential was higher at the top canopy 

compared to bottom throughout the season. Seasonally cycle regarding photosynthetic potential 

was observed in T.cordata and B.pendula trees. Chlorophyll fluorescence tracked some changes 

in photosynthesis potential regarding seasonal dynamics. Species specific differences, as well as 

the site's attributes are assumed to be the main drivers for the differences between the tree's 

photosynthetic potential.  
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As the highest photosynthesis potential was observed in a B.pendula grown in natural environment, 

I would highly recommend preserving the naturally regenerating unmanaged urban forest patches, 

which could have an important role in urban carbon sequestration.  

 

5.1.Urban vegetation in a changing environment  

Urban vegetation is an important component in understanding the carbon sequestration within 

cities. Cities are diverse and homogeneous, as well as facing different stressors, and therefore it is 

important to conduct comprehensive and precise data collection. In addition to this, urban 

vegetation also has to deal with changing environment. As the results of this research show, the 

observed weather during the summer was different than the climate (Fig. 11, Table 8), and some 

consequences are apparent in the tree’s health. The future climate in Finland is expected to be 

wetter and warmer during the summer (Hari et al, 2013), which could lead to increase in 

productivity, but also to interaction effect, such as more fungus damage and inhibition of growth 

of trans-planted trees, due to high soil moisture.  

 

5.2. Further research 

Based on the results of this research, I would recommend investigating the limiting factors of 

photosynthetic potential in urban vegetation, as it is unclear what is the cause for low 

photosynthetic potential at the T.xeuropaea trees. I am also interested studying the effects of 

draught and traffic pollution on the urban vegetation. This comprehensive knowledge about the 

urban vegetation is essential in order to understand and model the urban carbon cycle.  

Another topic that could yield meaningful insights is management approaches improvements 

regarding the carbon sequestration of urban vegetation, including trimming, removal of litter and 

fertilization.  
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7. Appendix 

 

A7.1: light curves plot from Garden site, average of the measured trees, showing week 23 (a), week 26 

(b), week 30 (c), week 34 (d) and week 38 (e). 

 

A7.2: light curves plot from Birtches site, average of the measured trees, showing week 23 (a), week 26 

(b), week 30 (c), week 34 (d) and week 38 (e). 
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A7.3: light curves plot from Street site, average of the measured trees, showing early June (week 23) (a), 

late June (week 26) (b), July (week 30) (c), August (week 34) (d) and week 38 (e). 

 

A.7.4: Light curve plot (blue dots) with the cure fit (red line) from late June at the Birches mid canopy. 
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A7.5: Spatial soil CO2 emissions, soil temperature, and soil moisture from June until October 2020 in 

the Street, Birches and Garden (Liisa Kulmala). 
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A7.6: Continuous relative humidity and soil moisture (10 and 30 cm depth) from June until August 

2020. From top to bottom: Street, Birches and Garden (Jesse Soininen). 

 

 

 

 

 

A7.7: Leaf Area index (May- September) from left to right: Birches, Garden, Street (Liisa Kulmala). 
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A7.8: Leaves Nitrogen content in percentages from July. From left to right: Birches, Garden, and Street. 

 

 

A7.9: Left: E. tiliae gall on T.cordata, (7.7.2020). Right:  Rust damage on B.pendula (23.7.2020). 

 


