How does Vaccinium vitis-idaea respond to the anthropogenic CO2 increase?
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[bookmark: _Toc331079630]Summary
In order to determine whether Vaccinium vitis-idaea responds to the anthropogenic CO2 increase, stomatal conductance and stomatal frequency were analyzed of fossil material found in a peat core drilled near the North Cape (71° 10’ 21” N, 25° 47’40”E) in Finnish Lapland in 1996. First of all, cuticle morphological characteristics were analyzed and compared with modern material from the Kevo research station for species determination of the fossil material. Vaccinium vitis-idaea leaves have unidirectional oriented stomata, two well-defined polygonal subsidiary cells per stomata and trichomes of 150-200 µm in the alveoli. Stomata and epidermal cell sizes were measured as well. Secondly pore length, guard cell width and stomatal density were determined to determine stomatal conductance. Measurements of stomatal index were used to determine stomatal frequency. Stomatal conductance and stomatal frequency decreased when CO2 levels increased.
 

[bookmark: _Toc331079631]Introduction

The surface of earth is warmed by sunlight, which passes through the atmosphere and is radiated back towards the atmosphere. Greenhouse gasses like CO2, methane and nitrous oxide accumulate in the atmosphere. These gasses have the ability to absorb this heat which is radiated back towards the atmosphere and re-emit it in all directions, including in the direction of earth, causing global warming (NASA, 2012). It has been observed that the levels of these greenhouse gasses in the atmosphere increased intensively after the industrial revolution in 1850. Data are derived from ice core measurements for the past thousands of years and derived from atmospheric measurements from the last 50 years (IPCC, 2007). As a consequence of the changing global climate, growing seasons are changing. Temperatures are increasing as well as the atmospheric CO2 concentration. Consequences for ecosystems are obvious. Glacial are retreating which causes sea levels to rise. As a consequence of the higher sea level and higher precipitation, there are more floods which destroys villages, forests and agriculture as well as the lives of plants, animals and humans. The precipitation rates are also changing, increasing at high latitudes while decreasing in subtropical land regions. This causes heat waves to increase in duration and tropical forest to be replaced by savannah (IPCC, 2007)(NASA, 2012). The cause of the climate change is well described in the literature. 

Climate change has not only an effect on the vegetation, but the vegetation has the ability to adapt to the climate change and therefore the ability to change the climate and hydrology (Lammertsma et al., 2011). Plants respond to the increasing atmospheric CO2 concentration by decreasing the amount and size of their stomata, the openings in the leaves through which gas exchange occurs. Stomata consist of two cells, called the guard cells. When light shines on the leaf, it activates proton pumps in the wall of guard cells. These pumps actively pump hydrogen ions out of the guard cells, which is followed by co-transport of hydrogen and potassium ions in the guard cells. As a consequence of the changing osmotic pressure, water diffuses in the guard cells. This increases the turgor of the guard cells. The cellulose microfibrils in the cell walls are radial oriented and cause the cells to increase more in length than width when the turgor in the cells increases (Reece et al., 2011). When the stomata are open, CO2 can enter the leaf. CO2 is needed for the photosynthesis. A large disadvantage of these open stomata is that H2O evaporates mainly through the stomata out of the leaf. In the time that one molecule of CO2 enters the leaf, 250 molecules of H2O evaporate. To reduce water loss a plant needs to reduce the time or amount of open stomata. When the CO2 concentration in the atmosphere is super-ambient, a plant can afford it to have less or smaller stomata, which is also the observed effect in plants during the past few ages when the global CO2 level is rising (Kürschner, Wagner, Visscher, & Visscher, 1997). There are two ways in which a plant responds to a higher CO2 concentration in the atmosphere. First of all, a plant is able to regulate stomatal opening, which is happening when the CO2 level changes temporary. However, when the CO2 level changes on the long run, stomatal frequency changes. Both are ways of a plant to decrease stomatal conductance, which causes less water to evaporate and therefore increases the water use efficiency (WUE) of a plant (Kürschner et al., 1997).

Besides the increase CO2 level, temperatures are increasing as a consequence of the changing global climate. The last 150 years, the global average surface area increased from approximately 13,7°C to 14,5°C (IPCC, 2007). This rise in temperature causes growing seasons to increase in duration and intensity. Because of longer and warmer growing seasons the size and cell expansion of the pavement cells increase. The length and intensity of a growing season can be described by the number of days per year with daily mean temperature above 5°C (GSL) and the cumulative daily mean temperature above 5°C each year (GDD5, growing degree days) (Wagner-Cremer, Finsinger, & Moberg, 2010). Cell expansion can be represented by the undulation index, the deviation between the circumference of a cell with a given area and the circumference of a circle with the same area (Wagner-Cremer et al., 2010). By studying the epidermal cell characteristics of fossil leaves and comparing them to modern material, growing degree days and the atmospheric CO2 concentration of the past can be reconstructed. 


Reconstruction of CO2 levels during the Holocene is important to understand the way in which humans contribute to the changing global climate. When this process is fully understood, predictions for the future can be made as well as we know how to change our behavior. Betula species are often used for researched for reconstructing CO2 levels (Wagner-Cremer et al., 2010); (Finsinger & Wagner-Cremer, 2009) and they show good response to the changing CO2 levels. However, the response levels off at CO2 levels above 350 ppmv (F. Wagner, Kouwenberg, van Hoof, & Visscher, 2004). To reconstruct CO2 levels over a large time period it would be useful to analyze species which are highly sensitive to changing CO2 levels. Since Vaccinium species are one of the most abundant elements in subarctic flora, this species could play an  extremely important role in the reconstruction of CO2 levels if this species is sensitive to the CO2 change. Vaccinium species have never been used to reconstruct growing degree days or the increase of atmospheric CO2 concentration. So before this species can be used in such studies, it is important to know whether they respond to the changing climate. The research question of these paper is: do Vaccinium species respond to the increasing atmospheric CO2 concentration? 


Fossil material was collected from the North Cape, Finland, and modern material was picked in Kevo, Finland. However, various Vaccinium species grow together, as Vaccinium uliginosum, Vaccinium vitis-idaea and Vaccinium myrtillus. Because the fossil material was composed of fragments of leaves, it was not possible to determine which Vaccinium species was in the peat core. So first of all, the species needed to be determined. Species determination of the fossil material was based on cuticle morphological characteristics, such as orientation of the stomata; presence and shape of subsidiary cells; presence, shape and size of trichomes. Also measurements of the size of stomata and epidermal cells was determined. The pore length (PL), stomatal length (SL) and guard cell width (GCW) were the three measurements done with the stomata. Cell circumference (CC) and cell area (CA) was determined for the epidermal cells. To determine stomatal conductance also the stomatal density (SD) needed to be determined. This is the amount of stomata per mm2. As described before, not only the stomatal conductance can be changed as a consequence of the increasing CO2 level, also the stomatal frequency can alter as a consequence. Stomatal frequency is not only determined by SD but also by the epidermal cell density (ED), forming the stomatal index (SI).

[bookmark: _Toc331079632]Materials & Methods
[bookmark: _Toc331079633]Leaf material 
[bookmark: _Toc331079634]Modern material
Leaves from Vaccinium uliginosum and Vaccinium vitis-idaea were picked from mature specimens growing at the Rassejohka garden of the Forest Line Arboretum near the Subartic Research Station in Kevo (69° 45’N, 27° E, Utsjoki, Finnish Lapland) (Wagner-Cremer et al., 2010) (fig. 1). They were collected on 19 and 20 September 2011, respectively. 
[bookmark: _Toc331079635]Subfossil material
Subfossil leaves were picked from a peat section that was cut at the North Cape (71° 10’ 21” N, 
25° 47’40”E) in Finnish Lapland in 1996 (fig. 1). The core was cut in slices of 0.5 cm that were kept in petri dishes at the University of Utrecht, faculty Palaeoecology. Leaves were picked in every slice and kept in plastic pots upon further preparation.

Dating of the core
A depth-age model was made from the peat section from the North Cape with the use of a gamma ray detector. The slices 0.5; 1.0; 2.0; 3.0; 5.0; 7.0; 8.0; 9.5; 12.0; 14.0; 15.5; 16.0 and 18.0 were counted for the determination of the amount of cesium and lead. The amount of Cs and Pb-210 are indicators of the age of that particular slice. The accumulation rate of the core was approximately 1,2 mm a year. This means that the oldest slice, 18.0, is approximately 150 years old. So the core contains material which is accumulated between 1850 and 1996. The comparing CO2 levels are derived from the Mauna Loa record (NOAA Research, 2012).
[bookmark: _Toc331079636]Sample preparation and analysis
Samples were prepared with leaf fragments of approximately 0,15 cm2. Up to 7 samples per layer were made. The number of leaf fragments prepared from each layer vary, because of different preservation in the peat core. No leaf fragments were found in layers below 9.5 cm. The leaf fragments were bleached in sodium hypochlorite (<5%). After the lower cuticles were separated from the rest of the leaf under a binocular microscope, they were colored and embedded in glycerin jelly for further analysis. To optimize the results, cells around the (main) nerves and from the leaf area margin were not counted (Wagner-Cremer et al., 2010). The modern leaves and subfossil leaves were treated the same, except for the time of bleaching which varied per leaf from 30 minutes to 24 hours in less concentrated bleach.

The samples were analyzed with a standardized, computer-aided analysis of epidermal cell properties on a Leica with Image Analysis System with a magnification of 1280. Stomatal length (SL) was determined from 15 stomata per sample as a control for the species. To determine stomatal conductance (gsmax), pore length (PL) and guard cell width (GCW) were measured from 15 stomata per sample. Stomatal conductance can be determined according to the following formula: 
gsmax = ((dw/v)*D*amax) / (l+(π/2)√(amax/π))

In which dw (m2*s-1) is the diffusivity of water vapor and v (m3*mol-1)is the molar volume of air, both are constants. Values of dw and v are determined for 10°C, in which dw is 2,27 *10-5 m2/s and v is 0,024466 m3/mol. The determining factors are D (number of stomata * m-2), which is the stomatal density, amax (m2) is the size of the fully opened stomata and l is the depth of the stomatal tube. L (m), which is the stomatal pore length, determines the values of amax and l (Lammertsma et al., 2011).

	Stomatal index (SI) was determined by counting the number of epidermal cells and stomata in 7 fields of 0,026 mm2 per sample. SI is determined by stomatal density (SD) and epidermal cell density (ED). SI (%) = (SD/(SD+ED))*100. SD is the number of stomata per mm2, and ED is the number of epidermal cells per mm2 (Kürschner et al., 1997). 

The undulation index (UI) was determined by measuring the cell area (CA) and cell circumference (CC) of 20 cells per sample. To optimize the results, this measure was done thrice and the average was determined. The UI gives an indication of the degree of epidermal cell wall sinuosity, because it gives a value of the deviation between the CC with a specific CA and the circumference of a circle with the same area (Wagner-Cremer et al., 2010).

UI (dimensionless) = CC / (√(CA/(π*2µ)))

Species determination
Species determination is based on cuticle morphological characteristics. V. uliginosum and V. vitis-idaea from the modern material of Kevo were compared with the unknown Vaccinium species found in the subfossil material. PL, SL, GCW, CC, CA, SD and ED were determined in three samples of each species of the modern material and compared with the results of the subfossil material. Undulation of the epidermal cells, orientation of the stomata, presence and shape of the subsidiary cells, presence of trichomes, number of nerves and size of alveoli were analyzed of the modern material and subsequently compared with the subfossil material.

Statistical analyses
Results are analyzed with Excel and SPSS 18. SI, SD and gsmax were plotted over time represented with the CO2 levels in the atmosphere.

[image: ]
Figure 1 Location of study sites: Kevo is indicated as a blue dot in the north of Finland and the North cape is indicated with a red dot. 

[bookmark: _Toc331079637]Results
[bookmark: _Toc331079638]Species determination
To determine whether the Vaccinium species of the fossil material from the North Cape is 
V. uliginosum or V. vitis-idaea, cuticle morphological characteristics were analyzed with the Leica and AnalySIS image analysis systems. 

[bookmark: _Toc331079639]Morphological characteristics
V. uliginosum
Macro-morphology
Leaves are 7 mm to nearly 30 mm in length and approximately 3 mm to 15 mm in width. They are obovate to elliptic, entire, revolute margin and reticulate-veined. As also described by Westerkamp & Demmelmeyer. (Westerkamp & Demmelmeyer, 1997).

Cuticle morphology
The veins were reticular branched with single trichomes (Fig. 2). In the middle of the alveoli were strong single trichomes found of approximately 60 to 70 µm (Fig.3). Trichome density is varying. They were rarely found in alveoli but were abundant on the venation. Base of the hairs consisted of 6 to 8 cells (Fig. 3). Stomata were irregular oriented and had two irregular shaped subsidiary cells, from rectangle to triangle shaped. Pore length was approximately 12 µm, stomatal length was approximately 33 µm and guard cell width was approximately 7 µm. Epidermal cells were strongly undulated, with an average undulation index of 1,44. For an overview of an alveolus see figure 4 and 5. Cell area approximately 1031 µm2, varying from approximately 900 µm2 to 1600 µm2. Cell circumference approximately 163 µm, varying from 160 µm to 225 µm. See table 1 and 3 for the results of the cuticle morphological characterization of V. uliginosum leaves. Represented in table 3 is the stomatal index, which was on average 10,8%. 

[image: ]
Figure 2 Strong simple hair on nerve of a V. uliginosum leaf
Represented is an digital image, 1280x magnification, of a fragment of a V. uliginosum leaf on which part of a nerve with a strong simple hair is visible.

[image: ]
Figure 3 Strong simple hair in the middle of an alveolus
Represented is an digital image, 1280x magnification, of a fragment of a leaf of V. uliginosum with a hair in the middle of the alveolus. Visible is the hairbase which exist of approximately 8 cells.

[image: ]
Figure 4 Overview of an alveolus
Shown is an digital image, 640x magnification, of a fragment of an alveolus of a V. uliginosum leaf. The stomata are not unidirectional oriented en their subsidiary cells are not well-defined, but rectangle to triangle in shape. The epidermal cells are strongly undulated.

[image: ]
Figure 5 Enlargement of an alveolus
Shown is an digital image, 1280x magnification, of a fragment of an alveolus of a V. uliginosum leaf. The stomata are not unidirectional oriented en their subsidiary cells are not well-defined, but strongly undulated. The epidermal cells are strongly undulated.

V. vitis-idaea
Macro-morphology
Leaves are 5 mm to 15 mm in length and approximately 3 mm to 10 mm in width and are obovate or oblanceolate. Leaf margin is revolute, sparsely serrate and glabrous. Venation pinnate-reticulate. As also described by Westerkamp & Demmelmeyer and Kristinsson (Kristinsson, 2010; Westerkamp & Demmelmeyer, 1997).

Cuticle morphology
Venation was pinnate-reticulate forming bigger alveoli than the alveoli of the V. uliginosum leaves. No hairs were found on the veins, but some simple hairs were present in the alveoli (Fig. 6).  Hairs were 150-200 µm long and approximately 25 µm thick, with a swollen tip of approximately 50 µm. The tip was often collapsed in the samples, after which it discharged some brown substance. The simple hairs consisted of cubic cells which surround a cavity. Around the simple hairs, no stomata were present. Stomata were unidirectional oriented and had two well-defined rectangle subsidiary cells, which were polygonal with 5 to 6 corners. Pore length was approximately 9 µm, stomatal length was approximately 23 µm and guard cell width was approximately 5 µm. Epidermal cells were less undulated compared to the epidermal cells of V. uliginosum, with an average undulation index of 1,26 (compared to 1,44 for V. uliginosum). Figure 7 shows a digital image of a fragment of an alveolus. Cell area approximately 414 µm2, varying from approximately 190 µm2 to 560 µm2. Cell circumference approximately 91 µm, varying from 62 µm to 122 µm. The cell wall of the epidermal cells seemed thicker compared to the epidermal cells of V. uliginosum. See table 2 and 4 for the results of the cuticle morphological characterization of V. vitis-idaea leaves. These morphological characteristics correspond to those described by Westerkamp and Demmelmeyer (Westerkamp & Demmelmeyer, 1997). Represented in table 4 is the stomatal index, which was on average 11,0%. 

[image: ]
Figure 6: Digital image of a simple hair of a V. vitis-idaea leaf
Represented is a photo with a 640x magnification of a simple hair found on a V. vitis-idaea leaf. The simple hairs are 150-200 µm long and approximately 25 µm thick, with a swollen tip of approximately 50 µm. The tips often collapsed during the sample preparation, which is obviously here also the case because of the brown substance. There are no stomata directly around the hairbase. 

[image: ]
Figure 7: Digital image of a part of an alveolus of a V. vitis-idaea leaf
Represented is a photo with a 1280x magnification of a fragment of an alveolus of a V. vitis-idaea leaf. Stomata are approximately 20µm long and are unidirectional oriented. Every stomata has two well-defined rectangular subsidiary cells. Epidermal cells are not much undulated.

Fossil material
Macro-morphology
Leaves are 4 mm to 10 mm in length and approximately 3 mm to 6 mm in width and are obovate or oblanceolate. Leaf margin is revolute, almost smooth with very little serration and glabrous. Venation pinnate-reticulate, with one thick mean vein and little lateral branches.

Cuticle morphology
One mean vein with little lateral branches, forming big alveoli. No hairs were found on the veins, but they were present in the alveoli, figure 8. Around the simple hairs, no stomata were present. The hairs were like those found on the V. vitis-idaea leaves. Stomata are unidirectional oriented and have two well-defined rectangle subsidiary cells, which are polygonal with 5 to 6 corners. Pore length approximately 9 µm, stomatal length approximately 22 µm and guard cell width approximately 5 µm. Undulation index was the same as those of V. vitis-idaea with an average undulation index of 1,30. Cell area approximately 480 µm2, varying from approximately 380 µm2 to 600 µm2. Cell circumference approximately 100 µm, varying from 85 µm to 115 µm. The mean stomatal index is 14,2. See table 5 and 6 for the results of the cuticle morphological characterization of the fossil material. 

[image: ]
Figure 8 Digital image of a simple hair found on a leaf of the fossil material
Represented is a photo with a 640x magnification of a simple hair found on a leaf of the fossil material. The simple hairs are 150-200 µm long and approximately 25 µm thick, with a swollen tip of approximately 50 µm. There are no stomata directly around the hairbase. 


[image: ]
Figure 9 Digital image of a part of an alveolus of a leaf of the fossil material
Represented is a photo with a 1280x magnification of a fragment of an alveolus. Stomata are approximately 20µm long and are unidirectional oriented. Every stomata has two well-defined rectangular subsidiary cells. Epidermal cells are not much undulated.
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Table 1: Results modern material of V. uliginosum
Measurements of the pore length (PL), stomatal length (SL), guard cell width (GCW), cell area (CA), cell circumference (CC), undulation index (UI) and the standard deviations are shown of the modern material of V. uliginosum, picked at the research station in Kevo. Per sample 15 stomata or epidermal cells were measured. Individual measurements are shown even as the mean of these measurements.
	Location
	Sample
	Number of counts
	PL
	PL sd
	SL
	SL sd
	GCW 
	GCW sd
	CA
	CA sd
	CC
	CC sd
	UI
	UI sd

	Kevo
	1
	15
	12,63
	1,53
	34,93
	4,29
	6,64
	0,92
	1152,4
	195,71
	180,92
	23,97
	1,50
	-

	Kevo
	2
	15
	12,76
	1,53
	35,87
	4,22
	7,15
	0,95
	1239,87
	187,04
	184,46
	21,73
	1,48
	-

	Kevo
	3
	15
	11,57
	2,28
	29,01
	3,45
	6,82
	1,13
	700,31
	191,93
	124,99
	21,93
	1,33
	-

	Mean
	
	
	12,32
	1,78
	33,27
	3,99
	6,87
	1,00
	1030,86
	191,56
	163,46
	22,54
	1,44
	0,09



Table 2: Results modern material of V. vitis-idaea
Measurements of the pore length (PL), stomatal length (SL), guard cell width (GCW), cell area (CA), cell circumference (CC), undulation index (UI) and the standard deviations are shown of the modern material of V. vitis-idaea, picked at the research station in Kevo. Per sample 15 stomata or epidermal cells were measured. Individual measurements are shown even as the mean of these measurements.
	Location
	Sample
	Number of counts
	PL
	PL sd
	SL
	SL sd
	GCW 
	GCW sd
	CA
	CA sd
	CC
	CC sd
	UI
	UI sd

	Kevo
	1
	15
	10,16
	1,14
	23,57
	1,79
	4,88
	0,83
	398,18
	102,41
	90,2
	15,23
	1,28
	-

	Kevo
	2
	15
	8,31
	0,84
	23,37
	1,31
	5,88
	0,8
	457,68
	126,79
	93,94
	14,02
	1,24
	-

	Kevo
	3
	15
	8,97
	1,03
	23,21
	1,54
	4,86
	0,4
	385,5
	94,46
	88,32
	13,06
	1,27
	-

	Mean
	
	
	9,15
	1,00
	23,38
	1,55
	5,21
	0,68
	413,79
	107,89
	90,82
	14,10
	1,26
	0,02



Table 3: Stomatal density and stomatal index of modern material of V. uliginosum
Measurements of the number of stomata and pavement cells are shown of the modern material of V. uliginosum, picked at the research station in Kevo. Also the stomatal density (SD), epidermal cell density (ED) and stomatal index (SI) are represented. Per sample 7 fields were counted for their number of stomata and epidermal cells. Individual measurements are shown even as the mean of these measurements.
	
	Stomata sample 1
	Pavement cells 
sample 1
	Stomata sample 2
	Pavement cells 
sample 2
	Stomata sample 3
	Pavement cells 
sample 3
	SD (n/mm2)
	ED (n/mm2)
	SI (%)

	1
	3
	20
	3
	25
	5
	46
	141
	1167
	11

	2
	3
	23
	3
	26
	6
	51
	153
	1282
	11

	3
	4
	27
	3
	25
	4
	46
	141
	1256
	10

	4
	2
	21
	4
	24
	5
	43
	141
	1128
	11

	5
	3
	25
	4
	25
	5
	47
	154
	1244
	11

	6
	3
	25
	3
	21
	4
	52
	128
	1256
	9

	7
	3
	25
	5
	23
	6
	51
	179
	1269
	12

	Mean
	3
	24
	4
	24
	5
	48
	148
	1229
	11



Table 4: Stomatal density and stomatal index of modern material of V. vitis-idaea
Measurements of the number of stomata and pavement cells are shown of the modern material of V. vitis-idaea, picked at the research station in Kevo. Also the stomatal density (SD), epidermal cell density (ED) and stomatal index (SI) are represented. Per sample 7 fields were counted for their number of stomata and epidermal cells. Individual measurements are shown even as the mean of these measurements. 
	
	Stomata sample 1
	Pavement cells 
sample 1
	Stomata sample 2
	Pavement cells 
sample 2
	Stomata sample 3
	Pavement cells 
sample 3
	SD (n/mm2)
	ED (n/mm2)
	SI (%)

	1
	6
	75
	10
	68
	8
	73
	308
	2769
	10

	2
	8
	75
	10
	64
	12
	81
	385
	2821
	12

	3
	9
	75
	9
	63
	10
	74
	359
	2718
	12

	4
	6
	73
	7
	62
	11
	68
	308
	2603
	11

	5
	6
	72
	7
	66
	8
	67
	269
	2628
	9

	6
	7
	69
	9
	74
	10
	70
	333
	2731
	11

	7
	8
	71
	10
	63
	12
	76
	385
	2692
	13

	Mean
	7
	73
	9
	66
	10
	73
	335
	2709
	11



[bookmark: _Toc331079640]Fossil material
Stomatal conductance was determined for fossil material samples. First of all, stomatal density, one of the determinants of the stomatal conductance, was determined for all samples in the sections till 2,5 cm deep in the core. With this information, also the stomatal index was determined, see table 5.
[bookmark: _Toc331079641]Stomatal density
The stomatal density decreases as a response to the CO2 increase, according to the following formula: SD = -0,7576 * CO2 (ppmv) + 610,22, with an R2 of 02201, see figure 16. The single values for SD range between 312,23 in 1988 and 384,16 in 1980. Despite the short time interval, the decrease in SD is obvious and significant, although the values of the last three fossil samples are lower than those of the modern leaves picked in 2011. The correlation between the values of SD and CO2 is -0,47, which means that 47% of the decrease in SD can be explained with the increase in CO2.



Figure 16 Stomatal density response to CO2 increase
Stomatal density decreases when the CO2 concentration in the atmosphere increases, according to the following formula: SD = -0,7576 * CO2 (ppmv) + 610,22, with an R2 of 0,2201. First 5 measurements are derived from the mean of the single measurement of the samples of one slice of the core. The last measurement of 398,57 ppmv CO2 is derived from the leaves picked at Kevo research station in 2011.

[bookmark: _Toc331079642]Stomatal index
The stomatal index decreases as a response to the CO2 increase, according to the following formula: SI = -0,0764 * CO2 (ppmv) + 40,696, with an R2 of 0,8728, see figure 17. The single values for SI range between 10,99 in 2011 and 15,08 in 1980. Despite the short time interval, the decrease in SI is obvious and significant. The correlation between the values of SI and CO2 is -0,93, which means that 93% of the decrease in SI can be explained with the increase in CO2.


Table 5: Stomatal density and stomatal index of the fossil material
Stomatal density (SD), epidermal cell density (ED) and stomatal index (SI) are represented of the fossil material picked from the core from the Northe Cape, Finland. Per sample, if possible, 7 fields were counted for their number of stomata and epidermal cells. The height of the layer is coupled to an age and to the corresponding CO2 concentration of the atmosphere at that specific time.
	Layer
	Age
	CO2 (ppmv)
	SD (n/mm2)
	SI
	St. dev. SD
	St. dev. SI

	2,5
	1980
	338,68
	384,16
	15,08
	76,41
	2,59

	2
	1984
	344,58
	368,23
	14,89
	20,35
	0,59

	1,5
	1988
	351,56
	312,23
	13,55
	59,56
	2,13

	1
	1992
	356,38
	323,72
	12,52
	58,93
	0,92

	0,5
	1996
	362,59
	312,76
	13,34
	26,4
	0,7

	
	2011
	391,57
	335
	10,99
	43,43
	1,14






Figure 17 Stomatal index response to CO2 increase
Stomatal index decreases when the CO2 concentration in the atmosphere increases, according to the following formula: SI = -0,0764 * CO2 (ppmv) + 40,696, with an R2 of 0,8728. First 5 measurements are derived from the mean of the single measurement of the samples of one slice of the core. The last measurement of 398,57 ppmv CO2 is derived from the leaves picked at Kevo research station in 2011.

[bookmark: _Toc331079643]Stomatal measurements
Another determinant of the stomatal conductance is the pore length (PL) and the guard cell width (GCW). These were measured in every sample for 15 stomata and the average is given in table 6, see the appendix. In the same table also the stomatal length (SL), cell area (CA), cell circumference (CC) and undulation index (UI) are represented. Standard deviations of every measurement are determined and represented in the table. PL and GCW respond to the CO2 increase slowly, see figure 12 and 13. This decrease is not significant, but over time can play a major role in the change of stomatal conductance.  CA and CC are combined in the UI, which is a variable factor in these samples. No decrease nor increase is obvious.



Figure 12 Pore length response to CO2 increase
Pore length decreases when the CO2 concentration in the atmosphere increases, according to the following formula: PL = -0,0133 * CO2 (ppmv) + 14,133, with an R2 of 0,1613. First 5 measurements are derived from the mean of the single measurement of the samples of one slice of the core. The last measurement of 398,57 ppmv CO2 is derived from the leaves picked at Kevo research station in 2011.


Figure 13 Guard cell width response to CO2 increase
Guard cell width decreases when the CO2 concentration in the atmosphere increases, according to the following formula: GCW = -0,0084 * CO2 (ppmv) + 8,3109, with an R2 of 0,0969. First 5 measurements are derived from the mean of the single measurement of the samples of one slice of the core. The last measurement of 398,57 ppmv CO2 is derived from the leaves picked at Kevo research station in 2011.

[bookmark: _Toc331079644]Comparing modern and fossil material
To determine whether the fossil material was V. uliginosum or V. vitis-idaea, all results were plotted in box plots, see figures 10 until 15. Mean PL, SL, GCW, CA, CC and UI of V. uliginosum, V. vitis-idaea and the fossil material were compared and  all determinants of V. uliginosum differed significantly with those of V. vitis-idaea. V. uliginosum had bigger stomata and cells, the difference in size was 15 to 60% dependent of the determinant. V. vitis-idaea and the fossil material corresponded in all determinants, which led to the conclusion that the fossil material was most likely of the species V. vitis-idaea.
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Figure 10 Pore lengths of V. uliginosum, V. vitis-idaea and the fossil material
The mean PL of V. uliginosum is 12,32 µm, mean PL of V. vitis-idaea is  9,15 µm and the mean PL of the fossil material is 9,35 µm. PL of V. vitis-idaea and the fossil material match. PL of V. uliginosum differed and is approximately 25% bigger.
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Figure 11 Stomatal lengths of V. uliginosum, V. vitis-idaea and the fossil material
The mean SL of V. uliginosum is 33,27 µm, mean SL of V. vitis-idaea is  23,21 µm and the mean SL of the fossil material is 21,52 µm. PL of V. vitis-idaea and the fossil material match. PL of V. uliginosum differed significantly and is approximately 30% bigger.
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Figure 12 Guard cell width of V. uliginosum, V. vitis-idaea and the fossil material
The mean GCW of V. uliginosum is 6,87 µm, mean GCW of V. vitis-idaea is  5,21 µm and the mean GCW of the fossil material is 5,36 µm. GCW of V. vitis-idaea and the fossil material match. GCW of V. uliginosum differed significantly and is approximately 25% longer.
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Figure 13 Cell area of V. uliginosum, V. vitis-idaea and the fossil material
The mean CA of V. uliginosum is 1030,86 µm2, mean CA of V. vitis-idaea is  413,79 µm2 and the mean CA of the fossil material is 481,39 µm2. CA of V. vitis-idaea and the fossil material match. PL of V. uliginosum differed significantly and is approximately 60% bigger.
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Figure 14 Cell circumference of V. uliginosum, V. vitis-idaea and the fossil material
The mean CC of V. uliginosum is 163,46 µm, mean CC of V. vitis-idaea is  90,82 µm and the mean CC of the fossil material is 100,51 µm. CC of V. vitis-idaea and the fossil material match. CC of V. uliginosum differed significantly and is approximately 60% bigger.
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Figure 15 Undulation index of V. uliginosum, V. vitis-idaea and the fossil material
The mean UI of V. uliginosum is 1,44, mean UI of V. vitis-idaea is  1,26 and the mean UI of the fossil material is 1,30. UI of V. vitis-idaea and the fossil material match. UI of V. uliginosum differed significantly and is approximately 15% bigger.
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Finally, gsmax was determined; table 7 shows the results. As a consequence of the increasing concentration CO2 in the atmosphere, gsmax decreases with approximately a 0,002 decrease per ppmv increase of CO2. R2 is 0,586 and the correlation is -0,77, which means 77% of the decrease of gsmax is a consequence of the increase of CO2.

Table 7 Stomatal conductance
Gsmax was determined and related to the CO2 concentration in the atmosphere to determine the consequence of the CO2 increase. Gsmax decreases as CO2 increases.
	Layer
	Age
	CO2 (ppmv)
	Gsmax (mol/m*s)
	St. dev. Gsmax

	2,5
	1980
	338,68
	1,13
	0,2

	2
	1984
	344,58
	1,09
	0,11

	1,5
	1988
	351,56
	1,03
	0,1

	1
	1992
	356,38
	1,13
	0,05

	0,5
	1996
	362,59
	1,05
	0,09

	
	2011
	398,57
	0,99
	0,18




Figure 14 Stomatal conductance respons to CO2 increase
Gsmax decreases when the CO2 concentration in the atmosphere increases, according to the following formula: Gsmax = -0,002 * CO2 (ppmv) + 1,8005, with an R2 of 0,586. The first 5 measurements are derived from the mean of the single measurement of the samples of one slice of the core. The last measurement of 398,57 ppmv CO2 is derived from the leaves picked at Kevo research station in 2011.
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The CO2 level in the atmosphere is increasing, partly due to human causes. As a consequence of this, plants respond by decreasing the size of their stomata to increase the water use efficiency (WUI) (Kürschner et al., 1997). Except for the change in the size of stomata, another consequence of the changing climate is the lengthening of the growing season. As a result of a warmer and/or longer growing season the epidermal cells grow more, which results in a higher undulation index (Wagner-Cremer et al., 2010). Cuticle morphological research with various tree species as Betula, Quercus and Pinus is already done (Franks & Beerling, 2009; Kürschner, 1997; Lammertsma et al., 2011; Wagner-Cremer et al., 2010). However, one of the most common plant species in northern Finland is Vaccinium, but this species was never researched before. To examine if this species is suitable for research to the climate change, we need to determine whether the species responds to the lengthening of the growing season and the increase of the CO2 level in the atmosphere. To answer this research question, a core was drilled near the North Cape en the Vaccinium leaves were analyzed. First of all, it needs to be determined which Vaccinium species was analyzed. At last, the fossil leaves were examined and the response to the increasing CO2 level was determined.
Species determination
To determine whether the fossil material was composed of V. uliginosum or V. vitis-idaea leaves, modern material from Kevo was analyzed to compare it with the fossil material. Morphological cuticle characteristics were analyzed, such as the size, orientation and number of the stomata; existence and shape of the subsidiary cells; size, shape and number of the epidermal cells and size, shape and location of trichomes. Stomatal conductance was calculated, even as the undulation index and stomatal index. 

The stomata of the fossil material were unidirectional oriented and had two well-defined rectangle subsidiary cells. This corresponded to the morphological cuticle characteristics of V. vitis-idaea. By contrast, the stomata of V. uliginosum were irregular oriented and their subsidiary cells were irregular shaped. The size of the stomata and the pavement cells were approximately the same of the fossil material and V. vitis-idaea. The stomata were approximately 20 µm in length and the cell area was about 400 µm2, cell circumference about 100 µm. Comparing with V. uliginosum, their stomata were about 35 µm, cell area 1200 µm2 and cell circumference 180 µm. This also resulted in a difference in undulation index, namely 1,26 on average for V. vitis-idaea, 1,44 on average for V. uliginosum and 1,30 on average for the fossil material. 

The stomatal length is genetically determined and thus can be used for species determination. The SL of the modern material of V. uliginosum and V. vitis-idaea and the fossil material (figure 11) are plotted and the SL of V. vitis-idaea and the fossil material corresponded. However, the SL of V. uliginosum differed significantly. The pore length is dependent on environmental factors. If the amount of stomata decrease, the pore length increases when the level of CO2 in the atmosphere increases, which is the case when comparing the modern material of V. vitis-idaea and the fossil material (figure 10). The median of the PL of the fossil material is somewhat, but not significant, lower, but here the CO2 concentration is also lower. Differences between the modern material of V. vitis-idaea and the fossil material are caused by the different environmental factors, one of them being the difference in the level of CO2 in the atmosphere.

Another characteristic of both Vaccinium species were the trichomes, found on the leaves. These hairs are unique to V. vitis-idaea and are a simple recognition characteristics of these species. Based on the stomatal orientation, the well-defined rectangular subsidiary cells, the size of the stomata and epidermal cells and the presence of the simple hairs, we concluded that the fossil material was of the V. vitis-idaea species. 

It is unknown of the number of trichomes is fixed during the life span of a leaf or if it is possible that trichomes are developed during leaf development (Westerkamp & Demmelmeyer, 1997). For V. vitis-idaea, it is obvious that the trichomes develop during the early development of the leaf. Around the base of the simple hairs, there are no stomata while in the rest of the alveolus, the stomata are almost equally divided. If an hair would develop during the life span of a leaf, so when there are already stomata on that location, it would cause the stomata and epidermal cells to be pushed away from the base of the hair. This would cause an accumulation of epidermal cells and stomata which would also have a compressed shape. Because this was not the case, we concluded that the trichomes must be formed during the early development of the leaf.

The fact that the epidermal cells and stomata of V. uliginosum are bigger than those of V. vitis-idaea  is probably caused by a difference in polyploidy. V. uliginosum is tertraploid, whereas V. vitis-idaea  is diploid (Jacquemart & Thompson, 1996; Van der Kloet, 1997). In general, cells with a higher polyploidy level have bigger cells. Stomatal length and width are also greater although the stomatal density is lower in Spathiphyllum wallisii  leaves (Vanstechelman, Vansteenkiste, Eeckhaut, Van Huylenbroeck, & Van Labeke, 2009). The differences in size of the stomata and cells can therefore be described to the difference in polyploidy. Another consequence of a higher polyploidy level is that plants with a higher polyploidy level have a higher wall extensibility (Wex) (F. Wagner, 1998). Cell area, cell circumference and the undulation index are higher in V. uliginosum which could also be ascribed to the higher ploidy level of V. uliginosum.

Some leaves of the fossil material seem to lie in between of the two Vaccinium species, but are still more like Vaccinium vitis-idaea than Vaccinium uliginosum. When comparing the results represented in figures 10 to 15, the values of the fossil material are more in comparison with those of V. vitis-idaea than with those of V. uliginosum. However, there are some outliers, which correspond more to the V. uliginosum values. Sometimes a hybrid forms of two species, with the new species having the characteristics of both species. This is possible for Vaccinium vitis-idaea and Vaccinium myrtillis, forming the hybrid Vaccinium intermedium. Vaccinium myrtillis is also a diploid species (Jacquemart & Thompson, 1996; Ritchie, 1955). By contrast, a hybrid of Vaccinium vitis-idaea and Vaccinium uliginosum is not possible, because of the difference in polyploidy level. Diploid x tetraploid results in a sterile and unviable species (Morozov, 2007; Van der Kloet, 1997). 

When all results are taken together, we have to conclude that the fossil material is Vaccinium vitis-idaea. However, because the stomatal index of Vaccinium uliginosum and Vaccinium vitis-idaea is the same, namely 11,0, it does not matter if Vaccinium uliginosum and Vaccinium vitis-idaea both are in the core. Although they are easily taken apart because of the difference in trichomes, sometimes they look very much alike. Because the SI is the same of these closely related species, they may be treated as one single group, comparable to Betula pubescens and Betula pendula  (F. Wagner et al., 2004). 

Response to CO2 increase
The changes in SD, SI and Gsmax were examined to determine if Vaccinium vitis-idaea responds to the anthropogenic CO2 increase. Before the results of SI, SD and gsmax are discussed, it is important to mention why stomata may respond to the anthropogenic CO2 increase. The main fluxes across the leaf epidermis are of water and CO2 and both fluxes occur mostly through the stomata. When the CO2 level in the atmosphere increases, it is advantageous for the plant to reduce the amount or size of the stomata in order to limit water loss. Because there are less (decrease SI/SD) or smaller (decrease gsmax) stomata necessary to get the same amount of CO2. As a result of this, less water will evaporate so the water use efficiency of the plant increases (Royer, 2001). 

SD response is less clear due to scatter caused by intrinsic variability and low data density. SD decreases with 0,7576 stomata/mm2 by one ppmv increase of CO2. Correlation is 47%, so 47% of the decrease in SD can be ascribed to the increase in CO2. SD is determined by the amount of stomata and the size of the epidermal cells, so SD is dependent on the expansion of the epidermal cells. The expansion of the epidermal cells is determined by several variables, including the amount of light, temperature, water and position of the leaf. To compensate for the effect of cell expansion, the SI was developed. SI is only dependent on stomata initiation, while SD is dependent on both stomata initiation and cell expansion of which CO2 seems to be the most important factor (Royer, 2001; Salisbury, 1927). The decrease in SD is always less pronounced than the decrease in SI. SI shows a very significant response to CO2. Per ppmv increase of CO2 the SI decreases with 0,0764, with an R2 of 0,8728. This is a significant decrease of SI as a result of increasing CO2. The correlation between these variables is -0,93, which means that 93% of the decrease in SI can be related to the increase in CO2. Gsmax decreases with approximately 0,002 mol/m*s per ppmv increase of CO2. R2 is 0,586, which means this decrease in gsmax is per ppmv CO2 is for almost 60% sure.  The correlation is -0,77, which means 77% of the decrease of gsmax is a consequence of the increase of CO2.

The response of SI, SD and Gsmax are extremely pronounced, especially that of SI, given the restricted CO2 range of 50ppmv only. The decrease of SI is approximately 0,8 per 10 ppmv CO2 increase. In this small range of 50ppmv CO2 increase, SI changed with almost 4%. Which is between the SI responses of Quercus and Betula, with Quercus 1,1 per 10 ppmv CO2 increase and Betul, 0,6 per 10 ppmv CO2 increase (F. Wagner, 1998).


Vaccinium vitis-idaea responds to the CO2 increase by decreasing the amount of stomata. As well as SD as SI decreased, although the decrease in SD was less pronounced. This is likely due to the fact that SD is dependent on epidermal cell expansion. When the CA, CC and UI are also taken into account, it was found that the epidermal cell increased in size and undulation as a consequence of the warmer and longer growing season. SI however, decreased intensively with 0,76% per 10 ppmv CO2 increase, from which could be concluded that the stomatal frequency decreased as a consequence of the increasing CO2 level. Stomatal conductance on the other hand, is another variable by which a plant could respond to the increasing CO2 level. This is a simple tool to reduce the water loss and it thus increase the WUI. Gsmax decreased during the time analyzed, but the decrease was less pronounced than the decrease in SI. However the R2 and correlation provide enough evidence to conclude that also the size of the individual stomata respond to the increasing CO2 level.

The CO2 range covered, demonstrated the continuing adaptation of Vaccinium to CO2 increase. Vaccinium is a highly sensitive species for a wide range of CO2. Comparing with other species examined so far with this method, Quercus and Betula, Vaccinium offers the opportunity to reconstruct CO2 levels when the CO2 level was above 400 ppmv (F. Wagner, 1998). Quercus showed no response if CO2 levels are above 340 ppmv, Betula showed no response at CO2 levels above 400 ppmv. Because Vaccinium responds above 400 ppmv CO2, this species can be used to reconstruct CO2 levels in the tertiary, from which is known that the CO2 levels exceeds 400 ppmv. This, however, is only possible if there are fossils from Vaccinium species from this time period. 

[bookmark: _Toc331079647]Conclusion
This thesis answers the question whether Vaccinium vitis-idaea responds to the anthropogenic CO2 increase.  Vaccinium is one of the most abundant species in subarctic regions, but has never been analyzed before. When this species responds to the CO2 increase, it forms the perfect species to analyze because it is abundant and well preserved in peat sections. First of all we had to find cuticle morphological characteristics to separate the different Vaccinium species. Therefore, modern material picked from the Kevo research station were used. Differences between Vaccinium uliginosum and Vaccinium vitis-idaea were pronounced. Vaccinium vitis-idaea had unidirectional oriented stomata, two well-defined polygonal subsidiary cells per stomata and large trichomes of approximately 150-200 µm which were only found in the alveoli.  Vaccinium uliginosum had bigger epidermal cells and stomata, stomata were variable oriented, subsidiary cells were irregularly shaped, trichomes were abundant on venation and rarely found in the alveoli and were approximately 60-70 µm in size. The fossil material obviously belonged to Vaccinium vitis-idaea, as the cuticle morphological characteristics matched.

	Secondly, the research question could be answered by analyzing the fossil material. SD, SI and gsmax were determined and plotted over time. All variables decreased when the CO2 level increased, although the decrease of SD and gsmax was more pronounced then the decrease in SD. Over the increase of 50 ppmv CO2 analyzed, Vaccinium vitis-idaea showed a clear response. Vaccinium vitis-idaea can be used to reconstruct CO2 levels over a large time period because of the high sensibility to CO2 response, even when the CO2 level exceeds 400 ppmv. 

Vaccinium vitis-idaea responds to the anthropogenic CO2 increase by decreasing stomatal conductance as well as by decreasing stomatal frequency.
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Table 6 Stomatal and epidermal cell measurements
Results of PL (pore length), SL (stomatal length), GCW (guard cell width), CA (cell area), CC (cell circumference) and UI (undulation index) of the fossil material are represented in the table. Per layer several samples were analysed, the column sample represents the number of the sample of that specific layer. Besides the data also the standard deviations are determined. At last, the average UI is shown per layer. 
	Sample
	Layer
	PL
	Plstdev
	SL
	Slstdev
	GCW
	GCWstdev
	CA
	Castdev
	CC
	CCstdev
	UI
	UIstdev

	1
	0,5
	7,2
	1,19
	20,58
	1,36
	5,41
	0,82
	409,55
	101,06
	90,73
	14,53
	1,26
	0,054663

	4
	0,5
	9,82
	1,48
	23,11
	2,38
	4,99
	0,87
	584,99
	150,4
	115,74
	22,42
	1,35
	

	6
	0,5
	10,34
	1,82
	23,43
	1,55
	6,63
	0,67
	565,95
	168,23
	108,56
	18,8
	1,29
	

	1,1
	0,5
	9,97
	1,68
	22,05
	1,05
	6,96
	0,59
	450,54
	110,9
	91,68
	12,07
	1,22
	

	Mean
	
	9,33
	1,54
	22,29
	1,59
	6,00
	0,74
	502,76
	132,65
	101,68
	16,96
	1,28
	

	2
	1
	9,36
	1,7
	22,28
	1,84
	4,86
	0,82
	356,98
	78,3
	85,85
	9,99
	1,28
	0,006803

	3
	1
	10,71
	0,85
	21,55
	1,93
	4,91
	0,57
	470,60
	98,24
	97,83
	12,98
	1,27
	

	Mean
	
	10,04
	1,28
	21,92
	1,89
	4,89
	0,70
	413,79
	88,27
	91,84
	11,49
	1,28
	

	2
	1,5
	11,06
	1,34
	24,93
	0,97
	6,15
	1,11
	548,97
	158,87
	110,15
	20,28
	1,33
	0,021443

	2,1
	1,5
	9,69
	1,14
	22,91
	1,28
	5,86
	1,09
	483,33
	101,52
	100,56
	11,95
	1,29
	

	3,1
	1,5
	10,7
	1,36
	25,01
	2,45
	5,91
	0,62
	550,06
	141,34
	106,02
	16,94
	1,28
	

	4,1
	1,5
	9,47
	1,06
	22,06
	2,06
	5,44
	0,65
	593,16
	194,93
	111,72
	18,5
	1,29
	

	Mean
	
	10,23
	1,225
	23,7275
	1,69
	5,84
	0,8675
	543,88
	149,165
	107,1125
	16,9175
	1,296432
	

	3
	2
	8,83
	1,08
	19,89
	1,60
	4,61
	0,79
	502,15
	99,03
	105,33
	16,52
	1,33
	0,042713

	4
	2
	9,41
	1,28
	20,77
	1,82
	4,44
	0,69
	542,41
	150,6
	107,62
	17,89
	1,30
	

	5
	2
	8,32
	1,24
	19,46
	2,08
	5,29
	1,03
	504,81
	91,71
	99,03
	12,37
	1,24
	

	Mean
	
	8,853333
	1,2
	20,04
	1,833333
	4,78
	0,8366667
	516,4567
	113,78
	103,9933
	15,59333
	1,290955
	

	1
	2,5
	9,26
	1,95
	20,65
	2,19
	5,74
	1,11
	398,88
	121,21
	95,98
	16,46
	1,36
	0,034127

	1
	2,5
	8,6
	0,71
	18,49
	1,73
	5,19
	0,92
	383,72
	79,72
	90,57
	15,41
	1,30
	

	1
	2,5
	8,67
	1,11
	19,94
	1,53
	5,29
	0,88
	389,3
	81,55
	94,02
	13,23
	1,34
	

	2
	2,5
	8,52
	1,19
	20,41
	1,43
	5,15
	1,11
	435,18
	118,05
	95,58
	12,57
	1,29
	

	3
	2,5
	8,9
	0,94
	19,38
	2,85
	4,83
	0,89
	
	
	
	
	
	

	5
	2,5
	8,34
	1,18
	20,79
	2,6
	4,66
	0,72
	465,25
	94,79
	103,21
	14,9
	1,35
	

	6
	2,5
	8,89
	1,2
	20,89
	1,82
	4,7
	1,09
	459,25
	110,91
	96,82
	16,5
	1,27
	

	Mean
	
	8,74
	1,182857
	20,07857
	2,021429
	5,08
	0,96
	421,93
	101,0383
	96,03
	14,845
	1,320163
	

	Mean of all samples
	
	9,354618
	1,280938
	21,52313
	1,813056
	5,355104
	0,8406944
	481,3897
	118,9227
	100,5054
	15,44612
	1,295579
	0,034256
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