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The Ice

It was a long time ago, long before Gran
When a big piece of ice covered all of the land
The ice was so big and frosty to see
But nothing could grow, not even a tree.

No trees, no animals, nothing at all
Could live on this ice, nothing big or quite small
The only thing there, a reflection of course
Was the Big Dipper stars which shone in the North. 

It was quiet and lonesome, there was nothing to view
On this big piece of ice which was coloured deep blue
The sun still came out each morning at eight
But the big piece of ice would not dissipate.

The ice was so deep, your Daddy would say
That he could not climb up it, not in a day
It just stayed there and stayed there not changing a lot
When an earthquake came by and caused a big fault.

The earth underneath now shook quite bit
And the big piece of ice had quite a large fit
We all know that ice when it sometimes gets warm
Makes water enough but loses its form.

And so the ground warmed from pressures so large
That this big piece of ice turned into a gorge
Helped by the sun shining down from the blue
The ice now decided that water would do.

The Lake, the Cliff, the Plants and Animals

The changing of ice to a watery thing
Caused the land underneath to live and to sing
And this living and singing which you and I know
Was the start of all life on the land just below.

For while it was changing wondrous things did occur
The creation of flowers, the land and the fir
The ice had made holes which went into the ground
And when it all melted, there were lakes all around.



Hark, lo and behold, one lake did appear
It was long and quite narrow, both deep and so clear
The lake that we know and it’s really quite nice
Has a very large cliff which was carved from the ice.

The cliff was all formed from rocks in the earth
And provides us protection from winds to the North
It is high it is mighty, with marks and some fissures
Which tells us a lot about forces and pressures

And close to this cliff, a few hundred feet
Sits a small piece of land looking over Pike Lake
It sat there forever, long before Gran
After all, you now know, the ice shaped the land.

First came the insects, the bugs and the ants
Along with the toadstools, the trees and some plants
And the frogs they decided that they would reside
Close by the pond where the polliwogs hide.

The fireflies too which come out in the dark
Allow us to see, to know, and remark
We should never forget when the summer begins
How the flies stay away from our dragonfly friends.

The deer and the muskrats, porcupines too
Joined with the beavers, raccoons, deer and yew
Above from the sky the loons did appear
To ensure we all knew there was nothing to fear.

The loons with their roll call each morning and night
Told the whole lake that things were all right
Now all of these animals some short and some tall
Made their contribution to the land one and all.

And this so occurred on this old piece of land
Beside the big cliff where the animals ran
That nature showed to us, once and for all
That we could co-exist, be we large or quite small.

From Who Owns the Sky (1991) by D.G. Cook
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General introduction and synopsis

1.1 Past atmospheric CO2 variability and climate

Since the Industrial Revolution in the 19th century, large-scale anthropogenic (human-induced) 
emissions have caused the concentration of carbon dioxide (CO2) in the atmosphere to increase 
exponentially from the pre-Industrial Revolution baseline of ~280 ppmv (Hofmann et al. 2009). 
The global average atmospheric CO2, measured at the Mauna Loa Observatory, reached the 
benchmark level of 400 ppmv in 2015 (Dlugokencky and Tans 2016). Atmospheric CO2 is very 
likely to continue to increase with industrial and societal activities in the 21st century (IPCC 
2013). As a result of increasing anthropogenic CO2, due primarily to greenhouse gas emissions 
from fossil fuel burning and large-scale land use changes, the global climate is warming (IPCC 
2013). The consequences of changes to atmosphere-biosphere-hydrosphere feedbacks and 
interactions for ecosystems and societies are far-reaching, especially in the northern high-
latitudes where the effects of global warming are stronger due to polar amplification (Trenberth 
et al. 2007). Rising temperatures and an increase in extreme precipitation events (Callaghan et 
al. 2010) have accelerated melting through a positive feedback whereby release of permafrost 
carbon trapped in Arctic soils as CO2 (Schuur et al. 2015) further amplifies the warming trend 
(ACIA 2005; IPCC 2013). Moreover, growing evidence suggests that recent CO2-induced 
warming has led to changes in seasonality (the timing of onset of spring phenological events) 
with earlier bud burst (Linkosalo et al. 2006; Menzel et al. 2006; Pudas et al. 2008; Poikolainen 
et al. 2016) and enhanced vegetation growth or “greening” during a longer growing season 
(Karlsen et al. 2006; Jeong et al. 2011; Zeng et al. 2013).
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The potential long-term effects of these alterations, as well as their anomalous character, 
are best understood in the light of past environmental changes recorded in the geological 
record. Since the pre-industrial era, atmospheric CO2 has reached values unprecedented 
for the Quaternary – the last 2.6 Ma (million years). One way to evaluate plant response to 
climate change is to examine how atmospheric CO2 concentrations varied and in what way 
these changes interacted with the biosphere. Our knowledge of natural long-term CO2 
dynamics outside of the recent instrumental period is based primarily on the measurement 
of air enclosures in Antarctic ice cores in which atmospheric gas composition is preserved in 
the layers of ice. This technique for reconstructing atmospheric CO2 is, at present, the most 
accepted and considered a reliable source for deducing palaeoatmospheric CO2 concentrations 
over the past 800,000 years of Quaternary glacial-interglacial cycles (Fig. 1.1). The high 
analytical accuracy and (sub-)millennial-scale temporal resolution provides highly-relevant 
insights on the interaction between CO2 and climate. 

The ice core records reveal that relatively low atmospheric CO2 concentrations prevailed 
during much of the Quaternary period, characterised by cycles of glacial lows of approximately 
160-180 ppmv CO2 and interglacial highs of approximately 260-280 ppmv CO2 (Indermühle 
et al. 1999b; Petit et al. 1999; Siegenthaler et al. 2005; Lüthi et al. 2008). However, several 
uncertainties exist in the ice core records, especially with regards to reconstructions targeting 
centennial- and sub-centennial-scale climatic oscillations where limitations include low rates of 
ice accumulation and age offsets between air enclosures and the surrounding ice (Flückiger et 
al. 2002; Trudinger et al. 2003; Köhler et al. 2011). Efforts to tackle these issues through high-
resolution re-analysis of ice cores or de-convolution of data series considering the smoothing 
effects during firn densification (Trudinger et al. 2003; Köhler et al. 2011; Ahn et al. 2014) 
suggest that highly relevant multi-decadal to centennial-scale natural CO2 dynamics may have 
been more pronounced that initially thought, with century-scale abrupt increases in CO2 and 
greater variability in atmospheric CO2 concentrations over centennial or shorter timescales. 
This uncertainty of natural short-term variability and the high rate of the anthropogenic CO2 
increase compared to Quaternary glacial-interglacial CO2 trends emphasise the need to better 
understand how the atmosphere-biosphere-hydrosphere system will respond to, and interact 
with, the on-going climate variability on our planet. The rate at which atmospheric CO2 has 
increased since the pre-industrial era and the clear biosphere responses observed in response 
to CO2 and CO2-forced temperature increase (ACIA 2005; IPCC 2013), particularly in the 
northern high-latitudes, point to a realm of largely unconstrained climate responses and future 
feedbacks.
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Figure 1.1 Quaternary CO2 variability for the past 400,000 years BP (before present) 
from air bubble inclusions at Dome C and Vostok (grey, lower figure) (Petit et al. 1999; 
Monnin et al. 2001; Siegenthaler et al. 2005), Taylor Dome (light blue) (Indermühle et 
al. 1999b), Siple Dome (navy blue) (Neftel et al. 1994; Ahn et al. 2004), and Law Dome 
(grey, upper figure) (Etheridge et al. 1996) compared to stomatal-based palaeoproxy 
CO2 reconstructions from Lake Njulla, Sweden (dark green dashed line), and Lille Gribsø, 
Denmark (light green dashed line) (Rundgren and Beerling 1999; Wagner et al. 2002) and 
direct atmospheric CO2 measurements from the Mauna Loa Observatory (orange) (Tans 
and Keeling 2016). 
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1.2 Plants and atmosphere-biosphere-hydrosphere feedbacks

Two major feedbacks relevant to plant physiology and function play a role in present and future 
climate change, particularly in the northern high-latitudes. The first, whereby atmospheric 
water vapour traps radiant heat from the sun in the atmosphere, further enhances the warming 
potential of other greenhouse gases such as CO2 (Rind et al. 1991). The second feedback 
involves decreased albedo and increased surface warming, influenced by rising temperatures 
and loss of polar ice extent and snow cover, further intensifying the warming effect (Notz 
2009). CO2 and water have a direct atmosphere-biosphere link as plants use sunlight, water, and 
CO2 for photosynthesis and in the process transpire water to the atmosphere through small gas 
exchange pores on the leaf surface (stomata). In this way, plants actively exert a physiological 
forcing on climate through adjustments and adaptations of their structural properties (Betts 
et al. 2007; Cao et al. 2010). The amplification of the direct CO2 forcing of temperature by 
plants has only recently been considered a dynamic rather than a constant or linearly-changing 
parameter (e.g., de Boer et al. 2011). The CO2-climate physiological forcing introduces an 
additional variable into the CO2-climate interaction that is not yet fully constrained over 
seasonal, annual, or multi-annual timescales. Consequently, rapidly-changing climate may alter 
these feedbacks, as plant physiology responds to changes in water availability, atmospheric 
CO2, and temperature. Monitoring the adjustment and adaptation of plants to climate change 
on various time scales is the key to refining our understanding of ecosystem response to past, 
present, and future change.

1.3 A plant-centric view of changing atmospheric CO2

The global CO2 increase since the last glacial and into the 21st century (IPCC 2013) is 
undoubtedly the most advantageous for vegetation throughout the Quaternary period. CO2 
is readily available from the atmosphere, thereby enhancing photosynthesis and primary 
production (growth) while improving the sensitive water-carbon balance of plants as 
evaporative water loss is reduced. Over the past decades, plant phenological responses to 
climate trends are relatively well documented through instrumental, ground-based, and satellite 
observational records (e.g., Walther et al. 2002; Jeong et al. 2011; Richardson et al. 2013; Zeng 
et al. 2013). Plants adapt structurally to ambient atmospheric CO2 concentrations by altering 
the number and size of stomata on the leaf surface with each successive leaf generation 
(Woodward 1987; Kürschner et al. 1997; van Hoof et al. 2006; Lammertsma et al. 2011). Further 
efforts examine the functioning and effects of these structural adjustments of plants (Franks 
and Beerling 2009b; de Boer et al. 2016), especially the structural leaf cell morphology, which 
can be used to reconstruct past changes in plant hydrological properties (Gagen et al. 2011; 
Lammertsma et al. 2011; Wagner-Cremer and Lotter 2011). These palaeobotanical techniques 
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provide valuable information sources for the plant-climate relationship in the past and present. 
However, systematic analysis of modern phenological and structural leaf parameters from 
palaeobotanical records is not frequently applied.

The clear physiological evidence for the negative correlation between stomatal frequency 
and ambient atmospheric CO2 during the growing season has led to the application of this 
relationship as a palaeoproxy to reconstruct Quaternary CO2 concentrations based on the 
cuticle properties of leaves preserved in the sedimentary record (e.g., Kürschner et al. 1997; 
Rundgren and Beerling 1999; Wagner et al. 2004; Steinthorsdottir et al. 2013; Steinthorsdottir 
et al. 2014). The abundance of fossil leaves and leaf fragments in fluvial deposits, lake infills, 
and peat sequences allows for the production of continuous stomatal frequency records that 
document CO2 dynamics and plant-climate relationships with potentially sub-centennial 
to decadal temporal resolution. Additionally, this palaeobotanical approach meets the 
requirements for detecting short-term (seasonal) CO2 dynamics (Wagner-Cremer et al. 2010b). 
Further, the plant physiological and stomatal response to pre-industrial low, contemporary 
ambient, and future high atmospheric CO2 concentrations of the Quaternary has been 
quantified through experiments in growth chambers and free-field set-ups (Woodward and 
Bazzaz 1988; Dippery et al. 1995; Woodward and Kelly 1995; Ward and Strain 1997; Cowling 
and Sage 1998; Sage and Coleman 2001; Long et al. 2004; Gerhart and Ward 2010; Rico et 
al. 2013; Temme et al. 2015). However, the effects of glacial CO2 lows (potentially as low as 
160-180 ppmv CO2) have yet to be examined thoroughly across a range of species. Studies 
examining plant physiological response to low CO2 generally have set-points of around the 
pre-industrial and Holocene CO2 baseline (~280 ppmv) and many do not evaluate the full 
structural stomatal response, which prevents analysis of the associated feedbacks of changing 
stomatal conductance and water cycle dynamics.

The species-specific testing of structural stomatal response to changing CO2 is key 
to developing an independent palaeo-CO2 indicator. The implications of palaeo-CO2 
reconstructions based on stomatal frequency published over the past ~20 years continue 
to be discussed in terms of consistency and reliability of their result (e.g., Köhler et al. 
2015; Steinthorsdottir et al. 2015). Nonetheless, multiple independent records show 
striking resemblances (Wagner et al. 1999; Rundgren and Beerling 1999; Wagner et al. 
2004; Kouwenberg et al. 2005; Jessen et al. 2005; Finsinger and Wagner-Cremer 2009; 
Steinthorsdottir et al. 2013) that, in part, disagree with the commonly accepted history of slow, 
steady CO2 rise from the Late Glacial to Holocene reconstructed from ice cores (Indermühle 
et al. 1999b; Ahn et al. 2004; Ahn et al. 2014). These chronologically well-resolved stomatal-
based reconstructions for the Late Glacial period leading up to the beginning of the Holocene 
show that atmospheric CO2 concentrations were not only higher than ice core reconstructions 
suggest but also demonstrate a more dynamic, fluctuating, CO2 regime (Rundgren and Beerling 
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1999; Wagner et al. 2002; Steinthorsdottir et al. 2013; Steinthorsdottir et al. 2014). Generally, 
higher atmospheric CO2 levels by ~20-30 ppmv, higher millennial- to centennial-scale 
variability, and in some cases timing offsets are common features of stomatal-based records. 
The rapid transitions in atmospheric CO2 not evident in ice core records may be due to firn 
densification or time-averaging of the records (Steinthorsdottir et al. 2014). In order to explain 
the discrepancies between the atmospheric CO2 levels reported by ice cores and stomatal-
based palaeoproxy reconstructions, validation of the latter with multiple species, greenhouse 
experiments, cross-calibration, and plant physiological modelling have been, and should 
continue to be, undertaken.

1.4 Scope and framework of this thesis

Despite on-going efforts to understand the complex CO2-vegetation relationship on plant 
morphology, a clear picture has not yet been established. In order to better understand and 
quantify past CO2 dynamics as they relate to hydrological processes and ecosystem interactions, 
intensive proxy validation and quantification via geological and biological approaches are 
required. This thesis aims to resolve several important issues inherent to the CO2-vegetation 
interaction on a global scale: methodological improvements on validating plant responses to 
CO2 variability through plant physiological growth experiments, testing the global consistency 
of palaeoatmospheric CO2 reconstructions based on fossil leaves, and assessing the resulting 
impacts of global- and regional-scale CO2-vegetation feedbacks. Thus, the focus of this thesis 
is to:

1. Test the importance and validity of multi-annual experimental design for validating 
the plant physiological response of woody C3 species to changing atmospheric CO2,

2. Quantify stomatal response to atmospheric CO2 from the Southern Hemisphere 
during the Holocene, a period for which no palaeoatmospheric CO2 reconstructions 
based on stomatal frequency are yet available, and

3. Assess the stomatal response of woody plants in the Northern Hemisphere to recent 
climate change and CO2 increase in terms of potential future change.

This thesis therefore combines state-of-the-art controlled-environment plant physiological 
experiments, analysis of historical herbarium leaf collections and fossil leaves from Holocene 
sediments, and field studies. The combination of several types of source material enables a 
comprehensive cross-evaluation of causes for remaining uncertainties related to changing plant 
response to rising global CO2 by way of a systematic geo-biological approach.
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1.5 Synopsis

Several approaches are applied to test the stomatal frequency proxy at variable atmospheric 
CO2 levels. The experimental approach (Chapter 2 and Chapter 3) tests the response of plants 
to controlled-chamber CO2 concentrations. In Chapter 2, the stomatal response to CO2 of a 
tree endemic to New Zealand, Fuscospora fusca (red beech), is calibrated in order to address the 
uncertainty related to natural and anthropogenic nitrogen availability. While it is known that 
this parameter co-regulates plant performance along with CO2, this has not been sufficiently 
explored in terms of effects on leaf morphology and stomatal frequency. Seedlings from a 
mature forest in New Zealand were grown in CO2-controlled cabinets at set points of 260, 370, 
and 650 ppmv CO2 and were given a low (1/5) and high (full-strength) nutrient solution. The 
stomatal properties were related to CO2 conditions to describe the interactive effects of CO2 
and nutrient status in F. fusca. Significant down-regulation of stomatal density, stomatal index, 
and stomatal conductance from low to elevated CO2 levels was observed. The results emphasise 
the potential to use stomatal expression data to predict past CO2 independent of nutrient 
status. Leaf cuticles provide an independent estimation of palaeo-CO2 levels, however, it is 
necessary to validate the response of individual species before scaling up trends to the genus 
level. Our results confirm that the upper response limit of stomatal conductance to CO2 likely 
occur somewhere between previously-posited limits of 330-400 and 800 ppmv. Prior to 2013, 
Nothofagus spp. was considered a single genus with four sub-genera; this classification was 
revised and the former sub-genera are currently classified as distinct genera of Nothofagaceae 
(Heenan and Smissen 2013). For example, Nothofagus fusca and Nothofagus menziesii are 
presently classified as F. fusca and Lophozonia menziesii. In this chapter, and throughout this 
thesis, species are referred to according to the 2013 re-classification.

In Chapter 3, comprehensive experimental testing allowed for further evaluation of 
the response limits of the woody C3 shrub Betula nana. The strong link between stomatal 
frequency and CO2 in woody plants is key for understanding past CO2 dynamics, predicting 
future change, and evaluating the significant role of vegetation in the hydrological cycle. 
Experimental validation is required to evaluate the long-term adaptive leaf response of C3 
plants to CO2 conditions, however, studies to date have only focussed on short-term single-
season experiments and may not capture (1) the full ontogeny of leaves to experimental CO2 
exposure or (2) the true adjustment of structural stomatal properties to CO2 which is likely 
to occur over several growing seasons. Growth chamber experiments were conducted at 150, 
450, and 800 ppmv CO2 with woody C3 shrub Betula nana (dwarf birch) over two successive 
annual growing seasons to evaluate the structural stomatal response to atmospheric CO2 
conditions. While some adjustment of leaf morphological and stomatal parameters occurred 
in the first growing season where plants are exposed to experimental CO2 conditions, amplified 
adjustment of non-plastic stomatal properties such as stomatal conductance occurred in the 
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second year of experimental CO2 exposure. We postulate that the species response limit of B. 
nana may occur around 400-450 ppmv. We conclude that the findings of these growth-chamber 
studies strongly support the necessity for multi-annual experiments in C3 perennials in order 
to evaluate the effects of environmental conditions and provide a likely explanation of the 
contradictory results between historical and palaeobotanical records and experimental data.

In Chapter 4, the stomatal frequency-CO2 proxy is applied to the first Southern 
Hemisphere CO2 reconstruction for the Holocene. A new reconstruction of palaeo-pCO2 for 
the mid-Holocene from Adelaide Tarn, New Zealand, with Lophozonia menziesii (silver beech) 
is presented. This unique Holocene record spans the Holocene Thermal Maximum (HTM) into 
the Neoglaciation, which has not been previously recorded in Southern Hemisphere terrestrial 
sites. While the centennial- to millennial-scale resolution of the reconstruction does not allow 
for the assessment of very short-term climate events, the overall pattern of CO2 evolution for 
the Holocene can be evaluated. Critically, while the mean of the Adelaide Tarn pCO2 record 
closely approximates the mean from air bubbles trapped in the Taylor Dome and Siple Dome 
ice cores, the stomatal-based proxy records higher amplitude pCO2 variability, particularly 
in the early Holocene, and clearly shows a period of elevated pCO2 levels during the mid-
Holocene, at approximately 7000-5000 years before present, which is concomitant with the 
HTM warming. The subsequent pCO2 decline to the end of the record at 3000 years before 
present contradicts the slow, steady rise evident in the Taylor Dome and Siple Dome ice-
based CO2 measurements. Overall, the stomatal-based record of pCO2 is useful in evaluating 
long-term trends of atmospheric CO2 concentrations in the Southern Hemisphere during the 
Holocene and ultimately points to more dynamic atmospheric CO2 evolution than previously 
expected.

The value and applicability of the stomatal frequency-CO2 proxy to contemporary data 
is examined in Chapter 5, where the effects of decadal-scale changes in climate on plant 
phenology response over the past 40 years in the Finnish sub-Arctic are considered. The 
northern high-latitudes are directly influenced by changing climate where seasonal changes 
including earlier increased mean annual temperature, a longer growing season, increased 
mean annual precipitation, and a shortened snow-cover time have had a significant effect on 
the phenology of trees and shrubs in the Fennoscandian sub-Arctic Boreal Forest over the 
past four decades. Few multi-disciplinary studies examining change with data from a single 
site have been conducted for the sub-Arctic Boreal forest (Callaghan et al. 2010). At Kevo 
Subarctic Research Station (Finland), instrumental records provide quantitative data of 
meteorological parameters, while phenological and structural stomatal conductance data for 
Betula spp. and several other woody tree and shrub species based on observational data is 
available. The phenological (e.g., bud burst) and leaf morphological changes are compared to 
meteorological records in the context of changing seasonality and evaluate vegetation-climate 
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relationships and observational data at other northern-high latitude sites. Sufficient temporal 
coverage (30+ years) of satellite data and continuous ground-based monitoring is recently 
available and presents a unique opportunity to evaluate the structural adaptation strategies 
of cold-environment plants in terms of their structural properties of leaf morphology, within 
the context of changing global climate, particularly as the northern high latitudes are highly 
susceptible to a warming world.

N.B.: The chapters in this thesis are, or will be, published as separate papers in peer-reviewed 
scientific journals. Consequently, some repetition of statements cannot be avoided.
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2
The influence of sub-ambient to 
elevated CO2 on stomatal properties 
in Fuscospora fusca (red beech) 

Abstract

Plants down-regulate structural stomatal properties with increasing atmospheric CO2 levels 
to limit water loss while maintaining CO2 uptake through the stomatal pore. Species-specific 
testing of stomatal response to changing CO2 levels and nutrient status are key to developing an 
independent palaeo-CO2 indicator based on stomatal properties. Here we test the suitability of 
Fuscospora fusca (red beech) for predicting palaeo-CO2 levels. Seedlings from a mature forest 
in New Zealand were grown in CO2-controlled cabinets at set points of 260, 370, and 650 ppmv 
CO2 and at full- and 1/5-strength Hoagland’s solution. Here we relate the stomatal properties 
to CO2 conditions and describe the interactive effects of CO2 and nutrient status in F. fusca. 
Significant down-regulation of stomatal density, stomatal index, and stomatal conductance 
from low to elevated CO2 levels was observed. Maximum pore size was significantly greater 
in low CO2-low nutrient and high CO2-high nutrient treatments. The results emphasise the 
potential to use stomatal expression data to predict past CO2 independent of nutrient status. 
Leaf cuticles provide an independent estimation of palaeo-CO2 levels, however, it is necessary 
to validate the response of individual species before scaling up and generalising trends at the 
genus level. Our results suggest that the upper response limit of stomatal conductance to CO2 
likely occur somewhere between previously-posited limits of 330-400 and 800 ppmv. 
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2.1 Introduction

The Quaternary is characterised by successive glacial periods with low global atmospheric 
CO2 levels (Petit et al. 1999; Siegenthaler et al. 2005; Lüthi et al. 2008) of around 180 ppmv 
during, for example, the Last Glacial Maximum (LGM) (Monnin et al. 2001). Atmospheric CO2 
exerts a definitive control over plant growth and stomatal expression, as plants adjust structural 
stomatal properties including stomatal frequency and size to maximise CO2 uptake and water-
use efficiency (iWUE) especially at sub-ambient CO2 levels (Woodward 1987; Sage 1995; 
Woodward and Kelly 1995; Royer 2001; Berry et al. 2010; Lammertsma et al. 2011; Leakey and 
Lau 2012). While the effect of CO2 on stomatal properties is relatively well-known for a range 
of species for the pre-industrial (280 ppmv) to the present (400 ppmv) from historical datasets 
(Royer 2001; Lammertsma et al. 2011) and well-dated peat sequences (Finsinger and Wagner-
Cremer 2009; Gagen et al. 2011), the upper and lower limits of this relationship have yet to be 
validated experimentally, especially below pre-industrial CO2 levels.

The adjustment of stomatal properties under the Quaternary CO2 range actively exerts a 
physiological forcing on the hydrological cycle and the climate (Cao et al. 2010). The intensity 
of this physiological forcing may change, especially when plants are subject to additional 
environmental stress factors such as low nutrient availability (i.e., limited availability of key 
plant macronutrients nitrogen (N) or phosphorous (P)). Significant co-variation of CO2 and 
nutrient status in soils are likely determinants of vegetation performance and community 
structure throughout the Quaternary.

C3 species typically respond to external CO2 increase by reducing stomatal density (DS), 
stomatal index (SI), maximum stomatal conductance to water vapour (gsmax), and by increasing 
iWUE in order to limit water loss and optimise photosynthesis. The extent of the C3 response 
limit, the point at which plants cease to adjust their structural stomatal properties as a response 
to CO2 rise, has been postulated to occur between ~330-400 and 800 ppmv (Kürschner et al. 
1997; de Boer et al. 2011). This response limit has been experimentally demonstrated for DS, SI, 
and gsmax to occur between 400-450 ppmv CO2 in Betula nana in the second year of exposure to 
elevated atmospheric CO2 conditions (Chapter 3).

Under low atmospheric CO2 concentrations, C3 species tend to increase D, SI, and gsmax 
(Lammertsma et al. 2011; Chapter 3) which models of CO2 fixation suggest is likely due to a 
rapid decrease in photosynthetic performance below 300 ppmv (Farquhar et al. 1980). Greatly 
reduced CO2 concentrations may lower carbon assimilation so as to inhibit reproduction, and 
150 ppmv has been suggested as the lower response limit at which C3 plants may successfully 
accomplish their life cycle (Dippery et al. 1995; Ward 2005). Additionally, stress factors such as 
nutrient limitation at low CO2 levels may have a marked effect on plant growth and function 
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as reduced plant growth limits carbon availability within the plant which may otherwise 
compensate for stress effects (Beerling and Woodward 1993). However, when attempting to 
experimentally approximate glacial environmental conditions other than CO2 it is important to 
note that key soil nutrients were most likely limited during this time.

In this study we verify models of plant response to CO2 variability with experimental 
data covering a broad range of CO2 levels. Growth cabinet experiments were conducted for 
Fuscospora fusca (red beech), a tree endemic to New Zealand, to evaluate changes in plant 
traits, specifically stomatal properties, over a range of pre-industrial to elevated CO2 levels (at 
set points of 270, 370, and 650 ppmv) and at optimal (high, full strength) and limited (low, 
1/5 strength) nutrient inputs where N was the limiting nutrient. An annual growth cycle 
was simulated with seedlings of F. fusca collected from a mature forest in New Zealand. 
By controlling factors other than CO2 and nutrient status, which may influence stomatal 
expression, it is possible to isolate the specific response to CO2 and nutrient variability 
in F. fusca. Such testing is particularly useful within the context of leaf-based palaeo-CO2 
reconstructions as Nothofagaceae leaves are widely available in southern hemisphere peat 
and lake sediments (Read and Farquhar 1991) and these leaves could potentially be applied 
to palaeoatmospheric CO2 reconstructions (Jordan 2011). Stomatal expression data for F. 
fusca, quantified with DS, SI, and gsmax from leaf cuticle analysis, are not consistently available 
in the literature. We subsequently compare experimental results to reported trends in F. fusca 
and other genera of Nothofagaceae (Körner and Bannister 1985; Woodward and Kelly 1995; 
Hovenden and Brodribb 2000; Hovenden and Vander Schoor 2003; Hovenden and Vander 
Schoor 2006; Kouwenberg et al. 2007; Brodribb and Jordan 2011; Hovenden and Vander Schoor 
2012). 

Data from growth experiments, especially for the range of low to pre-industrial CO2 
(c. 150-280 ppmv), are invaluable in validating past plant response to low CO2 conditions. 
Understanding how past climatic conditions may have influenced plant function, leaf cuticle 
morphology, and stomatal properties is key to our understanding and development of 
palaeobotanical proxies, the reconstruction of past CO2 dynamics, and the role of stomatal 
conductance in the global hydrological cycle.

2.2 Methods

F. fusca seedlings of the same age were collected from a mature forest of red and silver beech 
at Maruia, South Island, New Zealand (42° 12’ S, 172° 15’ E; 395 m asl) following a masting 
year. Seedlings were sorted into groups of similar sizes and randomly allocated to CO2 
treatments. The seedlings were potted out into washed sand with 20 µm Nitex cloth at the base 
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of individual pots and grown in a glasshouse until they were placed in CO2-controlled cabinets 
from 21 March 1992 until 22 December 1992. Thirty plants were transferred to the controlled 
environment growth cabinet (variable day/night temperature, variable day length, 80% relative 
humidity). Plants were grown under a shortened seasonal cycle to induce ‘natural’ leaf fall. The 
transition from ‘summer’ to ‘winter’ conditions was sped up in order to facilitate this process. 
Cabinet temperature and light duration were controlled using a dedicated Campbell Scientific 
21X (Logan, UT, USA). Dawn and dusk lamps were turned on 30 minutes before and after 
sunrise and sunset. Sunrise varied from 0500 h to 1200 h while sunset was constant at 2000 
h. Summer conditions had 15 h of daylight, while winter conditions had 8 h of daylight. The 
transition between ‘summer’ and ‘winter’ conditions spanned 35 days with 12 minutes per day 
shortening of day length. Plants were grown in winter settings for two months, with a transition 
to summer conditions spanning one month. The summer period lasted for four months, with 
a transition to winter settings lasting one month, and one final month of ‘winter’ conditions. 
Instantaneous air temperature (Tair) was calculated from the time after sunrise and two 
parameters, maximum temperature (Tmax) and minimum temperature (Tmin). Air temperature 
changed in a sinusoidal pattern with air temperature equal to Tmin at sunrise and Tair = (Tmin + 
Tmax)/2 at sunset (McMurtrie et al. 1990). At night Tair linearly decreased from the temperature 
at sunset to Tmin. During transition periods, Tmin and Tmax were recalculated each day. Summer 
temperature maximum/minimum was 20°C/10°C. Winter temperature maximum/minimum 
was 12°C/5°C. Three 100W incandescent day extension lights with 6 metal halide HPIT 400W 
lamps were used. The full light level of these lamps at the height of the leaves was 750 µmol m-2 
s-1 PAR. Each pot had a 1 bar ceramic disk at the bottom of the pot with a nutrient solution fed 
to below the disk. Two nutrient levels were used: (1) Full-strength Hoagland’s solution ‘2’ and 
micronutrients solution ‘A’ but with the iron tartrate replaced with iron EDTA, KNO3 labelled 
with N15, and (2) 1/5-strength of (1). In (1) optimal nutrient levels are provided as a control. 
The ‘low’ treatment in (2) represents a more likely nutrient-limited environment.

CO2 control was maintained with a Campbell Scientific 21X, an ADC CO2 analyser (Mark 
3, England), and valves to sample air streams. CO2 was maintained at set points of 260, 365 
(approximately ambient at that time), and 650 ppmv. A molecular sieve (Puregas heatless 
dryer, General Cable Corp, Westminster, CO, USA) connected to compressed outside air was 
used to feed air into the sub-ambient CO2 cabinet. A PID feedback control loop and mass flow 
controllers (Tylan, CA, USA) were used to control air delivery. Super-ambient CO2 (650 ppmv) 
was maintained in a similar manner but CO2 was bled into the chamber from a cylinder using 
another mass flow controller. No mechanical control was employed to maintain ambient CO2 (≈ 
365 ppmv). The CO2 concentration was sequentially measured every minute, and continuously 
controlled to maintain CO2 levels appropriate for each chamber. CO2 concentrations were 
kept within a few ppmv of the desired set points of 260, 370, and 650 ppmv. The elevated CO2 
treatment was relatively easier to control (656.6 ppmv, SE = 0.8), while the ambient and pre-
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industrial CO2 concentrations varied similarly (368.9 ppmv, SE=3.2; 260.5 ppmv, SE= 3.2). The 
CO2 levels in the growth cabinets are hereby referred to as the actual mean levels maintained 
throughout the experiment: 657 ppmv (high), 369 ppmv (ambient), and 261 ppmv (low).

Cuticle slides were prepared by bleaching samples in a cold 2-4% sodium hypochlorite 
solution (NaClO) and rinsing in water. The abaxial (stomata-bearing) cuticle could then 
be loosened from the mesophyll and peeled off. Cuticles were dyed with saffranine and 
mounted in glycerine jelly onto slides (Lammertsma et al. 2011). Computer-aided analysis 
was performed on Leica Quantimet 500C/500+ with the AnalySIS Image analysis system. 
Parameters measured include length of the stomatal pore (LP, n≈30), stomatal length (LS, 
n≈30), guard cell width (LGC, n≈30), DS, and epidermal cell density (DE, n mm-2, measured on 
≈7 digital images) on the cuticular surface with field size 0.0263 mm2 (Wagner et al. 1996). 
Maximum pore surface area or pore size (amax, µm2) was calculated as in Equation 1. The gsmax 
(mol m-2 s-1) was determined using a two-end correction to account for diffusion shells as in 
Equation 2 (Franks and Farquhar 2001; Franks and Beerling 2009a; Lammertsma et al. 2011).

     (1)

     (2)

2.3 Results

The amax was significantly greater at low (261 ppmv) CO2 and low nutrient levels, as well as at 
high nutrient levels and high (657 ppmv) CO2 (Fig. 2.1). Additionally, the standard error at low 
nutrient levels was consistently greater than at high nutrient levels, ~150% greater at low CO2 
and ~250% greater at ambient and elevated CO2 (Fig. 2.1).

In the high nutrient treatment, DS was 21.68% lower at ambient CO2 compared to low 
CO2 and 12.09% lower at elevated CO2 compared to ambient CO2. The total relative change in 
DS over the CO2 gradient was 31.15%. In the low nutrient treatment, DS was 18.79% lower at 
ambient CO2 compared to low CO2 and 22.34% lower at elevated CO2 than at ambient CO2. The 
total relative change in DS at low nutrient levels over the CO2 gradient was 36.93% (Fig. 2.2a). 
All relative changes in DS were significant except for the lowering observed in the high nutrient 
treatment between ambient and high CO2 levels (Table 2.1). In all cases, DS was lower in the 
low nutrient treatment. However, a significant difference in DS was only observed between 
the two nutrient levels in the high-CO2 treatment (Fig. 2.2a; Table 2.2). SI was calculated to 

amax = π • LGC
8

gsmax =
DH2O
V

• DS • amax

LP + 2
π amaxπ√
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determine whether variability in epidermal cell expansion had an effect on DS. SI declinesd 
significantly in both nutrient treatments as CO2 increases (Fig. 2.2b).

The gsmax of F. fusca declined with increasing CO2 in both nutrient treatments. However, 
at high nutrient levels, the total relative decrease of gsmax by 23.14% occurred between 261 and 
369 ppmv, after which point there was limited further response to CO2 increase (Fig. 2.2c; 
Table 2.1). At low nutrient levels, the total relative decrease in gsmax was 47.04%, with a relative 
decrease of 34.16% between 261 and 369 ppmv and 20.11% between 369 and 657 ppmv (Fig. 
2.2c). Between nutrient treatments, gsmax was significantly different between nutrient levels at 
657 ppmv only (Fig. 2.2c; Table 2.2).

2.4 Discussion

Past glacial environments were likely nitrogen (N)-limited due to glacial soil degradation 
and limited N availability in cold environments (Schulze et al. 1994) and in the early post-
glacial warming period (Vitousek and Farrington 1997). Little work has been accomplished 
in quantifying the effects of nutrient status and low CO2 on stomatal properties (reviewed 
in Gerhart and Ward 2010). In our experiments with F. fusca, the effect of CO2 treatment on 

Figure 2.1 The amax of F. fusca at pre-industrial (261 ppmv), ambient (369 ppmv), and 
elevated (657 ppmv) CO2 levels under low (1/5) and high (optimal) nutrient regimens. 
Error bars are standard error of the mean. The amax was significantly greater than other 
treatments at low nutrient levels, low CO2 and at high nutrient levels, high CO2 (marked 
with arrows). * P < 0.05.
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Figure 2.2 Stomatal response of F. fusca to variable CO2 and nutrient level. Data points 
are samples from individual leaves.  (a) DS is negatively correlated with rising CO2. The 
relative decrease in DS is significant (P<0.05) in all steps except between ambient (369 
ppmv) and elevated (657 ppmv) CO2 levels (Table 2.1). DS was lower in the low nutrient 
treatment than the high nutrient treatment, however the difference is significant only 
between high and low nutrient levels at 657 ppmv. (b) SI is negatively correlated with 
CO2 rise. (c) The gsmax is significantly greater under high nutrient supply at high CO2 levels 
(Table 2.2).
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structural stomatal properties was evaluated in set-ups with two nutrient levels: high and low 
nutrient supply, where N was the primary limiting nutrient. While it is difficult to quantify the 
level of nutrient availability during past glacials, the two nutrient treatments in this study are a 
useful comparison to evaluate any offsets between experimental validation of plant response to 
CO2 variability throughout glacial-interglacial cycles of the Quaternary.

2.4.1 Nutrient status and structural stomatal properties

Plants grown with low nutrient input had lower amax (Fig. 2.1) in all CO2 treatments. Where 
stress was exerted on the plant through low nutrients status and low CO2, amax was greater than 
at ambient and super-ambient CO2. In the elevated CO2 treatment and optimal nutrient status, 
amax was also significantly higher than at low and ambient CO2 levels (Fig. 2.1). N-enrichment 
did not appear to significantly alter DE on the leaf surface, therefore structural stomatal 
response to experimental conditions were based on adjustment of stomatal size and frequency 
and not a result of changes in epidermal cell number. The role of nutrient enrichment, while 
key to understanding plant response to changing environmental conditions, is likely a poor 
analogue of the glacial and post-glacial environment where availability of key plant nutrients N 
and P would have been limited.

Stomatal frequency is sensitive to CO2 and nutrient input in F. fusca (Fig. 2.2a, 2.2b). The  
observed down-regulation of DS and SI are consistent with trends for a range of other species 

CO2 level (ppmv) 261 369 657

Epidermal cell density DE (n mm-2) * ns ns

Stomatal density DS (n mm-2) ns ns *

Stomatal index SI (%) ns ** *

Pore length LP (µm) * ns ns

Stomatal length LS (µm) * ns ns

Guard cell width LGC (µm) ns ns ns

Maximum pore size amax (µm2) * ns ns

Stomatal conductance gsmax (mol m-2 s-1) ns ns **

Table 2.2 Significance relationships of stomatal properties between high (optimal) 
and low (1/5) nutrient supply in F. fusca. P-values were determined using a two-tailed 
T-test assuming unequal variance. * P < 0.05, ** P < 0.01, *** P <0.001, ns - not significant.
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reported in the literature where an average reduction of -34% was observed in 9 common 
Florida species (Lammertsma et al. 2011). Down-regulation of SI was consistent between CO2 
treatments at low nutrient levels, suggesting that high nutrient input may modulate the stress 
exerted on F. fusca by elevated CO2 levels, or that greater amax at high nutrient levels (Fig. 2.1) 
alters SI.

The response to stress factors in F. fusca may represent adjustment of stomatal properties 
within the upper and lower limits of phenotypic plasticity of the plant where nutrient 
availability is constrained. Increased N supply to F. fusca seedlings has been demonstrated to 
increase total plant photosynthesis, but not leaf area, mass, or photosynthesis in individual 
leaves (Stephens et al. 2001), however the influence on structural stomatal properties cannot be 
evaluated as stomatal expression data are not available from this study. The exact co-variation 
of CO2 and nutrient status is still difficult to determine, and further experimental testing of the 
interactions between N- and CO2-dynamics is required to evaluate the relationship between 
stomatal size, nutrient availability, and CO2-availability.

2.4.2 CO2-induced variability of stomatal frequency and gsmax in F. fusca

From the widely-recognised sensitivity of stomatal frequency, interest is now focussed on the 
resulting changes in hydrological parameters both within the plant and in plant-atmosphere 
interactions. The wide range of CO2 levels in the experimental set-up allows for testing of 
the potential response limits of down-regulation of gsmax in F. fusca. Changes in gsmax based 
on variability in stomatal frequency and pore dimensions have been demonstrated for a wide 
range of species (Gagen et al. 2011; Lammertsma et al. 2011). F. fusca follows this pattern of 
down-regulation of gsmax from low to elevated CO2 levels by -47.4% (low nutrient) and -23.1% 
(high nutrient) (Fig. 2.2c), however, the down-regulation is more pronounced between low 
and ambient CO2 levels, suggesting that the response limits of stomatal acclimation to CO2 in 
this species possibly occurs around ambient levels (~350-400 ppmv). Recent data-constrained 
modelling scenarios, which incorporate sub-fossil data from sub-tropical Florida species, 
predict down-regulation of gsmax in the major plant types up to 800 ppmv (de Boer et al. 2011). 
This high response limit contradicts earlier proposed estimates (Kürschner et al. 1997), which 
forecasted response limits for Betula spp. and Quercus spp. around 330-400 ppmv. In this study, 
we are able to test the gsmax response in F. fusca for the full range of pre-industrial to future 
CO2 scenarios. Based on our results, we suggest that the response limits are most likely to fall 
somewhere between the scenarios suggested by de Boer et al. (2011) and Kürschner (1997).
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2.4.3 Applications for Quaternary CO2 reconstructions

The development of structural stomatal properties is strongly tied to atmospheric CO2 
concentrations in many common woody C3 species, and the negative correlation between 
CO2 and stomatal frequency is widely used to determine past CO2 dynamics from sub-fossil 
leaf fragments (Woodward 1987; Wagner et al. 1996; Royer 2001; Wagner et al. 2004; Jordan 
2011; Lammertsma et al. 2011). In this study, the overall sensitivity to atmospheric CO2 was 
experimentally tested for the range of ~260-660 ppmv CO2 in order to establish the general 
responsiveness of F. fusca, thereby overcoming any uncertainty issues associated with long-
term monitored CO2 calibration of herbarium data or age assessment of leaves from natural 
accumulation sites (Wagner et al. 2004; Jordan 2011).

In order to fully validate the stomatal response of Nothofagaceae to CO2, it is necessary 
to demonstrate that DS, SI, and gsmax vary predictably and within a defined range for not only 
F. fusca, but within Nothofagaceae genera including Fuscospora and Lophozonia which, until 
recently, were considered sub-genera of the Nothofagus genus (Heenan and Smissen 2013). For 
example, in Lophozonia cunninghamii (myrtle beech), variability of DS may represent changing 
leaf expansion strategies in response to external factors such as water availability (Hovenden 
and Vander Schoor 2012), especially across altitudinal gradients. However, given the response 
range predicted in the literature for Nothofagaceae it is not expected that F. fusca individuals 
will have a significantly different leaf expansion strategy because seedlings originated from the 
same altitude and exogenous factors likely to influence leaf expansion, including season length, 
light intensity, and water availability, were highly controlled throughout the experiment.

No systematic analysis determining species response to a range of CO2 concentration 
is available for F. fusca, although some experimental data is available for other species of 
Fuscospora as well as Lophozonia. Fuscospora cliffortioides (mountain beech) grown over 
an altitudinal transect revealed a reduction in stomatal frequency under decreasing partial 
pressure of CO2 (Kouwenberg et al. 2007). Variability of pCO2 with altitude in Lophozonia 
menziesii (silver beech) produced thicker leaves at the treeline (1,200 m asl) than at low 
elevation sites (50 m asl) while stomatal frequency (n mm-2) increased with altitude (Körner 
et al. 1986). Altitude of origin and insolation have an interactive effect on DS and SI in L. 
cunninghamii, however, the authors speculate that this may be due to site conditions rather 
than an altitudinal effect (Hovenden and Vander Schoor 2003; Hovenden and Vander Schoor 
2006). The chosen CO2 range in the experimental set-up of this study securely covers pre-
industrial to future CO2 levels and demonstrates the strong sensitivity of stomatal properties of 
F. fusca to CO2 concentrations in addition to the pCO2 sensitivity shown in altitudinal transect 
studies.
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Our results emphasise the strong potential of DS and SI of F. fusca to predict past CO2, 
independent of nutrient status. At low nutrient input, DS is systematically lower than 
in the high nutrient treatments, although the response rate is unaltered (Fig. 2.2a). In 
palaeoatmospheric CO2 reconstructions based on stomatal frequency, the main uncertainty is 
related to potential overestimates of the absolute CO2 level (Wagner et al. 1999; Indermühle 
et al. 1999a) which might contribute to the diverging CO2 base levels produced from stomatal 
frequency analysis and traditional approaches such as the analysis of air enclosures in ice 
cores. If low nutrient status leads to lower DS values overall, calibration of fossil data against 
modern training sets based on leaf samples obtained from high nutrient environments could 
consequently result in overestimates of past CO2.

The mechanisms underlying the adjustment of stomatal expression to changing CO2 levels 
are not yet well understood for a broad species range. Limited studies detailing the interactive 
effects of CO2 and N have been conducted (Ward and Strain 1999; Ward 2005; Gerhart and 
Ward 2010). In Betula pendula (silver birch), low nutrient input (7%) led to a reduction in DS 
and SI, the latter attributable to an increase in epidermal cell numbers, between 350 and 700 
ppmv (Wagner 1998). The interactive effects of these parameters on stomatal expression are 
not treated further in the literature.

SI is generally preferred as proxy for past CO2 reconstructions since it compensates for 
lateral epidermal cell expansion which is typically induced by water availability (Wagner et al. 
2000; Hovenden and Vander Schoor 2006; Wagner-Cremer et al. 2010a) or low light conditions 
(van Hoof et al. 2006). Detailed analysis on the effect of soil water status on DS and SI for L. 
cunninghamii show that cuticle properties are stable across a range of soil water potentials, 
meaning that palaeoenvironmental signals from this species are unlikely to be affected by 
changes in water availability (Hovenden and Vander Schoor 2012). Studies on the interactive 
effects of shading and altitude show that shading reduced DS for all plants independent of 
altitude of origin in L. cunninghamii. SI, on the other hand, was greater for shaded plants than 
sun plants, but only at 1100 m (Hovenden and Vander Schoor 2006). While DS and SI are 
typically lower for shade leaves compared to sun leaves in some species of Nothofagaceae and 
closely-related species such as Quercus petraea (durmast oak) and Quercus robur (pedunculate 
oak) (Kürschner et al. 1996), applying the SI proxy generally reduces the range of natural 
variability occurring in these species (van Hoof et al. 2006) as it is area-independent and 
thus compensates for lateral epidermal cell growth while DS does not. The soil nutrient status 
during the majority of the Quaternary is likely better approximated by the low N treatment for 
F. fusca in this study. Despite the exceptional data obtained from the high nutrient-high CO2 
experiment, we suggest that SI is preferable to DS as a parameter from which to deduce palaeo-
CO2 concentrations of past environments.
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While stomatal properties of F. fusca show a clear down-regulation response to CO2 
variability (Fig. 2.2), the range of absolute values of DS and SI from earlier studies emphasises 
the need to establish species-specific response range before this relationship can be generalised 
to Fuscospora spp., Lophozonia spp., or other genera within Nothofagaceae. This issue is 
known for Betula spp. (birch) and Quercus spp. (oak), where generalisation to genus-level has 
only been possible following intensive cross-testing of the effect of CO2 and other external 
factors on stomatal expression (Kürschner et al. 1997; Wagner et al. 2000; Kouwenberg et al. 
2007). Overall, F. fusca has an extremely high potential to be used for inferring palaeo-CO2 
concentrations. Further work should involve detailed study of herbarium material covering the 
range of c. 280-400 ppmv, as well as the study of well-dated sub-fossil sequences such as those 
found in peat cores. This work, coupled with glasshouse or growth chamber CO2 experiments, 
must be performed across Fuscospora spp. and Lophozonia spp. in order to determine the 
suitability for generalisation of stomatal response to CO2 change at the genus or family level.

Overall, our results are consistent with reported trends for Fuscospora spp. as well as 
Lophozonia spp. in the literature (Körner and Bannister 1985; Woodward and Kelly 1995; 
Hovenden and Brodribb 2000; Hovenden and Vander Schoor 2003; Hovenden and Vander 
Schoor 2006; Kouwenberg et al. 2007; Brodribb and Jordan 2011; Hovenden and Vander Schoor 
2012) suggesting that species within these genera are suitable for palaeo-CO2 reconstructions 
in the southern hemisphere. Further, rich sub-fossil assemblages are available from the Late 
Glacial through the Holocene to the present day and pre-LGM Quaternary peat deposits may 
contain sub-fossil Nothofagaceae leaf material.

2.5 Conclusions

This experimental study is key to future palaeoecological work with F. fusca and within 
Fuscospora spp. and Lophozonia spp.. It is never possible to have strict control on nutrient 
input, irradiance, UV, water availability, soil water potential, and altitude of origin in studies of 
palaeo-material. Nevertheless, the shifts in DS, SI, and gsmax recorded for F. fusca in this study 
are consistent with reported trends in the literature (Körner and Bannister 1985; Woodward 
and Kelly 1995; Hovenden and Brodribb 2000; Hovenden and Vander Schoor 2003; Hovenden 
and Vander Schoor 2006; Kouwenberg et al. 2007; Brodribb and Jordan 2011; Hovenden and 
Vander Schoor 2012). The evident offset between the nutrient treatments in this study may 
explain a potential source of discrepancy when applying experimental data to reconstruct 
past CO2. Down-regulation of DS, SI and gsmax occurs primarily between low and ambient CO2 
levels, suggesting that the response of F. fusca levels off around ambient CO2 concentrations 
rather than continuing the down-regulation trend at extremely elevated CO2 levels (Kürschner 
et al. 1997; de Boer et al. 2011). Preliminary work supports the assertion that fossil leaf 
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material identifiable only to genus-level may be successfully used for palaeoatmospheric CO2 
reconstructions. Future palaeoreconstructions with Fuscospora spp. and Lophozonia spp. may 
be possible with further validation experiments and in-depth studies of modern and herbarium 
material. Additionally, future CO2 growth experiments should be conducted under a low-
nutrient regime in addition to optimal nutrient allocation in order to provide reference data for 
studies of palaeomaterial.
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3
Multi-year leaf-level response 
to sub-ambient and elevated 
experimental CO2 in Betula nana

Abstract

The strong link between stomatal frequency and CO2 in woody plants is key for understanding 
past CO2 dynamics, predicting future change, and evaluating the significant role of vegetation 
in the hydrological cycle. Experimental validation is required to evaluate the long-term 
adaptive leaf response of C3 plants to CO2 conditions, however, studies to date have only 
focussed on short-term single-season experiments and may not capture (1) the full ontogeny 
of leaves to experimental CO2 exposure or (2) the true adjustment of structural stomatal 
properties to CO2 which we postulate is likely to occur over several growing seasons. We 
conducted controlled growth chamber experiments at 150 ppmv, 450 ppmv and 800 ppmv 
CO2 with woody C3 shrub Betula nana (dwarf birch) over two successive annual growing 
seasons and evaluated the structural stomatal response to atmospheric CO2 conditions. We 
find that while some adjustment of leaf morphological and stomatal parameters occurred in 
the first growing season where plants are exposed to experimental CO2 conditions, amplified 
adjustment of non-plastic stomatal properties such as stomatal conductance occurred in the 
second year of experimental CO2 exposure. We postulate that the species response limit to CO2 
of B. nana may occur around 400-450 ppmv. Our findings strongly support the necessity for 
multi-annual experiments in C3 perennials in order to evaluate the effects of environmental 
conditions and provide a likely explanation of the contradictory results between historical and 
palaeobotanical records and experimental data.
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3.1 Introduction

Stomatal frequency analysis is a well-established proxy technique used to reconstruct 
atmospheric CO2 dynamics from leaf cuticle morphology of fossils and herbarium leaf 
specimens (Wagner et al. 1999; Wagner et al. 2004), encompassing the broad variation in the 
estimated Cenozoic CO2 range from glacial minima of 180 ppmv (Petit et al. 1999) to maxima 
of over 1000 ppmv during past ‘hothouse’ conditions (Royer 2006; Beerling and Royer 2011). 
Based on the strong link between leaf cuticle morphology and CO2, the coupling of stomatal 
conductance and CO2 has been investigated in an effort to further develop the predictive 
capacity of CO2 imprints in fossil leaf remains (Roth-Nebelsick et al. 2012; Roth-Nebelsick et 
al. 2013; Franks and Casson 2014). The 120 ppmv industrial CO2 increase is commonly used 
to calibrate the acclimation of leaf cuticle morphology through the study of historical leaf 
collections from herbaria (Wagner et al. 2005; van Hoof et al. 2006; Finsinger and Wagner-
Cremer 2009) and leaf fragments preserved in shallow peat sequences (Wagner et al. 1999; 
Wagner et al. 2005). In the resulting high-resolution time-series data the majority of woody 
C3 species studied show a quantifiable reduction of stomatal frequency, changes in stomatal 
geometry, and down-regulation of structural stomatal conductance (Gagen et al. 2011; de Boer 
et al. 2011; Lammertsma et al. 2011) with increasing atmospheric CO2. Stomatal analysis is 
particularly valuable for our understanding of CO2 dynamics in periods preceding ice core-
based records, the consequences of on-going future CO2 increase (van der Burgh et al. 1993; 
Kürschner et al. 2008), and to evaluate the active role of vegetation in the hydrological cycle 
under past and future CO2 dynamics (de Boer et al. 2011).

For additional information and calibration of leaf-level response beyond the historical 280-
400 ppmv CO2 range, controlled-environment CO2 experiments are required. While historical 
datasets show a clear reduction in stomatal parameters over the pre-industrial to present CO2 
range, morphological adjustment data from woody C3 plants from experimental free-field 
and growth chambers for past low and projected future high CO2 concentrations are largely 
ambiguous (Royer 2001; Reid et al. 2003). Of the experiments with set-ups constraining the 
stomatal response under sub-ambient CO2, these generally do not show consistent responses in 
terms of stomatal frequency adjustments to CO2 (Royer 2001; Temme et al. 2015).

Experimental validation of structural changes in stomatal conductance, as observed in 
time-series studies, has become a research focus only recently. The few studies on structural 
stomatal conductance changes available for the pre-industrial to elevated CO2 range reveal 
significant down-regulation from sub-ambient to ambient CO2 and levelling off between 
ambient to elevated CO2 (Rico et al. 2013; Chapter 2). Although the non-linearity of stomatal 
frequency and associated stomatal conductance response is to date a well-recognised 
phenomenon (Kürschner et al. 2008; de Boer et al. 2011), no comprehensive experimental 
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validation over the complete range of glacial lows to past and potential future high CO2 
concentrations is available. Despite the inherent uncertainties in stomatal frequency and 
structural stomatal conductance records based on fossil or historical leaf samples, all show 
comparable trends in response to CO2, however, testing and validation of leaf morphological 
acclimation in C3 woody species in experimental set-ups is difficult. It may be the case that 
certain aspects of the complementary experimental set-ups themselves do not fully capture the 
long-term adaptive response of stomatal parameters, particularly in perennial C3 plants, to the 
full range of CO2 variability.

We identify and investigate two major issues in short-term controlled-CO2 experiments. 
Firstly, in short-term growth experiments covering less than one full growing season, leaf 
matureness may be incomplete at the time of sampling. In Osmunda regalis leaves stomatal 
parameters increased during the first 10-20% of leaf development, stabilizing at 30% of total 
leaf size (Wagner et al. 2007). In Eucalyptus regnans stomatal frequency decreased from 56 until 
113 days after emergence, with stomatal initiation continuing until 70% of full leaf expansion 
(England and Attiwill 2011). Epidermal cells continue to expand with leaf size; thus, leaves 
which are not mature may not represent the full expression of stomatal parameters required to 
calibrate a CO2 response. Sampling of leaves during ontogeny, before matureness, potentially 
does not reflect their full expression and may skew analysis of the stomatal response to CO2.

Secondly, we posit that experiments which cover a single growing season only reflect a 
limited response to pre-set conditions which are extremely different from ambient CO2 levels. 
Monitoring studies on annually-collected leaves of mature birch trees show that leaf cuticle 
morphology adjustments takes place in multiple successive leaf generations in response to 
annual CO2 increments of approximately 2 ppmv CO2 per year (Wagner et al. 1996; Finsinger 
and Wagner-Cremer 2009). A significant response from mature leaves to the next generation 
has also been experimentally demonstrated for Arabidopsis using CO2-controlled cuvettes 
to expose individual leaf generations to high CO2 (Lake et al. 2001). While the capacity for 
generational CO2 signalling is evident from natural and experimentally-grown leaf material 
(Royer et al. 2001), there is still no proof that leaf adjustment captures the full change of 
morphological response to CO2 within one leaf generation. We hypothesize that the apparently 
ambiguous response in previous free-field and growth chamber studies can partially be 
explained by the short-term nature of those studies. If the acclimation of leaf-level parameters 
to experimentally-adjusted CO2 conditions occurs over more than one growth season, and thus 
over multiple leaf generations, a clearer response is likely to be evident in experiments carried 
out over multiple growth season with the same individual plants.

In order to improve the interpretation of leaf morphological CO2 signals and validate the 
stomatal response of woody C3 plants to CO2, we carried out growth experiments to test the 
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within- and between-leaf generation response of stomatal characteristics in Betula nana (dwarf 
birch) over a broad range of CO2 concentrations. The experimental CO2 levels of 150 ppmv, 
450 ppmv, and 800 ppmv CO2 encompass a range of full glacial low to predicted future high 
CO2, which is required to provide data supporting palaeoatmospheric CO2 reconstructions, 
and, importantly, also produces data relevant for modelling efforts of structural stomatal 
conductance-induced hydrological changes through time. We tested the responsiveness of 
leaf generations initiated externally and in situ in order to evaluate potential uncertainties 
arising from short-term CO2 exposure experiments with perennial plants. The repetition 
of the experiments in a second consecutive year allows us to evaluate the degree to which 
morphological CO2 acclimation is captured in traditional single-season experiments.

3.2 Methods

The Utrecht University Fytotron (REFTECH B.V., Sassenheim) was set up to artificially 
simulate environmental conditions and monitor plant growth and development. The three 
available growth chambers are identical and conditions within each chamber are independently 
controlled. Chambers measured ~3 x ~1.5 m and have a ~2.2 m high ceiling. Each chamber 
was equipped with four tables measuring 0.75 x 1.5 m and of adjustable height as a surface 
on which to place plants. CO2 within the chambers was controlled by a molecular sieve and 
pressure swing adsorption (PSA) technology (PG 1500L, CMC Instruments GmbH, Eschborn), 
removing CO2 and H2O vapour after the air was filtered to remove water, oil, dust, and aerosols. 
In the low CO2 chamber, CO2-free air was mixed into the volume of the room air to achieve 
the desired low CO2 concentration. While working in the chamber, a gas mask attached to a 
sealed plastic bag to trap exhaled air was used to limit CO2 rise in the chamber. The ambient 
CO2 chamber was maintained with an input of outside air. In the high CO2 chamber, extra CO2 
was added from a tank to achieve the desired CO2 concentration while maintaining ambient 
air pressure. The CO2 level in the growth chambers was monitored digitally (BMP343 Vaisala 
GmbH, Bonn). Relative air humidity (rH) was 70%. Light intensity was ~350 µ mol m-2 s-1 with 
a 10 hour photoperiod, comparable to a March day in the Netherlands (Temme et al. 2015). 
Temperature was set to vary between day/night 21ºC/18ºC, which was the lowest possible 
setting achievable in this set-up.

The set points of environmental conditions inside the Fytotron were agreed amongst the 
researchers performing experiments in the facility, and limited by the capacity of the chambers. 
CO2 was set at 150, 400, and 750 ppmv. Some variability was inherent in these set points 
due to design of the chambers, and the actual CO2 levels in the chambers fluctuated around 
means of 160, 450, and 800 ppmv (±50 ppmv in the ambient and high CO2 chamber). The low 
CO2 (150 ppmv) setting was selected to replicate absolute minimum CO2 levels during the 
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Last Glacial, where CO2 may have been as low as 160 ppmv (Petit et al. 1999). The 400 ppmv 
setting attempted to replicate ambient atmospheric CO2 level. The 400 ppmv atmospheric CO2 
mark was reached at Mauna Loa between April and May 2014 (Dlugokencky and Tans 2016). 
This mark is thus a realistic comparison for current and near-future atmospheric CO2 levels. 
The 750 ppmv setting was selected to represent potential future CO2 levels. IPCC scenarios 
suggest that the 750 ppmv atmospheric CO2 mark may be reached as early as 2075. However, 
as the actual CO2 levels in the chamber were closer to 450 and 800 ppmv these values are used 
throughout the paper.

B. nana specimens were obtained from a gardening centre (Plantentuin Esveld, Boskoop) 
as cuttings in individual 1.5 L pots. They had been exposed to global ambient CO2 conditions 
for multiple growing years. They were placed in outdoor greenhouses at the Utrecht University 
Botanische Tuinen (Botanical Gardens) before being moved first to the ~20ºC greenhouse 
to acclimatise to the temperature, and then to the CO2 chambers and control treatment 
(temperature-controlled greenhouse) prior to budburst. Of a total 50 plants, 13 were placed in 
each growth chamber and 11 plants in the greenhouse control. Following the growth season in 
the chambers, when leaves reached senescence and began to drop from the plant, plants were 
moved first to the ~20ºC greenhouse to acclimate to greenhouse conditions for 2-6 weeks and 
then to an outdoor greenhouse where they were exposed to winter temperatures. This strategy 
was developed as it was not possible to adjust daylight length or temperature settings to mimic 
actual long-term seasonal changes in the Fytotron growth chambers. Plants were re-potted in 
enriched potting soil (Botanische Tuinen, Utrecht) following the 2013 growth season.

Leaves were sampled weekly throughout the growing season. In 2013, five apparently 
mature leaves were sampled randomly from the plant population in each growth chamber and 
in the greenhouse. In 2014, 3-5 leaves per plant were sampled. In this study, 141 leaves of B. 
nana were analysed for leaf area (LA) and cuticle micro-morphological properties. Sampling 
dates are referred to as days in the experimental chamber, where 0 is the first day the plants 
were exposed to experimental CO2 conditions (150, 450, and 800 ppmv), on 18/03/2013 and 
20/02/2014. Leaves which had reached apparent maturity were sampled rather than newly-
developed or developing leaves. Leaves which grew on shoots newly-formed in the growth 
chambers were preferentially sampled. The leaves were removed from the plant upon sampling 
and placed into paper envelopes to prevent mould from forming before they could be dried.

LA was measured using a LI-COR LI-3100C Area Meter. Leaves were dried at 70ºC for 
24-72 hours and dry weight measured with a Sartorius ENTRIS 3202-1S Precision Scale. 
Approximately 0.5 cm2 of material was removed from the central part of each leaf, avoiding 
the main hydraulic vein, and soaked in a 4% NaClO solution for 24 hours. The abaxial 
(stomatal-bearing) cuticle could then be loosened and removed from the mesophyll, stained 
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with saffranine, and mounted with glycerine jelly on microscope slides. Cuticle measurements 
and stomatal counting was performed on an Olympus BH-2 optical microscope with the 
AnalySIS Auto image analysis system (Soft Imaging System GmbH, Germany, v. 5.1) at 660x 
magnification with a digital image size of 0.0575 mm2. Images had a resolution of 2080 x 
1544 pixels. Stomatal density (DS) and epidermal cell density (DE) were measured on seven 
stomatal-bearing alveoles. Pore length (LP), stomatal length (LS), guard cell width (LGC), cell 
circumference, and epidermal cell area (CAE) were measured on n=30 cells or stomata for each 
slide.

Stomatal index (SI) was calculated to correct for the influence of epidermal cell expansion 
on stomatal frequency (Salisbury 1928) (Equation 1). Maximum pore area (amax) was calculated 
in µm2 (Equation 2) and maximum stomatal conductance to water vapour (gsmax) was calculated 
using a two-end auto-correction for shell diffusion (Franks and Beerling 2009b) where DH2O is 
the diffusivity of water vapour (m2 s-1) and V is the molar volume of air (mol m-2 s-1) calculated 
as constants based on the ambient temperature in ºC (Equation 3).

     (1) 

     (2) 

     (3)

3.3 Results

3.3.1 Leaf ontogeny of B. nana in G1-1 and G1-2

Leaves from weekly sampling were analysed and mean values of leaf morphological parameters 
(Table 3.1) were produced for each sampling date. The data from the first experimental 
year (G1) clustered in two phases: a primary leaf flush, G1-1, sampled up to and including 
66 experimental days and a secondary leaf flush, G1-2, sampled from 73 experimental days 
onwards (Table 3.2). The abbreviations for successive leaf generations are summarised in 
Table 3.3. Changes for all ontogenetically relevant parameters, with significantly lower LA 
and significantly higher DE and DS values at 73 experimental days compared to 66 days, were 
observed in all CO2 treatments (Table 3.2). LP is generally smaller at 73 days than at 66 days. 
CAE was smaller in the samples from 73 experimental days with the exception of the 450 
ppmv treatment where CAE is approximately the same. SI and gsmax did not show comparative 
variability between the two sampling dates.

SI = 100 • DS
DS + DE

amax = π • LGC
8

gsmax =
DH2O
V

• DS • amax

LP + 2
π amaxπ√
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The secondary leaf flush G1-2 is comprised of leaves which developed entirely in situ, 
that is, inside the growth chamber while exposed only to experimental CO2 concentrations. 
Data presented for G1-2 is the mean of leaves sampled on experimental days 80 and 94 when 
the leaves produced in G1-2 had reached full maturity and leaf morphological and stomatal 
parameters were fully expressed. In G1-2, LA increased significantly under increasing 
experimental CO2 concentrations with mean LA of 0.74 cm2, 1.06 cm2, and 1.69 cm2 at 150, 450 
and 800 ppmv, respectively. The leaves sampled from the control treatment were slightly larger, 
with mean LA of 1.17 cm2, than leaves from the plants in the ambient experimental CO2 growth 
chamber (Fig. 3.1a).

CAE did not show any clear CO2-related trend in G1-1. In G1-2, CO2 clearly stimulated 
cell expansion in mature leaves with a CAE of 939.47 µm2 at 150 ppmv, 1036.75 cm2 at 450 
ppmv, and 1233.97 cm2 at 800 ppmv. The strong relationship between LA and CAE, as well as 
the strong relation to CO2, is visualised in Fig. 3.1. Accordingly, the enhanced cell expansion is 
indicated with lower DE across the CO2 treatments (Fig. 3.2a).

Stomatal geometry is not significantly related to CO2 concentration in G1-1 or G1-2. Mean 
LP ranges from 18.9 µm to 19.6 µm while mean LS ranges between 28.0 µm and 29.6 µm and 
mean LGC of around 9.3 µm in all treatments except at 150 ppmv where LGC is slightly larger at 
10.5 µm.

Parameter Abbreviation Unit

Leaf area LA cm2

Stomatal density DS n mm-2

Epidermal cell density DE n mm-2

Epidermal cell area CAE µm2

Stomatal index SI %

Maximum stomatal conductance gsmax mol m-2 s-1

Pore length LP µm

Stomatal length LS µm

Guard cell width LGC µm

Maximum pore area amax µm2

Table 3.1 The leaf morphological and stomatal parameters discussed in this paper 
and their conventional abbreviations and units.
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DS was highest at low CO2 and decreased successively with CO2 increase in each of the 
experimental treatments. The decrease was significant in the step between 162 mm-2 at 
150 ppmv to 136 mm-2 at 800 ppmv (Fig. 3.2b). SI, calculated from DE and DS, did not have 
a pronounced response to experimental CO2 conditions in G1-2 (Fig. 3.2c). The absence 
of a CO2 response of SI in this case was a result of the parallel lowering of DE and DS across 
the experimental CO2 treatments. Mean gsmax did not vary significantly between the CO2 
treatments, however a weak lowering of mean gsmax between 150 ppmv to both 450 and 800 
ppmv was observed (Fig. 3.2d).

3.3.2 Leaf response to CO2 in G2

The leaf morphological characteristics and stomatal parameters in the subsequent (2014) 
growth season, G2, with the same individual plants from the initial experiment, were 
examined. The repeated exposure during the growing season to experimental CO2 conditions 
allowed for the evaluation of the response of leaves to experimental CO2 from two consecutive 
growing seasons.

In G2, the smallest leaves were produced at 150 ppmv with a mean LA of 0.58 cm2 compared 
to 1.19 cm2 at 450 ppmv, 1.22 cm2 at 800 ppmv, and 1.04 cm2 in the 399 ppmv control treatment 
(Fig. 3.1a). Mean LA was not significantly different between the ambient experimental CO2 
chamber (450 ppmv) and the control greenhouse (399 ppmv). CAE was lowest at 150 ppmv 
and significantly higher at both 450 and 800 ppmv, but not significantly different in the step 
between 450 and 800 ppmv. DE is significantly lower at 150 ppmv, with a mean of 852.8 mm-2, 
than in all other treatments. DE did not significantly differ in the step between 450 and 800 
ppmv, nor between 450 ppmv and the 399 ppmv control greenhouse treatment (Fig. 3.2a).

In G2, mean DS was higher in the 150 ppmv chamber with values of 152 mm-2 compared 
to 450 and 800 ppmv where means of 122 mm-2 and 123 mm-2 were observed, although this 

Table 3.3 The distinction of growth seasons and leaf generations discussed in this 
chapter.

Growing season Leaf flush Leaf flush (days) Data discussed 
(days)

Leaf generation

2013 First 0-66 66 G1-1

Second 73-94 80-94 G1-2

2014 No distinction No distinction 44 G2
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difference is not significant (Fig. 3.2b). Plants in the 399 ppmv control greenhouse treatment, 
however, produced leaves with a significantly higher DS of 133 mm-2 compared to plants in the 
450 ppmv experimental CO2 chamber.

SI responded significantly to CO2 at 150 ppmv compared to the 450 and 800 ppmv CO2. SI 
at 150 ppmv was 15.2%, while at 450 ppmv it was 10.5% and at 800 ppmv, 10.3%. No significant 
difference in SI between 450 ppmv and the 399 ppmv greenhouse control, where SI was 11.16%, 
were observed (Fig. 3.2c).

The gsmax of 1.04 mol m-2 s-1 at 150 ppmv was significantly higher than gsmax of 0.71 mol 
m-2 s-1 at 450 ppmv and 0.66 mol m-2 s-1 at 800 ppmv. In the 399 ppmv greenhouse control 
treatment, gsmax was significantly higher than in the 450 ppmv experimental CO2 chamber, 
measuring 0.90 mol m-2 s-1 (Fig. 3.2d).

Stomatal geometry adjusted to experimental CO2 conditions in G2. LP was significantly 
larger at 150 ppmv, measuring 19.9 µm compared to 17.4 µm at 450 ppmv and 17.3 µm at 800 
ppmv. No significant difference was observed between the 450 ppmv and control greenhouse 
treatment where mean LP was 17.5 µm. LS was highest at 150 ppmv, measuring 32.4 µm, which 
was significantly larger than LS of 28.9 µm at 450 ppmv. LS was slightly, but insignificantly, 
larger at 800 ppmv than at 450 ppmv, measuring 30.7 µm. LS was not significantly different 

Figure 3.1 LA of B. nana leaves increases with CO2 and CAE in G1-2 and G2. (a) LA was 
higher in successive CO2 steps in G1-2 and G2. Greenhouse leaves had slightly, but not 
significantly, larger LA than leaves grown in the 450 ppmv CO2 chamber. (b) Larger leaves 
have larger CAE. Error bars represent standard error of the mean.
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Figure 3.2 Response of structural stomatal parameters to CO2 in G1-2 and G2. (a) DE 
decreased with CO2 in G1-2. In G2, DE is lower at 150 ppmv than in other CO2 treatments. 
(b) DS responded slightly to CO2 in G1-2 and shows a levelling-off of the response 
between 399-450 ppmv in G2. (c) SI did not respond to CO2 in G1-2. In G2, the SI response 
at 150 ppmv was significant with a levelling-off of response around 399 ppmv. (d) The 
gsmax did not respond to CO2 in G1-2. In G2, gsmax is highest at 150 ppmv, then decreased 
stepwise with CO2 until 450 ppmv, where the response levelled off. Error bars represent 
standard error of the mean. Asterisks below the bars indicate a significant difference 
(p<0.05) between parameter data in G1-2 and G2 for that CO2 level. Letter codes above 
the bars indicate significant differences; bars which share the same letter are significantly 
different.
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between 450 ppmv and the greenhouse control at 27.3 µm. LGC did not vary significantly 
between experimental CO2 treatments. LGC was significantly smaller in the 399 ppmv control 
greenhouse treatment, measuring 7.0 µm, compared to 450 ppmv where mean LGC measured 
9.3 µm.

3.4 Discussion

Changes in leaf morphology and structural stomatal parameters in response to experimental 
CO2 exposure were observed between G1-1 and G1-2 and between G1 and G2. The adjustment 
of different leaf parameters occurred on a range of time scales; these are discussed in the 
following sections.

3.4.1 Leaf ontogeny of B. nana in G1

The G1 data was divided into a first and second leaf flush, G1-1 and G1-2, respectively (Table 
3.2, 3.3). The second leaf flush, G1-2, was initiated and formed entirely in the growth chambers 
under constant environmental and CO2 conditions, and it was thus possible to evaluate 
the response of leaf morphology and stomatal properties solely related to experimental CO2 
exposure. With constant growth conditions we excluded the potential influence of, e.g., higher 
temperature or changing light conditions during the growth season which potentially alter leaf 
ontogeny and stomatal expression in naturally-grown lammas leaves (Beerling and Chaloner 
1993).

3.4.2 Leaf response in G1-1

Of the plastic and non-plastic leaf morphological parameters evaluated in this experiment, no 
conclusive or highly significant changes were observed in G1-1. LA was largest at 800 ppmv 
CO2 and LP is marginally smaller at 150 ppmv. Other stomatal and epidermal cell frequency-
related parameters were variable in the experimental CO2 chambers in G1-1, but did not reveal 
any significant structural trends related to CO2.

The absolute number of stomata expressed on the leaf surface is fixed before initiation 
of lateral leaf growth and is not sensitive to CO2 during leaf ontogeny (Tichá 1982). Higher 
DS at 150 ppmv in G1-1 compared to the other CO2 levels was likely a result of the intrinsic 
variability of stomatal expression rather than a true adjustment to experimental CO2 
conditions, emphasising the required care when interpreting data from experiments of short 
duration with individual, pre-grown perennial plants. 
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3.4.3 Leaf response in G1-2

At sampling day 73 significantly lower LA was associated with lower CAE and higher DE and 
DS. The combination of these parameters demonstrated the development of the next leaf 
generation, G1-2, which was formed in situ and is fully mature at 80-94 days, the sampling 
dates on which the data for leaf generation G1-2 were based.

From G1-2 on, a clearer response to CO2 in the plastic and non-plastic leaf and stomatal 
parameters was observed. LA increased linearly under successively higher CO2, forced by 
increasing lateral cell expansion which was expressed in the higher CAE and lower DE. CO2 
enrichment is associated with an increase in LA in a range of C3 species (Morison and Gifford 
1984; Radoglou and Jarvis 1990; Epron et al. 1996; Ferris et al. 2001)

The extension of this trend to sub-ambient CO2 levels, however, is less well-documented 
in the literature but has been demonstrated for Arabidopsis thaliana grown under 100 ppmv 
and 380 ppmv where low CO2 structurally limited leaf expansion (Li et al. 2014). Along the 
experimental gradient in our study, DS and DE decreased in G1-2, although only the difference 
between 150 ppmv and 800 ppmv was significant. The trend in DS was seemingly consistent 
with the expectation that increased CO2 concentration induced a lowering of stomatal 
frequency, however, in this case a large part must be attributed to higher DE in the experimental 
treatments. Although Li et al. (2014) propose the structurally higher DS in A. thaliana was 
related to their 100 ppmv CO2 treatment, this signal was likely also – at least partially – related 
to the extremely restricted leaf expansion at 100 ppmv CO2 rather than a true response to the 
CO2 signal.

No significant response of SI or gsmax to CO2 was observed in G1-2, however a small but 
insignificant reduction in gsmax over the experimental CO2 gradient was observed.

3.4.4 Leaf response in G2

The consecutive 2014 growth season, G2, allowed us to evaluate the multi-seasonal response 
of stomatal properties to long-term controlled-CO2 exposure, which may not be evident in a 
single-season CO2 experiment. The adjustment of plastic LA as a CO2 response also occurred 
in G2 with significantly smaller leaves produced at 150 ppmv than at 450 ppmv and 800 ppmv. 
As in G1, low LA at 150 ppmv was associated with low CAE and higher LA with higher CAE at 
450 ppmv and 800 ppmv (Fig. 3.1b) showing that lateral epidermal cell expansion was strongly 
regulated by CO2 availability as in G1.
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In contrast with G1, G2 revealed pronounced responses of non-plastic structural stomatal 
parameters DS, SI, and gsmax to CO2 along the CO2 gradient between 150, 399, and 450 ppmv 
CO2. The additional enrichment step from 450 to 800 ppmv, however, demonstrated response 
levelling-off with only minor additional changes compared to the step from low to ambient 
CO2 conditions in all relevant parameters.

In studies of European tree birches, Betula pendula and Betula pubescens, analysis of SI 
in leaves grown over the industrial CO2 increase from 290 to 360 ppmv showed that these 
species reach their upper CO2 response limit at around 400 ppmv (Kürschner et al. 1997). 
This hypothesis is based on the observed successive slowdown in SI decrease from ~340 
ppmv onwards. A comparable pattern was observed in herbarium and modern leaf specimens 
collected over the period from 1919 to 2002, where the SI response levelled off between ~ 
350 to 380 ppmv (Finsinger and Wagner-Cremer 2009). Moreover, available data from single-
season elevated CO2 experiments and variable nitrogen treatments did not show any significant 
SI decline over the CO2 doubling from 350 ppmv to 700 ppmv in B. pendula (Wagner 1998). 
Our data fully support the assertion that much of the stomatal response of B. nana occurs 
between 150 and 399 ppmv, with some further adjustment between 399 and 450 ppmv and no 
additional SI decrease between 450 and 800 ppmv. These observations of response patterns in 
SI hold for DS in all studies. After pronounced initial decline over the experimental gradient 
from sub-ambient to ambient CO2, DS and SI levelled off. Stomatal frequency adaptation is 
species-specific and should be evaluated for individual species; in the case of European tree 
and shrub birches, however, the CO2 ceiling of the SI at around 400 ppmv is a common feature 
which occurs independently in naturally-grown as well as in experimental leaf material.

From DS and stomatal geometry, structural maximum stomatal conductance, gsmax, was 
derived; this is an important hydrological parameter regulating the water exchange between 
plant and atmosphere (Franks and Beerling 2009b; de Boer et al. 2011; Lammertsma et al. 
2011). C3 plants reduce their transpirational water loss in response to increasing atmospheric 
CO2 concentrations, which may affect global climate by reduced cloud formation and 
precipitation, thus exerting a physiological feedback on climate and hydrology (Betts et al. 
2007; Cao et al. 2010; Andrews et al. 2010).

In B. nana, gsmax showed a strong adjustment to CO2 in G2 compared to G1 with over 
30% reduction of gsmax in G2 from 150 ppmv to 450 ppmv. The additional CO2 increase to 
800 ppmv induced only a ~-6 % further reduction in gsmax. Comparing our results to stomatal 
conductance to water vapour (gwmax) data deduced from historical B. nana leaf material (Gagen 
et al. 2011), we calculated structurally lower absolute values which may, however, result from 
different input parameters used in the gsmax calculation for each dataset. In Florida species 
collected over the past 150 years from herbarium and naturally-grown specimens, a reduction 
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in gsmax of ~-33% per 100 ppmv for angiosperms and ~-37% per 100 ppmv for conifers was 
observed (Lammertsma et al. 2011). In the Florida study, long-term species adaptation within 
the limits of phenotypic plasticity was a result of the plants primarily adjusting DS, and to some 
extent stomatal dimensions, as a response to the anthropogenic CO2 increase (de Boer et al. 
2011). Like these species, experimentally-grown B. nana from our study adjusted DS and, to 
some extent, stomatal architecture within its phenotypic plasticity in response to changing CO2 
conditions, in order to optimise CO2 uptake and reduce transpirational water loss.

One possible way to compare the various datasets is by evaluating the relative response 
rate of gsmax to CO2. In our B. nana study this is -0.11% ppmv-1 from 150 to 450 ppmv and 
-0.06% ppmv-1 between 150 and 800 ppmv. This decline in gsmax corresponds with observed 
rates of change of -0.16% ppmv-1 in naturally grown B. nana over the industrial CO2 increase 
of 290 to 380 ppmv (Gagen et al. 2011). In growth experiments with Fuscospora fusca, response 
rates between -0.21 and -0.31% ppmv-1 were observed over a 260 to 370 ppmv CO2 gradient 
(Chapter 2). Relatively few studies have been conducted where gsmax is inferred from leaf cuticle 
analysis of material from growth experiments, herbaria, and well-dated palaeo-cores. The data 
from G2 is within the range of published response rates, between -0.13 and -0.47% ppmv-1 (see 
Supporting Information Table 3.S1 for a summary of reported response rates of gsmax in a range 
of species).

3.4.5 Stomatal adjustment over successive growth seasons

In response to changing atmospheric CO2, plants adjust stomata and leaf diffusive conductance 
to optimise CO2 uptake and limit water loss (Franks et al. 2012). The adjustment, however, 
does not occur instantaneously and takes place over multiple seasons, although some plastic 
leaf parameters, such as LA, may adjust within one season of exposure to experimental CO2 
conditions. Our data suggest that the majority of stomatal response occurred between 150 
and 450 ppmv, but not before a new leaf generation formed completely under experimental 
conditions, indicating that either the upper phenotypic response limits for this species were 
reached around 400-450 ppmv, or that no further adjustment was necessary to limit water loss 
as a response to CO2 enrichment past this level. Data from subsequent experimental growth 
seasons is required to evaluate whether the response limit for B. nana was achieved in G2 in 
this experiment, or if further adjustments of SI, gsmax, and structural stomatal parameters as a 
response to CO2 would occur in G3 onwards.

The data from consecutive growth seasons G1 and G2 in B. nana strongly emphasise the 
requirement for multi-generational growth experiments with the same plant individuals 
to observe the full plant response to CO2 conditions. The single-season nature of previous 
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experimental work may be an insufficient length of time to evaluate the true response of 
structural stomatal parameters to CO2 change.

Lammas leaves provide a method to test the CO2 acclimation response within one season 
of growth as they are initiated during the growth season under experimental CO2 conditions. 
Some adjustment of leaf parameters in the lammas generation (G1-2) was observed in B. nana 
with adjustment of DS, DE, and CAE, however, key structural parameters SI and gsmax did not 
respond clearly to CO2 in a single experimental season. In A. thaliana newly formed leaves 
produced significantly lower DS and SI when mature leaves were exposed in cuvettes to elevated 
CO2 conditions (Lake et al. 2001), a similar leaf generation response to the effect observed 
from G1 to G2 in B. nana.

While free-air carbon enrichment (FACE) experiments found some reduction in stomatal 
properties DS and gsmax under elevated CO2 conditions in some studies, the observed reduction 
in gsmax was attributed to instantaneous adaptation and not a long-term CO2 effect (Royer 2001; 
Reid et al. 2003; Long et al. 2004; Ainsworth and Rogers 2007). Studies conducted evaluating 
plant response to ambient and elevated CO2 may not capture the full range of structural 
stomatal response to CO2 as the majority of reduction in DS, SI, and gsmax occurs below the 
species response limits of ~400-450 ppmv.

Earlier experiments with B. pendula found no clear response in SI, measured over one leaf 
generation, to elevated CO2 exposure (Wagner 1998). The lack of SI response in this case was 
due to the single-season nature of the experiment. Seedlings were germinated, and the leaves 
initiated, under global ambient CO2 for 40 days prior to exposure to experimental CO2 levels 
(Pettersson and McDonald 1992). SI adjustment occurred between 150 and 399 ppmv in our 
data, and as the B. pendula study examined ambient to high CO2 conditions, it is possible 
that no further adjustment of SI to CO2 occurred past the species response limits of ~400 
ppmv, and thus was not be captured in the B. pendula study. Single-season experiments such 
as the B. pendula study potentially do not capture the full CO2 range under which stomatal 
acclimation occurs, rather, they likely capture changes resulting from plants adjusting within 
their phenotypic plasticity which does not reflect a true, long-term adjustment. Our results 
demonstrate that true leaf-level adjustment of stomatal properties in response to altered CO2 
levels takes place over at least two successive growth seasons.

3.4.6 Implications of the long-term experimental approach for DS- and SI-based CO2 
reconstructions

In G2, both DS and SI were responsive to CO2 across the extensive range of glacial CO2 lows 
to potential future CO2 highs. The absolute values of DS observed in the experimental data 
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were lower than DS from historical B. nana data, which have values between 300 mm-2 for 
pre-industrial CO2 levels and approaches 100 mm-2 around 370 ppmv CO2 (Finsinger and 
Wagner-Cremer 2009). SI ranged from 15% in experimental B. nana grown in the 150 ppmv 
chamber to 11.2% at 399 ppmv, to 10.6% at 450 ppmv and 10.3% at 800 ppmv. Historical SI 
values of 12% at pre-industrial CO2 concentrations of around 290 ppmv to 9-5.5% at around 
370 ppmv CO2 levels are recorded in the literature (Finsinger and Wagner-Cremer 2009). The 
15% SI from experimental B. nana grown at 150 ppmv would logically extend the dataset to 
glacial CO2 conditions, however SI at ambient to high CO2 range are higher than expected 
compared to the historical dataset. Differences in measured parameters between historical and 
experimentally-grown B. nana may be due to habitat variability between the tested populations 
or the difference in growth conditions between historical specimens and the growth chamber 
experiments. In our experiments, the systematic down-regulation of parameter SI was directly 
related to CO2 due to the consistent conditions in the experimental set-ups. In a study with 
B. pendula, SI linearly increased in 12ºC, 20ºC, and 30ºC treatments (Wagner 1998). In our 
study, SI at 12ºC (11%) was still significantly higher than 8.4% SI observed under natural 
growth conditions at 10ºC mean annual temperature in the southern Netherlands (Wagner 
1998). While some offset between experimentally-grown B. nana and naturally-grown sub-
arctic plants and growth chamber plants is expected due to higher temperature conditions 
in the growth chambers compared to natural sub-Arctic conditions, these systematic offsets 
in absolute values were related to specific experimental conditions and not the response of 
stomatal parameters to CO2 conditions.

Work with herbarium and down-core sub-fossil leaves and leaf fragments provide the 
potential for seasonally-resolved stomatal data calibrated against instrumental measurements. 
Data collected year-to-year automatically cover multiple generations and growth seasons. 
Where material from the same individual plant or genetic plant population was sampled 
the adjustment of stomatal parameters can be traced over known atmospheric CO2 ranges. 
However, these ranges are limited to the CO2 rise between pre-industrial CO2 of approximately 
290 ppmv and present values of 400 ppmv, and exclude glacial CO2 conditions and potential 
future CO2 rise. Incorporating growth chamber data into historical herbarium and well-dated 
palaeo material datasets can provide a better understanding of plant response to varying 
atmospheric CO2 levels through the Cenozoic CO2 range.

3.4.7 Comparison of greenhouse and growth chamber conditions

The greenhouses which housed the control (399 ppmv) plants during this study were exposed 
to open air and natural light conditions through a semi-shaded roof. In the experimental 
chambers, artificial light conditions and humidity were more strictly controlled. The 
temperature was controlled in both set-ups (~20ºC in the greenhouses compared to 21ºC/18ºC 
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day/night in growth chambers) so this factor was unlikely to cause much offset in measured 
parameters. While there was a small offset in measured stomatal parameters between 
the greenhouse control and ambient experimental growth chamber, the control values of 
morphology and stomatal features from the greenhouse-grown plants did not significantly 
differ from the plants grown in the ambient CO2 growth chamber. This confirms that, 
despite differences in the environmental conditions in both set-ups, for example, exposure 
to the natural diurnal light cycle in the greenhouses rather than artificial light in the growth 
chambers, it may still be possible to integrate data generated from long-term experimentally-
grown plants with datasets for validation from herbaria or sub-fossil leaf deposits from peat 
sequences.

3.5 Conclusions

Results from our growth experiments with B. nana showed that while a short-term response 
to CO2 change over one growing season was evident in leaf morphological and stomatal 
parameters including LA, DS, and DE, the full effect of exposure to experimental CO2 
conditions, especially on non-plastic stomatal properties gsmax and SI, was not captured in G1 as 
these parameters did not fully adjust to CO2 until G2. The leaf-level signal may thus be skewed 
if leaf sampling occurs during the early stages of ontogeny, potentially concealing the true CO2 
response in these plants. Our results validate the seasonal-scale response of leaf morphological 
parameter LA and stomatal parameters DS and DE to CO2 in B. nana, as postulated by Lake et 
al. (2001).

Further, we confirm that the intensified adjustment or acclimation response of stomatal 
parameters occurs over several growing seasons under altered CO2. Our data improves 
the understanding of seasonal response of stomatal parameters in a woody C3 plant by 
demonstrating that the stomatal response to atmospheric CO2 in B. nana extends over a 
minimum of two consecutive growth seasons within one population of plants. The documented 
response provides a likely explanation to the – so far – partially contradictory results between 
historical and palaeobotanical records and experimental data. It is not possible within the 
context of this experiment to predict whether the observed response is the full extent of the 
adjustment of B. nana to experimental CO2 conditions, as further adjustments to stomatal 
properties may continue in subsequent growing seasons. Our findings very strongly support 
the necessity for multi-annual experiments to fully quantify the extent of stomatal acclimation 
to the range of Cenozoic CO2 concentrations in perennial C3 species as short-term growth 
experiment data may not reflect the full morphological and stomatal response to experimental 
CO2.
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Table 3.S1 The gsmax response rates to a CO2 gradient observed in a range of species. 
The response rates of gsmax of species studied in experimental set-ups and from 
herbarium records was calculated as % ppmv-1. The response rate of gsmax is negative with 
increasing CO2 in all cases.

Species Study CO2 range % ppmv-1

Betula nana G2, this study 150-800 -0.06

150-450 -0.11

Gagen et al. 2011 290-380 -0.16

Fuscospora fusca Chapter 2 260-370 -0.12 - -0.31

260-650 -0.05 - -0.12

Sub-tropical (range) Lammerstma et al. 2011 290-390 -0.17 - -0.42

Abutilon theophrasti Bunce 2007 100-380 -0.18

Glycine max Bunce 2007 100-380 -0.15

Gossypium hirsutum Bunce 2007 100-380 -0.13

Xanthium strumarium Bunce 2007 100-380 -0.15

Helianthus annuus Rico et al. 2013 290-390 -0.22

390-480 -0.17

290-480 -0.18

Phaseolus vulgaris Cowling & Sage 1998 200-380 -0.15 - -0.27

200-380 -0.15

Solanum dimidiatum Maherali et al. 2002 200-550 -0.23

Bromus japonicus Maherali et al. 2002 215-550 -0.15
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4
A stomatal frequency-based record 
from Adelaide Tarn, New Zealand 
supports a global CO2 increase during 
the Holocene Thermal Maximum

Abstract

A new reconstruction of palaeo-pCO2 for the mid-Holocene from Adelaide Tarn, New 
Zealand, from Lophozonia menziesii (silver beech) leaf fragments is presented. This unique 
Holocene record spans the Holocene Thermal Maximum (HTM) into the Neoglaciation, 
which has not been previously recorded in Southern Hemisphere terrestrial sites. While 
the centennial- to millennial-scale resolution of the reconstruction does not allow for the 
assessment of centennial scale climate events, the overall pattern of CO2 evolution for the 
Holocene can be evaluated. The mean of the Adelaide Tarn pCO2 record closely approximates 
the mean CO2 concentrations from air bubbles trapped in the Taylor Dome and Siple Dome 
ice cores. However, the stomatal-based proxy records show higher amplitude pCO2 variability, 
particularly in the early Holocene. A period of elevated pCO2 levels during the mid-Holocene is 
recorded in our data at approximately 7-5 ka BP which is concomitant with the HTM warming. 
The subsequent pCO2 decline to the end of the record at 3 ka BP contradicts the slow, steady 
rise evident in the Taylor Dome and Siple Dome ice-based CO2 measurements. The overall 
dynamics reconstructed by the stomatal-based record of pCO2 from the Southern Hemisphere, 
however, is in perfect harmony with earlier records based on cuticle analysis from Northern 
Hemispheric sites in Spain. The agreement between these independent records supports the 
reliability of both CO2 records and meets the demands of reproducibility of proxy data. The 
long-term trends of atmospheric CO2 concentrations recorded in the Northern and Southern 
Hemispheres during the Holocene points to more dynamic atmospheric CO2 evolution than 
previously expected.
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4.1 Introduction

The analysis of stomatal frequency is a well-established proxy technique applied to reconstruct 
past CO2 over a range of geological time scales based on the strong link between prevailing 
atmospheric CO2 concentrations and leaf cuticle morphology of modern plants, historical 
herbarium leaf specimens, and fossil leaves (Wagner et al. 1999; Rundgren and Beerling 1999; 
Royer 2001; Wagner et al. 2002; Wagner et al. 2004; van Hoof et al. 2005; García-Amorena et al. 
2008; Steinthorsdottir et al. 2011; Steinthorsdottir et al. 2013; Steinthorsdottir and Vajda 2015; 
Steinthorsdottir et al. 2016). Perennial C3 plants adjust stomatal frequency and geometry to 
atmospheric CO2 variation during their lifetime, where stomatal initiation and development 
is altered by changes in ambient CO2 concentrations (Wagner et al. 1996; Kürschner 1997; 
Wagner et al. 1999; Beerling and Royer 2002; Chapter 3). In terms of stomata-based CO2 
reconstructions, both angiosperm and gymnosperm species have been tested for their 
individual CO2 sensitivity (Wagner et al. 2004; Lammertsma et al. 2011) and can subsequently 
be used to reconstruct past CO2 levels (e.g., Wagner et al. 1999; Kouwenberg et al. 2005; van 
Hoof et al. 2005; Steinthorsdottir et al. 2013; Steinthorsdottir et al. 2016). Accordingly, the 
high abundance of fossil leaf material, especially in Holocene peat and lake sediments, is well-
suited for the production of proxy records with potentially high temporal and spatial resolution 
(Wagner et al. 2004).

A large number of palaeoatmospheric CO2 records have aimed to reconstruct natural CO2 
variability since the last deglaciation. Measurements from air bubbles trapped in ice suggest 
that the Holocene was characterised by relatively stable, slowly increasing, atmospheric CO2 
concentrations since the last glacial termination (Indermühle et al. 1999b; Petit et al. 1999; 
Ahn et al. 2004; Ahn et al. 2014), while available high-resolution reconstructions from stomatal 
frequency analyses suggest that the CO2 regime since the last termination was far more 
dynamic (Wagner et al. 2004; van Hoof et al. 2008; Steinthorsdottir et al. 2013; Steinthorsdottir 
et al. 2014).

To date, stomatal frequency-based reconstructions from sites in the Northern Hemisphere 
suggest a dynamic Holocene CO2 regime associated with centennial-scale climate fluctuations 
such as the Preboreal Oscillation, the 8.2 kyr event or the Little Ice Age in the last millennium 
(Rundgren and Beerling 1999; Wagner et al. 2002; Rundgren and Björck 2003; Jessen et al. 
2005; van Hoof et al. 2008). While they occur synchronously in multiple Northern Hemisphere 
stomatal frequency records (Wagner et al. 2004), these well-known events are only weakly 
reflected in ice-based CO2 records (Indermühle et al. 1999b; Ahn et al. 2014). This unexplained 
discrepancy initiated major uncertainty analysis efforts for both proxies, focussing on 
improved calibration data and record replication for stomatal frequency analysis, while 
increased temporal resolution and potential smoothing during air enclosure are target issues 
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in ice core analysis (Flückiger et al. 2002; Wagner et al. 2004; van Hoof et al. 2005; Köhler et al. 
2011; Ahn et al. 2014; Chapter 3).

Besides centennial-scale climatic perturbations, the Holocene Thermal Maximum (HTM), 
is a well-documented worldwide climatic optimum with homogeneously higher temperatures 
around ~7-4 ka observed in numerous proxy records (Charpentier Ljungqvist 2011). This 
climatic perturbation is associated with orbitally-forced increase in summer insolation and 
the disintegrating Laurentide Ice Sheet on the Northern Hemisphere (Renssen et al. 2009; 
Renssen et al. 2012). Although expressed by a global positive temperature anomaly, the HTM is 
ambiguous in CO2 records from ice-core analysis as well as in Northern Hemisphere stomatal 
frequency-based reconstructions. While ice-core data and Salix-based CO2 reconstructions 
from Sweden (Rundgren and Beerling 1999) reconstruct only low CO2 dynamics during the 
mid-Holocene, elevated CO2 levels contemporaneous with the HTM are recorded in oak leaf 
stomatal frequency records from Spain (García-Amorena et al. 2008). The latter record has a 
relatively low temporal resolution and, given the apparent disagreement with respect to other 
palaeoatmospheric CO2 records needs independent confirmation, but is more consistent with 
the global Holocene temperature trends (García-Amorena et al. 2008).

In the present study, we therefore focus on the CO2 reconstructions for the mid-Holocene, 
including the peak phase of the HTM. This study represents the first Holocene stomatal 
frequency-based reconstruction from a Southern Hemisphere site based on leaf cuticle analysis 
of Lophozonia menziesii (Jara et al. 2015) from Adelaide Tarn, New Zealand. Validation of the 
CO2 sensitivity of L. menziesii from modern leaf material, and application of the quantified 
stomatal-frequency response to Holocene leaf fossils from the well-dated sediments of Adelaide 
Tarn for the first time meets the demands of proxy reliability tests in terms of inter-hemispheric 
reproducibility of the Holocene records (Wagner et al. 2004). The centennial-scale temporal 
resolution of the record, covering the period from 9.6-3 ka BP, provides the opportunity to 
evaluate the so far ambiguous estimates of atmospheric CO2 evolution in the HTM climatic 
episode.

4.2 Methodology

4.2.1 Study site

Adelaide Tarn is a small glacial tarn lake (0.06 km2) in a glacial cirque (3.8 km2) located in 
the Nelson-Tasman mountains on the South Island, New Zealand (40º56’ S, 172º32’ W) (Fig. 
4.1). The maximum water depth of Adelaide Tarn is 7.6 m. The lake is fed by a single inlet 
on its south-eastern border and is drained by a single outlet on its north-western edge (Jara 
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et al. 2015). This location was un-glaciated or marginally-glaciated during the LGM and was 
likely a refugium for Nothofagaceae during the Last Glacial (Callard et al. 2013). The forest is 
composed of mild-temperature species including broad-leaf montane conifer forests and cold-
temperature alpine beech forests (Wright 1967; Jara et al. 2015).

4.2.2 Core

The AT-1116 core was sampled from an anchored platform at the deepest part of Adelaide Tarn 
(~7 m). Three overlapping 1 m sections (T1-T3) were collected with a 5 cm diameter square-
rod piston corer (Jara et al. 2015). The cores were subsequently analysed for leaf fragments 
(Table 4.1). The core lithology is mainly brown organic silts with plant macrofossil deposits, 
including L. menziesii leaves. Cores were sampled at 1 cm resolution and sieved at 250 µm to 
remove leaf fragments. Leaf fragments were picked from the sieved material and stored in water 
prior to slide preparation to preserve the stomatal architecture. Between 2-4 leaf fragments 
were analysed for stomatal properties per sample depth.

Figure 4.1 Map of New Zealand showing the location of Adelaide Tarn.
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4.2.3 Age model

The age model for the sediment sequence was generated from 16 AMS radiocarbon dates from 
plant macrofossils. The calibrated age series was used to derive age estimations for sediment 
layers containing leaf materials. The age model is described in Jara et al. (2015). 

4.2.4 CO2 calibration

Herbarium material used for the species-specific calibration of stomatal frequency to CO2 
originated from Nelson, New Zealand and the surrounding region. Modern samples were 

Core Depth in core (cm) Profile depth (cm) Age (cal yr BP)  # Leaves

T1 69-70 112 3099.2 2

92-93 135 3617.0 2

T2 9-10 150 4074.8 3

14-15 155 4243.1 2

20-21 161 4447.4 3

29-30 170 4753.5 3

39-40 180 5085.2 2

45-46 186 5314.9 2

54-55 195 5647.6 1

72-73 213 6365.6 2

79-80 220 6675.4 4

84-85 225 6915.8 2

94-95 235 7412.2 3

T3 16-17 245 7880.2 3

21-22 250 8106.2 4

26-27 255 8322.6 1

29-30 258 8455.8 4

38-39 267 8836.0 1

43-44 272 8985.8 3

66-67 295 9575.6 1

Table 4.1 Sample depths, ages, and sample material used in this study.
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collected from Adelaide Tarn and other research sites across the South Island, New Zealand. 
Herbarium samples of L. menziesii (1868-1953 A.D.) from the Natural History Museum 
Herbarium (London, UK) and four modern samples collected around the study site at Adelaide 
Tarn (2009-2012 A.D.) were analysed to develop the calibration training set. Of each sample 
used to develop the calibration training set, 4-10 separate leaves were analysed from the 
modern samples. For the herbarium material, 2-3 leaves per sample were analysed.

The L. menziesii calibration dataset was developed by converting known CO2 values from 
high-accumulation instrumental records at Siple Dome (Neftel et al. 1994) and atmospheric 
gas measurements from Mauna Loa (Tans and Keeling 2016) to pCO2. High-accumulation ice 
core data circumvent the smoothing signal of reconstructions from sites such as Taylor Dome. 
The pCO2 (Pa) values are compared rather than CO2 (ppmv) as the latter assumes no change 
in atmospheric partial pressure through the Holocene (Rundgren and Beerling 1999), and to 
correct for altitudinal variation as Adelaide Tarn is located at 1245 m asl (Kouwenberg et al. 
2007). When data was unavailable for a particular sampling year, pCO2 values were calculated 
based on an assumed linear increase between those years. The pCO2 was calculated using the 
CO2 mixing ratio (ppmv), barometric pressure, altitude, and mean growing season temperature 
(Jones 1998; Wagner et al. 2004). The pCO2 calibration was performed by fitting a linear 
regression through the log-log transformed dataset of the calibration samples (van Hoof et al. 
2005).

4.2.5 Slide preparation and stomatal analysis

Samples of approximately 0.5 cm2 were soaked in a 2-4% NaClO solution for 1-6 hours and 
subsequently rinsed in water. For downcore leaf fragments, 0.5 cm2 of material was analysed 
where available. Smaller leaf fragments were present in the sample and these were analysed 
also. The abaxial (stomatal-bearing) cuticle could be loosened from the mesophyll and 
peeled off. The cuticle was dyed with saffranine and mounted onto slides with glycerine jelly. 
Stomatal counting and measurements were performed on a Leica Quantimet 500C/500+ 
with the analysis 3.0 (Soft Imaging System GmbH, Germany) image analysis system within a 
field measuring ~0.263 mm2. Stomatal counting was restricted to stomatal-bearing alveoles. 
Stomatal index was calculated from counts of stomatal density and to correct for the influence 
of epidermal cell expansion on stomatal frequency (Salisbury, 1928), as SI (%) = (DS)/(DS + DE) 
× 100, where DS is stomatal density and DE is epidermal cell density, both in n mm-2.
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4.3 Results

The SI data was plotted against known historical values of pCO2, based on the age of the leaf 
material and altitude from which it was sampled. A fitted linear regression model showed a 
significant inverse relation (y = -41.023x-0.523, r2 = 0.64) (Fig. 4.2). The log-log inference model 
based on this regression was derived from the SI-pCO2 relationship and expressed as pCO2 = 
2.493 – 1.2055 × log(SI).
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Figure 4.2 The log-log inference model developed for the pCO2 reconstruction. (a) 
Known pCO2 for L. menziesii plotted against measured SI (%) from herbarium and modern 
specimens. Error bars represent one standard error of the mean. (b) The log-log inference 
model (Wagner et al. 2004) developed from the relationship in Fig. 4.2a. The linear 
regression through the data has r2 = 0.64.
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The reconstructed pCO2 in the oldest section of the Adelaide Tarn record was ~23 Pa pCO2 
at 9.57 ka BP and rose to ~32 Pa pCO2 at 6.36 ka BP and remains around ~32 Pa until 4.74 
ka BP. From 4.44 to 3.09 ka BP, the last occurrence of L. menziesii leaves in this record, pCO2 
declines to ~27 Pa (Fig. 4.3). Within 95% confidence intervals, pCO2 may have been as low as 
21 Pa (9.57 ka BP) and as high as 34 Pa (6.36-4.75 ka BP). The mean pCO2 reconstructed at 
Adelaide Tarn for this record was 28.44 Pa.

4.4 Discussion

4.4.1 Reconstruction of atmospheric pCO2 at Adelaide Tarn

Based on the L. menziesii SI analysis results, the Holocene record was divided into three 
distinct phases of pCO2 variability (Fig. 4.3):

  Phase 1: a slow pCO2 rise from 23 to ~30 Pa between 9.57 and 6.67 ka BP;

  Phase 2: a pCO2 peak of ~30 to ~34 Pa between 6.67 and 4.75 ka BP; and

  Phase 3:  the subsequent decline in pCO2 from ~32 to ~26 Pa observed to the end of 
the record, between 4.75 and 3.09 ka BP.

These phases remained apparent before and after smoothing of the raw data (Fig. 4.3), 
and despite the original data spread they delineate a distinct pCO2 rise in the early Holocene, 
culminating in Phase 2. Approximately 2500 years of elevated pCO2 during the mid-Holocene 
are followed by a subsequent decline during Phase 3 (Fig. 4.3). No systematic change in 
other stomatal parameters, including epidermal cell density, which could potentially skew 
the underlying stomatal density results, were observed in the L. menziesii fossil data or the 
herbarium and modern samples from which the inference model was derived. The Phase 
2 plateau is a clear, distinct feature of the Adelaide Tarn stomatal frequency-based pCO2 
reconstruction.

The first published stomatal frequency based Holocene pCO2 reconstruction is from Lake 
Njulla, Sweden (Rundgren and Beerling 1999). The absolute values of reconstructed pCO2 and 
centennial-scale resolution compare well to the Adelaide Tarn pCO2 record in Phase 1 and 3, 
but Njulla has considerably lower pCO2 levels during the Adelaide Tarn Phase 2 (Fig. 4.4). In 
Phase 2, the pCO2 at AT is consistently elevated by ~3-4 Pa compared to the early and late 
Holocene (Phases 1 and 3), while at Lake Njulla pCO2 is ~3 Pa lower between 7 and 5 ka BP 
compared to its record mean.
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Figure 4.3 Three phases of pCO2 reconstructed from stomatal frequency of L. menziesii 
leaves at Adelaide Tarn. Each data point (circles) is the mean of 2-5 individual leaf 
fragments (crosses). The clear increase in pCO2 in Phase 2 (grey shading) is supported by 
the raw data. The thick black line is a 3-point running mean calculated from the mean 
data points for each dated layer analysed.
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Unfortunately, in both studies, this specific interval is characterised by a relative low 
sample density. Moreover, in the Lake Njulla reconstruction the highest amplitude variations 
of reconstructed pCO2 values occur. In the original interpretation, the authors of the Lake 
Njulla study assert that their reconstruction closely corresponds with the Taylor Dome data 
(Rundgren and Beerling 1999), but the mid-Holocene section is highly ambiguous. The 
causes for the large data scatter during this part of the section are not discussed in detail, 
but subsequently-published modern calibration data for the closely-related and co-occurring 
species in the Lake Njulla site, Salix herbacea (dwarf willow) and Salix polaris (polar willow) 
(Rundgren and Björck 2003), reveal off-sets in their specific SI response that may contribute 
to uncertainties when taxonomic determination of leaf fragments is difficult. Although no 
indication of leaf cuticle quality is provided, the extremely low pCO2 levels reconstructed in 
Njulla could be an artefact of erroneously-included S. polaris fragments, the species with the 
overall higher SI levels in the calibration data, and requiring a species-specific differentiation 
for purposes of calibration (Rundgren and Björck 2003).

An alternative Holocene stomatal frequency-based CO2 reconstruction from the Iberian 
peninsula, Spain estimates CO2 values from fossil Quercus robur (pedunculate oak) leaves 
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on millennial-scale temporal resolution (García-Amorena et al. 2008). Although the CO2 
concentration baseline is slightly higher than in Adelaide Tarn and Lake Njulla in this record, 
the observed trends very closely resemble the CO2 dynamics of the present record. Starting 
with 322-327 ppmv (32-33 Pa) CO2 during the early Holocene, a CO2 plateau during the HTM 
is clearly visible in the Spanish record (Fig. 4.4). CO2 subsequently rose to ~335-340 ppmv 
(~34-34.6 Pa) between 7 ka BP and 5 ka BP, which is equivalent to changes during Phase 2 
at Adelaide Tarn. Following Phase 2, which is temporally simultaneous with the HTM, the 
low data coverage does not allow to exactly assess the transition from the HTM through the 
Neoglaciation although a subsequent reduction from ~4 ka BP onwards is evident (García-
Amorena et al. 2008). The long-term CO2 evolution from the Spanish record is highly 
consistent with the overall pCO2 trends at Adelaide Tarn (Fig. 4.4) in terms of timing and 
amplitude with the reconstructed ~20 ppmv or ~2 Pa elevation during the HTM.

4.4.2 A dynamic CO2 regime for the Holocene

The reconstructed pCO2 for Adelaide Tarn fluctuates around a mean of 28.4 Pa, and is therefore 
close to the mean of 270.8 ppmv (27.4 Pa) at Taylor Dome (Indermühle et al. 1999b) and 271.8 
ppmv (27.5 Pa) at Siple Dome (Ahn et al. 2004) (Fig. 4.4). The reconstructed CO2 of ~322-340 
ppmv from Spain is higher than the absolute values from Adelaide Tarn and both ice cores, 
however, the CO2 plateau during the mid-Holocene is still clearly visible, suggesting that the 
general trends in CO2 are reproducible. The Adelaide Tarn and Spanish data provide clear 
evidence of dynamic patterns of CO2 evolution over millennial-scale time during the Holocene, 
moreso than evidenced in recent ice core reconstructions.

Small increases and plateaus in the ice core reconstructions appear to reflect a smoothed 
record of trends observed at Adelaide Tarn. At Taylor Dome, the slow overall rise of CO2 
throughout the Holocene is characterized by several small stepwise shifts (Fig. 4.4). Similarly-

Figure 4.4 Comparison of Adelaide Tarn pCO2 reconstruction to proxy reconstructions 
for the Holocene. The Holocene Thermal Maximum is shaded in grey (7-5 ka BP). 
Stomatal-based reconstruction of pCO2 with L. menziesii from Adelaide Tarn, CO2 
reconstructions with Q. robur from Spain (García-Amorena et al. 2008) and with S. 
herbacea from Lake Njulla, Sweden (Rundgren and Beerling 1999). Taylor Dome and Siple 
Dome ice-core based CO2 reconstructions for the Holocene (Indermühle et al. 1999b; 
Ahn et al. 2014). Data points are shown and connected with thin dashed lines. The solid 
thick lines represent a 3-point running mean. Cosmogenic nucleide production rate 
(Steinhilber et al. 2012) and Δ14C curves from IntCal13 (Reimer et al. 2013) in the Northern 
Hemisphere and SHCal13 (Hogg et al. 2013) in the Southern Hemisphere.
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paced fluctuations in the Siple Dome record are approximately ~5 ppmv relative to the mean, 
exceeding the variation in the Taylor Dome data. The mean recorded values at Siple Dome 
overall are 5-8 ppmv higher than in Taylor Dome for the Phase 1 and Phase 3, and closely 
approximate the absolute 26.7 Pa mean at Adelaide Tarn. The variability around the mean at 
Siple Dome appears to better reflect the variability evident in the stomatal frequency-based 
reconstructed at Adelaide Tarn. However, in both ice core records CO2 decreases during the 
early Holocene from 10-7.5 ka BP, which is in contrast to the steady pCO2 rise at Adelaide Tarn.

Not much attention has been paid to the small increase and plateau in CO2 values between 
7-5 ka BP is evident at both Taylor Dome and Siple Dome. The occurrence of these small 
plateaus are contemporaneous with the HTM and the elevated pCO2 observed in Spain and 
at AT. At Taylor Dome around ~7 ka BP, the beginning of the Phase 2 pCO2 peak at Adelaide 
Tarn, a relatively sharp rise and ~0.75 ka lasting CO2 plateau is evident. Following, another 
relatively sharp rise and plateau from ~6.25 ka BP until ~5 ka BP is observed (Fig. 4.4). At Siple 
Dome, a ~8 ppmv CO2 rise between 7.8 and 6.8 ka BP, and subsequent CO2 period of ~270 
ppmv until ~5 ka BP is contemporaneous with Phase 2 at Adelaide Tarn and the HTM in most 
global sites (Charpentier Ljungqvist 2011). However, while the reproducibility of the ice core 
records to within ~2 ppmv during Phase 2 is evident, the Adelaide Tarn pCO2 reconstruction is 
still ~4 Pa (40 ppmv) higher than the mean ice core CO2 reconstruction.

In Phase 3, the pCO2 decline of ~4 Pa at Adelaide Tarn, from the HTM peak around 6-5 
ka BP to the end of the record at 3 ka BP, is not observed at either Taylor Dome or Siple Dome 
(Fig. 4.4). Similar to Phase 1, the reconstructed CO2 values at Siple Dome are ~5-8 ppmv higher 
than Taylor Dome. The absolute values for reconstructed CO2 at Siple Dome, 277.6 ppmv (28.1 
Pa) very closely approximates the mean reconstructed 28.3 Pa pCO2 at Adelaide Tarn for the 
same interval.

The Adelaide Tarn record represents a departure from the generally slow, steady CO2 rise 
evident in the ice cores (Fig. 4.4). However, the Siple Dome record (Ahn et al. 2004) has both 
greater variability and greater absolute values, between 2-20 ppmv higher, than Taylor Dome 
(Indermühle et al. 1999b). Generally, the high variability and pCO2 values in the Adelaide Tarn 
represent a departure from the slow, steady rise of pCO2 from the ice cores and a more dynamic 
record of CO2 flux. The values are closely approximated in the millennially-resolved Siple 
Dome for most of the Holocene, with the exception of the HTM. Unfortunately a more highly-
resolved comparison is not possible for the ice core data as the high-resolution record from 
Siple Dome is not available for the mid-early Holocene past 7.4 ka BP (Ahn and Brook 2014).
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4.4.3 Regional setting of Adelaide Tarn and sources of CO2

Since local or regional characteristics such as early anthropogenic activities or volcanic 
outgassing may have acted as potential source of atmospheric CO2 enrichment they 
additionally need to be considered. However, it is unlikely that local sources would explain a 
significant part of the observed pCO2 variability at Adelaide Tarn as no evidence for sufficient 
hominid influence through agricultural activity or intensive forest clearance on the Adelaide 
Tarn region exists. Humans arrived in New Zealand around 1280 A.D. (Wilmshurst et al. 
2008) and exerted significant fire-related deforestation only after this time (McWethy et al. 
2014). Non-anthropogenic sources of CO2 enrichment, such as volcanic eruptions in New 
Zealand during the Holocene, do not apparently explain the elevated pCO2 at Adelaide Tarn 
record as eruptions are not synchronous with Phase 2 pCO2 increase (Newnham and Lowe 
1991; Horrocks et al. 2005; Gehrels et al. 2006). The wild fire regime of the South Island, New 
Zealand, from 10-2.6 ka BP was infrequent and patchy and thus unlikely to contribute to a 
large CO2 input during the mid-Holocene (Rogers et al. 2007).

Hence, the Adelaide Tarn pCO2 record likely reflects an atmospheric signal forced by 
regional and/or global processes. The most important regional sources of CO2 variability, 
contributing to global atmospheric CO2, are the Southern Ocean deep-water upwelling regions. 
Analogous to reconstructed circulation changes from Patagonia (Moreno et al. 2010), Jara 
et al. (2015) attributed temperature variability at Adelaide Tarn to strong Southern Ocean 
teleconnections between mid- and high-latitudes driven by latitudinal shifts in the South 
Westerly Wind (SWW) belt. The local palaeotemperature reconstruction from Adelaide 
Tarn identified a cooling period 10-7 ka BP, a warming between 7-6 ka BP, and a continued 
slight temperature increase from 5-3 ka BP (Jara et al. 2015). A southward-shifting SWW 
belt reduces cold air mass penetration, causing warming in Southern Hemisphere temperate 
regions, while amplifying the Antarctic Circumpolar Current. Stimulated wind-driven 
upwelling of circumpolar deep water results in CO2 outgassing through Ekman pumping of 
dissolved inorganic carbon, which may form a significant regional source for atmospheric 
CO2, while a northward-shifting SWW would have roughly the opposite effect (Toggweiler 
et al. 2006; Menviel et al. 2008; Moreno et al. 2010). The ocean outgassing source is partly 
offset by increased nutrient upwelling and greater export productivity. The net effect of up 
to ~5 ppmv (Menviel et al. 2008) is likely restricted to SWW strenghtening/weakening rather 
than displacement (Tschumi et al. 2008). In addition, cooling of Southern Ocean SSTs in the 
HTM-Neoglaciation transition at approximately ~4.5 ka BP may act as a CO2 sink (Marchal 
et al. 2002; Shevenell et al. 2011). Similarly for the late Holocene, short-term SST and salinity 
perturbations (DeMenocal et al. 2000; Cronin et al. 2003) have been suggested as likely source 
of millennial-scale CO2 forcing (Kouwenberg et al. 2005; van Hoof et al. 2008).



72

CH
A

PT
ER

 4

The intensification from ~5.5 ka BP of the El Niño Southern Oscillation (ENSO) (Moy 
et al. 2002) represents a further reorganisation of ocean-atmosphere circulation patterns 
that affected Southern Hemisphere climate (Donders et al. 2007; Shevenell et al. 2011; Jara 
et al. 2015). Moreover, more frequent El Niño events along the Peru Margin reduced coastal 
upwelling (Rein et al. 2005), which likely affected potential CO2 outgassing rates (Torres et al. 
2011). Hence, Holocene atmospheric circulation changes in the Southern Hemisphere, such as 
the precession-forced SWW shifts (Moreno et al. 2010; Shevenell et al. 2011) and ENSO modes 
(Moy et al. 2002; Donders et al. 2007; Donders et al. 2008; Jara et al. 2015) are likely associated 
with the observed atmospheric CO2 trends at Adelaide Tarn. The global Δ14C data show a trend 
break toward more depleted values (Fig. 4.4), indicating increasing contribution of an older 
source of carbon to the atmosphere during the Phase 2 maximum.

4.4.4 Global Holocene CO2 development and Phase 2 CO2 forcing

The pCO2 reconstruction from Adelaide Tarn provides new evidence for an alternative history 
of the Holocene atmospheric CO2 evolution through independent replication of stomatal 
frequency proxy records in both the Northern and Southern Hemisphere (Wagner et al. 2004). 
The clear agreement of amplitude and trend in the Adelaide Tarn and Spain records (Fig. 4.4), 
as well as the lack of clear local temperature-CO2 co-variability at Adelaide Tarn (Jara et al. 
2015), indicates that there is no significant temperature forcing on stomatal frequency-based 
reconstructions, and that the stomatal frequency-CO2 proxy is thus recording a global CO2 
signal.

The forcing and positive climate feedbacks causing the HTM are not well documented and 
poorly understood, and seem in contrast with the ice core-based CO2 records (Charpentier 
Ljungqvist 2011). However, the HTM evolution is mirrored by the stomatal frequency-based 
global atmospheric CO2 development at Adelaide Tarn and in Spain (García-Amorena et al. 
2008). Based on the CO2 evolution from Spain, the calculated radiative forcing of the HTM CO2 

anomaly is relative small, about +0.1ºC (García-Amorena et al. 2008). The similar amplitude of 
reconstructed CO2 variability at Adelaide Tarn confirms this radiative forcing potential during 
the HTM. However, while greenhouse gases may amplify orbital forcing, there is uncertainty as 
to whether they are a potentially strong driver of Holocene climate (Indermühle et al. 1999b) 
as their link with terrestrial and marine carbon uptake is not yet well understood (van Hoof 
et al. 2008). The calculated forcing potential of the stomatal frequency CO2 records for the 
Holocene accounts for only ~5-10% of the global temperature increase of 1-2ºC during the 
HTM warming 7-4 ka BP (Charpentier Ljungqvist 2011), but its general pattern is clearly more 
consistent – and in phase with – global temperature evolution compared to the CO2 scenarios 
from the ice core records.
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4.5 Conclusions

The Adelaide Tarn record continuously covers the period from 9.6-3 ka BP with (multi-)
centennial resolution and provides an independent validation of stomatal frequency-based 
reconstructions from mid- and high latitude sites in the Northern Hemisphere (Rundgren and 
Beerling 1999; García-Amorena et al. 2008). The close comparisons suggest that 1) stomatal 
frequency-based reconstructions provide reliable trend reconstructions of past (p)CO2 
fluctuations; 2) Holocene atmospheric CO2 was more dynamic in amplitude than evidenced in 
the ice cores; and 3) a close connection between climate phases such as the HTM are evident 
in both the Northern and Southern Hemisphere during the Holocene. Moreover, the obvious 
long-term disagreement of the stomatal frequency and ice core CO2 records are difficult to 
resolve, but the clear inter-hemispheric coupling of stomatal frequency records further support 
the possibility of a more pronounced role of atmospheric CO2 composition on centennial to 
millennial timescales during the Holocene.
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5
Arctic greening in response to global 
atmospheric CO2 and temperature 
increases observed at Kevo Subarctic 
Research Station, Finland 

Abstract

The northern high-latitudes are directly influenced by changing climate where seasonal 
changes, including earlier increased mean annual temperature, a longer growing season, 
increased mean annual precipitation, and a shortened snow-cover time, have had a significant 
effect on the phenology of trees and shrubs in the Fennoscandian sub-Arctic Boreal Forest 
over the past four decades. Few multi-disciplinary studies examining these changes with data 
from a single site have been conducted for the sub-Arctic Boreal forest (Callaghan et al. 2010). 
At Kevo Subarctic Research Station (Finland), instrumental records provide quantitative data 
of meteorological parameters, as well as phenological and cuticle analysis-based structural 
stomatal conductance data for Betula spp. and several other woody tree and shrub species. We 
compare bud burst and leaf morphological changes to meteorological records in the context of 
changing seasonality. Sufficiently long (30+ years) satellite and ground-based monitoring data 
is recently available presenting a unique opportunity to evaluate the adaptation strategies of 
cold-environment plants in terms of their structural leaf cell morphology. The meteorological, 
phenological and leaf epidermal cell morphological data provide a comprehensive basis 
to analyse plant adaptation, within the context of sub-Arctic vegetation which is highly 
susceptible to a warming world.
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5.1 Introduction

The high northern latitudes have already experienced significant warming in the past decades 
(Trenberth et al. 2007), and rapid climate change is expected to continue through the 21st 
century as climate and ecosystems respond to anthropogenic warming (IPCC 2013). Rising 
mean annual temperatures (Chapman and Walsh 2007) along with reduced snow cover (ACIA 
2005; IPCC 2013), increased precipitation (Kattsov et al. 2007), and increased cloud cover and 
storminess (Vavrus et al. 2012) are expected in the coming century. These trends are expressed 
primarily in the winter and spring seasons, and are likely to have profound effects on the 
terrestrial realm by altering the length of the vegetation growing season (Xu et al. 2013). Early 
season dynamics have recently been recognised as an important factor impacting the timing 
and expression of plant phenophases (Menzel and Fabian 1999; Menzel 2000; Peñuelas and 
Filella 2001; Menzel et al. 2006) in the (sub-)Arctic (ACIA 2005; Xu et al. 2013).

Terrestrial processes are a key factor in changing (sub-)Arctic climate, particularly the 
interplay between duration and extent of snow cover and the associated vegetation growing 
season length, which depends strongly on the timing of snow disappearance (ACIA 2005). 
Significant changes are already observed in the Arctic environment during the winter to spring 
seasons. A decrease of ~10% in aerial snow extent between the 1980s to the early 2000s is 
correlated with a large spring warming in Eurasia (ACIA 2005). This corresponds to an earlier 
occurrence of Arctic snow melt at 60ºN since the late 1950s and 1960s, with the first snow free 
day occurring 4-7 days later in 1987-2002 compared to the period from 1967-1986 (Foster et al. 
2008).

On a regional scale, changes in climate and phenology are even more pronounced but also 
more variable. The Swedish Meteorological Institute predictions for 21st century climate are an 
increase in mean annual temperature (MAT) of 3-4ºC coupled with an increase of 10-40% mean 
annual precipitation, a shortened snow cover season by ~50 days, and a 30-60 day increase in 
growing season length by 2100 (SMHI 1998). In Finland, mean annual temperature increased 
by 0.93 ± 0.72ºC between 1909-2008 (Tietäväinen et al. 2010). Related to this temperature 
increase, long-term studies have shown that the growth period of sub-arctic vegetation has 
lengthened by 10-30 days in Northern Europe over the past decades (Menzel 2000; Menzel et al. 
2006; Pudas et al. 2008). Earlier budburst, for example in Finnish deciduous species, by 3.3-11 
days between 1846-2005 (Linkosalo et al. 2009), is associated with higher May temperatures. In 
northern Finland, increasing May and June temperatures are a feature of 20th century warming 
trends, accompanied by annual precipitation increase between 1880-1993 and with the 1946-
1990 period being the wettest measured (Lee et al. 2000). The climate feedbacks and effects 
on various timescales (annual to centennial) on the associated ecosystem changes are not well 
understood since long (decadal-scale) phenological and plant physiological data series are very 
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rare. Attempts to predict future ecosystem response to a changing climate under rising CO2 in 
model projections are therefore challenging as historical and instrumental data that are crucial 
for calibration of the model responses and correct implementation of vegetation feedbacks are 
largely lacking.

Available satellite observations have consequently been used to monitor forest composition 
and carbon stocks since the early 1980s (Goetz et al. 2005); only recently is sufficient data 
available to examine decadal-scale trends in phenologically-relevant parameters. Despite the 
variability in remote sensing observations of photosynthetic trends (Goetz et al. 2005), satellite 
data of forest phenology across the northern high-latitudes generally find an earlier onset of a 
longer growing season (Jeong et al. 2011; Zeng et al. 2013), earlier budburst (Lucht et al. 2002), 
and increased vegetation greening (Karlsen et al. 2006), and suggests temperature as a main 
factor for the changing phenological gradients in the northern high-latitudes (Jia et al. 2009). 
While remote sensing corroborates the general plant response to anthropogenic climate shifts 
of the last decades, the availability of annually-resolved meteorological and phenological data 
presents a unique opportunity to evaluate climate change and ecosystem response in parallel.

Besides the response of vegetation to changing climate, namely increasing atmospheric 
CO2 and temperature, plant adaptation to these changes is a driving mechanism on plant 
performance. Greater CO2 availability allows plants to adjust their water-carbon budget, where 
decreasing water loss through higher water use efficiency actively affects the local climate 
(Bonan 2008; Gagen et al. 2011). Although the role of plant-regulated hydrological parameters 
are considered as highly relevant (Betts et al. 2007; Cao et al. 2010), long-term documentation 
through analysis of observational data is difficult. The occurrence of improved water use 
efficiency and the reduction of stomatal conductance have been convincingly demonstrated in 
carbon isotope analysis of tree rings as well as in leaf cuticle analysis of artic canopy species 
(Gagen et al. 2011). Multi-decadal records of plant hydrological properties can add substantial 
information on vegetation-climate feedbacks, so far not included in (model) efforts to 
comprehensively investigate ecosystem dynamics in the Fennoscandian region.

In the present study we synthesise published and unpublished records of annual ground-
based observations of phenologically-relevant data collected over the past 40 years at 
Kevo Subarctic Research Station in northern Finland. For the first time the relevant plant 
hydrological parameters such as stomatal conductance (gsmax) and water-use efficiency (iWUE) 
are included in light of rising global temperature and CO2. Stomatal conductance estimates 
from leaf cuticles are particularly key for material collected concomitantly with instrumental 
measurements as the location, meteorological data, and stage of leaf maturity is recorded, 
thus providing a method for monitoring modern climate and evaluating the effects of long-
term, multi-decadal change on plant populations. We test the significance of the phenological 
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response to annual- and decadal-scale changes and their correlation to relevant climatic 
variables. Based on the Kevo data, the potential biosphere feedbacks and vegetation response 
are considered in the context of future climate change.

5.2 Methodology

5.2.1 Site description

The Kevo Subarctic Research Station (hereby Kevo) is located in Utsjoki, northern Finland (68º 
45’ N, 27º 01’ E) approximately 100 km from the coast of the Arctic Ocean and adjacent to the 
Kevo Strict Nature Reserve (Fig. 5.1).

5.2.2 Meteorological and phenological data collection and analysis

Mean annual CO2 data are from global atmospheric CO2 measurements at Mauna Loa (Tans 
and Keeling 2016). Instrumental meteorological data has been collected at Kevo since 1962. 
The data is based on the observations of the Finnish Meteorological Institute (FMI). From 
this data, total annual precipitation (rain and snow, mm) was calculated from the sum of 
all precipitation for each year. From daily snow depth data, the day of last snow extent was 
calculated based on the day of continuous snow depth that was recorded as 0 mm, indicating 
that winter snow had melted.

Budburst for Betula nana (dwarf birch) and Betula pubescens ssp. czerepanovii (mountain 
birch) was recorded annually as calendar day for Kevo and converted to day of the year for our 
analysis. The thermal sum (the sum of growing degree days over 5ºC, GDD5) was calculated 
from daily temperature data from Kevo (Wagner-Cremer et al. 2010b). Pearson correlation 
between time series data was done using the PAST3 software package (Hammer et al. 2001).

The mean of total annual precipitation, last extent of snow, thermal sum, and bud burst for 
ten-year periods was calculated from the raw data. The data was normalised over the mean 
data for the 1976-1985 time period to visualise the relative changes in each parameter over 
the past four decades. The B. nana budburst data time series recorded at Kevo station starts 
in 1997 and it was normalised against the data for B. pubescens ssp. czerepanovii as bud burst 
occurs approximately concurrently with these species, on average ± 2 days difference (Elina 
Vainio pers. comm.). The % change between the mean for 1976-1985 time period and the most 
recent decade (2006-2016) was calculated as relative change.



79

CH
A

PT
ER

 5

5.2.3 Cuticle analysis and calculation of gsmax from long-term datasets

The maximum stomatal conductance (gsmax) (Lammertsma et al. 2011) was calculated from leaf 
cuticle analysis for studied species contributing significantly to the vegetation composition 
at Kevo. Two new gsmax datasets for B. nana were compiled from herbarium specimens, one 
from samples from Scottish sites obtained from the Natural History Museum Herbarium 
(London, UK) collection, and the other from samples from Fennoscandian sites obtained from 
the Leiden Herbarium (Leiden, the Netherlands). The B. pubescens ssp. czerepanovii dataset 
was derived from annually collected material at Kevo. The woody shrub Vaccinium vitis-
idaea (lingonberry) was sampled from a peat core from Kevo and the most recent samples 
were collected in situ. The samples of Pinus sylvestris (Scots pine) for Northern Europe were 
collected from the Leiden Herbarium.

For microscopic stomatal measurements, approximately 0.5 cm2 of material was removed 
from the central part of each leaf, avoiding the main hydraulic vein, and soaked in a 4% NaClO 
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Figure 5.1 The location of the Kevo Subarctic Research Station (Kevo) in the Finnish 
sub-Arctic.
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solution for up to 24 hours. The abaxial (stomatal-bearing) cuticle could then be loosened and 
removed from the mesophyll, stained with saffranine, and mounted with glycerine jelly on 
microscope slides. Cuticle measurements and stomatal counting was performed on an Olympus 
BH-2 optical microscope with the AnalySIS Auto image analysis system (Soft Imaging System 
GmbH, Germany, v. 5.1) at 660x magnification with a digital image size of 0.0575 mm2. Digital 
images had a resolution of 2080 x 1544 pixels. On three to ten individual, randomly selected 
leaf samples, stomatal density (DS, n mm-2) was measured on each seven stomatal-bearing 
alveoles. Pore length (LP, µm) and guard cell width (LGC, µm) were measured on ~30 stomata 
per sample. Maximum pore area (amax, µm2) was calculated (Equation 1) and gsmax (mol m-2 s-1) 
was calculated using a two-end auto-correction for shell diffusion (Franks and Beerling 2009b) 
where DH2O is the diffusivity of water vapour (m2 s-1) and V is the molar volume of air (mol m-2 
s-1) calculated as constants based on the ambient temperature in ºC (Equation 2).

amax = π • LGC
8    (1)

gsmax =
DH2O
V

• DS • amax

LP + 2
π amaxπ√

  (2)

5.3 Results

5.3.1 Meteorological and phenological response to climate change at Kevo

The meteorological and phenological data were plotted as raw data points and with 3-point 
running means against calendar year and CO2 to visualise changes over the past four decades 
at Kevo (Fig. 5.2). These seasonality-related parameters are summarised in Table 5.1. Most 
notably, observations indicate an earlier budburst (~3 days earlier per decade for B. nana and 
B. pubescens ssp. czerepanovii), earlier snowmelt (~2 days earlier per decade), and increasing 
thermal sum (~30ºC per decade) at Kevo over the past 40 years.

A strong positive correlation between the bud burst dates of B. nana and B. pubescens ssp. 
czerepanovii is evident (Table 5.2). Additionally, bud burst dates have a significant positive 
correlation to the day of last snow and strongly negatively correlation to thermal sum (Table 
5.2). To further visualise these changes on a decadal scale, data was normalised over the 1976-
1985 mean (Fig. 5.3). Despite some variability within the data (e.g., relatively lower mean 
thermal sum from 1986-1995 followed by relatively high mean thermal sum in the last two 
decades) the general trends to phenologically-relevant parameters including increasing thermal 
sum and total annual precipitation, and earlier snow melt and bud burst over the past four 
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Figure 5.2 Raw annual data measured for meteorological and phenological parameters 
at Kevo Subarctic Research Station. Bud burst of B. nana and B. pendula ssp. czerepanovii 
is from annually-recorded data at Kevo (Karlsson et al. 2003; Wagner-Cremer et al. 
2010b). The day of last snow extent and total annual rainfall is from annually-recorded 
meteorological data from Kevo. Thermal sum data (growing-degree days) was updated 
from Wagner-Cremer et al. (2010b) to include 2009-2015 data. Points are annual data and 
lines are 3-point running means. Correlation coefficients are presented in Table 5.2. This 
data is further visualised with a comparison of normalised decadal means in Fig. 5.3.

decades, are clear based on the linear trend and relative changes observed in the data series 
(Fig. 5.2, 5.3; Table 5.1).
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Table 5.1 Total, mean decadal, and relative change of meteorological and plant phenology parameters observed during the past 
four decades at the Kevo Subarctic Research Station. The bud burst data for B. nana starts at 1997 and thus was compared to the B. 
pubescens ssp. czerepanovii mean bud burst for 1976-1985.

Unit Data span
Total change 

(unit)
Mean change 10 yrs     

(unit)
Relative % change              

2006-2015 vs. 1976-1985

Total annual precipitation mm 1976-2015 91.8 23.5 15.6 

Last day of snow cal. day 1976-2015 -7.5 -1.9 -4.0

Thermal sum GDD5 1976-2015 118.7 30.4 7.2

Bud burst B. nana cal. day 1997-2015 -9.5 -2.9 -4.6

B. pubescens cal. day 1980-2015 -5.2 -2.7 -5.1

CO2 ppmv 1976-2015 68.8 17.6 15.3
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Table 5.2 Pearson’s linear correlation coefficients of the regressions for Figure 5.2 data for phenologically-relevant paramters. Pearson 
(linear) correlation is presented in bold text (where -1 ≤ P ≥ 1; -1 is highly negatively correlated and 1 is highly positively correlated) and 
significance (p-value) is presented in regular text below. No strong correlations between any parameters and total annual precipitation 
or iWUE were observed; these parameters are not included in this table.

B. pubescens ssp. czerepanovii bud burst Last calendar day of snow Thermal sum (GDD5)

B. nana bud burst P = 0.77 P = 0.57 P = -0.78

p = 0.00 p = 0.01 p = 0.00

B. pubescens ssp. czerepanovii bud burst P = 0.48 P = -0.53

p = 0.00 p = 0.00

Last calendar day of snow P = -0.33

p = 0.09
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5.3.2 Response of gsmax and iWUE to climate

A clear down-regulation of gsmax in all species measured for Kevo, the British Isles, and 
Northern Europe is observed over the segments of pre-Industrial to present CO2 increase where 
data is available (Table 5.3). Two species sampled from the Kevo site, B. nana and V. vitis-idaea, 
had a gsmax decrease of -1.12% ppmv-1 and -0.21% ppmv-1 (Fig. 5.4). A survey of B. nana from 
northern Finnish datasets calculated a 16% change in gsmax inferred from leaf morphology in B. 
nana from 1967-2000, equivalent to -0.48% ppmv-1 reduction overall (Gagen et al. 2011). This 
published dataset includes the early portion of the specimens collected at Kevo (1997-2008), 
and we extend this record to 2015 with new data.

An increase of 3.2% between the means for 1976-1985 and 1986-1995 of iWUE inferred 
from ∂13C from P. sylvestris is evident from Rovaniemi, Finland, a sub-Arctic site south 
of Kevo (Gagen unpub.) (Fig. 5.4) and is strongly correlated with anthropogenic CO2 rise 

Figure 5.3 Changes in meteorological and phenological parameters measured at 
Kevo Subarctic Research Station, normalised over the mean data for 1976-1985 to show 
decadal-scale changes. Error is standard error of the mean.
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Table 5.3 The gsmax response rates to CO2 increase in sub-Arctic species. B. nana and V. vitis-idaea are common woody shrubs at Kevo 
Subarctic Research Station. P. sylvestris composes 6.8% of forest stock and Betula spp. composes 93.2% of forest stock in the Utsjoki 
municipality which includes Kevo (METLA 2016). The r2 value presented is based on a linear regression through the data points.

Species Sample location Sample source Data span CO2 range gsmax % - % ppmv-1 r2

Betula nana Fennoscandia Leiden Herbarium 1717-1983 67.8 -23.51 -0.35 0.24

Scotland NHM Herbarium 1832-1939 24.1 -17.69 -0.73 0.19

Kevo Collected in situ 1997-2013 33.0 -36.95 -1.12 0.56

Vaccinium vitis-idaea Kevo Peat core in situ 1980-2011 52.9 -10.86 -0.21 0.59

Pinus sylvestris EU Leiden Herbarium 1875-1981 50.4 -21.86 -0.43 0.06
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(P=0.58, p=0.00). The iWUE from Laanila, a proximal site in Boreal Fennoscandia, increased 
12% between the pre- and post-industrial period, but no clear change was observed past 1970 
(Gagen et al. 2011). The relative response rates of gsmax to CO2 increase fall between -0.21 and 
-1.12% ppmv-1 (Table 5.3).

Figure 5.4 The iWUE over the anthropogenic CO2 rise inferred from ∂13C in tree rings 
of P. sylvestris at Rovaniemi, Finland (Gagen unpub.), calculated as in Gagen et al. (2011). 
The response of gsmax to CO2 rise in shrubs B. nana and V. vitis-idaea and tree species P. 
sylvestris, which are found commonly at Kevo and throughout Northern Europe. The 
data is normalised around the mean of each dataset to account for variability in absolute 
values based on source and species, and for better comparison between different species 
and localities. The B. nana data from Kevo is published up to 2008 (Gagen et al. 2011), and 
further extended here to include data up to 2015. The B. nana datasets from Scandinavia 
(Leiden Herbarium, Leiden, Netherlands) and Scotland (Natural History Museum, London, 
UK), the V. vitis-idaea data from sub-fossil peats from Kevo, and the P. sylvestris record 
from European sites (Leiden Herbarium) are new and presented for the first time in this 
publication.
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5.4 Discussion

5.4.1 Changing climate and phenology at Kevo

The budburst dates observed in B. pubescens ssp. czerepanovii and B. nana of 9.5 and 5.2 days 
earlier since 1980 and 1997, respectively (Karlsson et al. 2003; Wagner-Cremer et al. 2010b), 
correspond to an earlier buburst of 7.3 and 7.8 days per 1ºC warming for each species (Table 
5.1). Early bud burst is forced by early spring onset and increasing mean May temperature 
(Pudas et al. 2008). The observed change of 3-8 days earlier per 1ºC warming is typical for 
sites in Fennoscandia (Murray et al. 1989; Kramer 1995; Sparks and Carey 1995; Karlsson et al. 
2003) and at phenological monitoring sites across Europe (Chmielewski and Rötzer 2001). It is 
well accepted that major plant phenological events are closely related to climate, particularly 
temperature, however, the physiological control(s) of bud burst are not fully understood 
(Menzel et al. 2006; Richardson et al. 2013). A link between bud burst date and day length 
(Hänninen 1990; Menzel et al. 2006; Richardson et al. 2013) is suggested, and a memory 
effect from previous bud burst dates has been observed in Fennoscandian plant populations 
(Karlsson et al. 2003).

Earlier bud burst of Betula spp. over the last four decades at Kevo is strongly correlated to 
increasing thermal sum and earlier loss of snow cover which reflect rising temperatures and 
a longer spring season (Fig. 5.2; Table 5.2). At Kevo, thermal sum increased by 7.2% (30.4ºC 
per decade) (Table 5.1). In a similar study for Northern Finland, Boreal Forest warming has 
been associated with a clear increase in growing degree days (GDD5), with a relative increase 
of 23.8% between 1961-2008 (Kauppi et al. 2014). An overall positive temperature trend is 
observed in mean daily maximum temperature over Fennoscandia (Tuomenvirta et al. 2000), 
and the greatest number of warming events has occurred over the last 15 years (Vikhamar-
Schuler et al. 2016). The most pronounced changes to the spring season in the sub-Arctic 
generally occur in May (Kivinen et al. 2012). This is particularly relevant as changes in May 
temperature is thought to have the largest effect on the timing of budburst of B. pubescens ssp. 
czerepanovii (Karlsson et al. 2003), although an early-season chilling requirement and day 
length may also present a physiological control on budburst timing (Hänninen 1990).

5.4.2 Reduced snow extent and warmer temperatures at Kevo reflect a positive North 
Atlantic Oscillation mode

An increase in temperature and moisture alters the phase of precipitation and increases the 
frequency of rain-on-snow events (Vikhamar-Schuler et al. 2016). The loss of snow cover and 
of Arctic sea ice further fuels the positive warming feedback (Walsh 2014). Changing snowmelt 
and temperature patterns, including short-term warming events, may have significant impacts 
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on plant communities, as is evident from the correlation between budburst and GGD5 at Kevo. 
Extreme winter warming events lead to damaged vegetation in subsequent re-frosting (Braathe 
1995; Bokhorst et al. 2009). In particular, the winters of 2006 and 2012 were characterised by 
early warming events, which led to extensive damage to dwarf shrubs and coniferous trees due 
to frost drought (Bjerke et al. 2014). In the coming century, the frequency of winter warming 
events is likely to double (Vikhamar-Schuler et al. 2016). Although not within the scope of 
this paper, it is important to consider the effects of reduced productivity due to frost-induced 
damage to vegetation, and the resulting influence on local hydrology, at Kevo due to these 
increasingly common events.

Earlier loss of snow cover (Fig. 5.2) in northern Fennoscandia is related to significant snow 
depth decreases in April (Kivinen and Rasmus 2015). At Kevo, snowmelt occurred 7.5 days 
earlier in 2015 compared to 1970 (Fig. 5.2, 5.3; Table 5.1). This is closely comparable to 4-7 
days earlier Arctic snowmelt observed in the late 1980s compared to the previous 20 years. This 
advancement was attributed to a strongly positive Arctic Oscillation, an atmospheric high-
pressure mode, the positive phase of which leads to warmer spring temperatures, in Alaska 
(Foster et al. 2008). However other studies have found that the large-scale features of global 
warming over the past 30 years are unrelated to the Arctic Oscillation (Brown et al. 2010). 
Climate simulations for 2070-2099 suggest that increasing April-May temperature, coupled 
with a large parallel increase in rainfall and slight decrease in snowfall are likely to accelerate 
snow melt in future (Kivinen et al. 2012). Another positive feedback is present between spring 
snow cover and radiative balance and can result in warmer spring temperatures (Groisman et 
al. 1994; Stone et al. 2002; Euskirchen et al. 2006).

The earlier growing season shown in the phenological data from Kevo corroborates data 
from other European sites indicating earlier budburst and spring warming, which corresponds 
with the North Atlantic Oscillation (NAO) index and increased air temperatures of the past 
decades (Chmielewski and Rötzer 2001). A trend towards a dominant positive late winter 
(January-March) NAO phase, whereby the pressure gradient from the Icelandic low and Azores 
high leads to warmer and wetter winters in Northern Europe and vegetation greening over 
Eurasia (Li et al. 2016), has been observed in the last 60 years and is project to hold through 
to the mid-21st century (Cook et al. 2005). The positive NAO-related warming since the mid-
1970s (Hurrell 1996) is most likely related to anthropogenic forcing (Thompson and Wallace 
2001), and results in a longer growing season with enhanced vegetation growth and primary 
production (Piao et al. 2007).
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5.4.3 Structural adjustment of gsmax and iWUE in woody vegetation at Kevo

Next to observed changes in seasonal phenological parameters at Kevo, plants adjust their 
structural stomatal conductance in response to the anthropogenic CO2 increase. CO2-related 
trends in down-regulation of structural gsmax are evident all studied species (Fig. 5.4; Table 
5.3) over the pre-Industrial CO2 rise. Besides the structural changes in gsmax, ∂13C-inferred 
iWUE, which responds reciprocally to gsmax under rising atmospheric CO2 (Fig. 5.4), is strongly 
correlated with increasing atmospheric CO2. The iWUE results demonstrate the clear response 
of structural adaptation of the vegetation to CO2 increase, from independently-produced 
P. sylvestris tree-ring data at a proximal site. Similarly, the down-regulation of gsmax with CO2 
increase in Kevo species corroborates the stomatal response from a range of C3 species in sub-
tropical Florida (Lammertsma et al. 2011), which has a similar rate of change, pointing to a 
globally significant effect.

Plant gas exchange plays an important role in physiological forcing in sub-Arctic 
ecosystems as reduced plant evapotranspiration leads to lower water vapour loss to the 
atmosphere (Cao et al. 2010). Reduced evapotranspiration is a result of changes in stomatal 
size and number to rising CO2 (Woodward 1987; Woodward and Kelly 1995; Kürschner et al. 
1997; Lake et al. 2001), and may result in local and potentially regional feedbacks with the 
hydrological system. The increasing temperature and a longer snow-free season observed at 
Kevo (Fig. 5.2) are likely to lead to increase evapotranspiration rates in sub-Arctic vegetation 
(ACIA 2005), increased runoff, and a small temperature increase (Cao et al. 2010). It is 
unknown, however, whether the measured reduction of gsmax and increasing iWUE in plants 
exposed to rising CO2 concentrations reflect the full range of potential long-term changes in 
forests (Gagen et al. 2011) because the CO2 response limits of plant structural parameters are 
not fully known for many C3 species.

5.4.4 Modelling phenology and climate in the sub-Arctic

At the global scale, global climate model (GCM) projections predict significant changes in 
atmospheric CO2, precipitation patterns, air and sea surface temperature, and seasonality by the 
end of this century (IPCC 2013). While a large source of uncertainty is present in predictions 
of Arctic climate change due to uncertainties in the effect of northward Atlantic ocean heat 
transport and Arctic sea ice volume (Hodson et al. 2013), recent simulations show that the 
Arctic will warm most, compared to other regions, as a result of rising atmospheric CO2 levels 
(IPCC 2013). Rising temperatures exceeding global average temperature change – the polar 
amplification – will be coupled to a loss of sea ice, permafrost melting, shortening of spring 
snow cover in the Northern Hemisphere during the 21st century, and feedbacks to the carbon 
cycle (ACIA 2005; Euskirchen et al. 2006; IPCC 2013). For example, over the past 30 years, 
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temperatures in the high latitudes have increased at double the global average, approximately 
0.6ºC for each ten-year increment (Lee et al. 2000; IPCC 2013). With this amplification of 
global warming at high latitudes, the melting and subsequent release of permafrost carbon 
trapped in Arctic soils may be a key feedback to future climate change, although the scale of 
this effect is uncertain (Schuur et al. 2015).

As shown, the features of a changing climate over the past ~40 years at Kevo and throughout 
the Fennoscandian sub-Arctic include a phenologically-relevant increase in growing season 
length (Piao et al. 2007; Jeong et al. 2011), thermal sum (Fig. 5.2, 5.3), earlier bud burst 
(Menzel et al. 2006; Pudas et al. 2008; Linkosalo et al. 2009; Poikolainen et al. 2016) (Fig. 5.3; 
Table 5.1), and higher May temperature (Tietäväinen et al. 2010). Future climate model results 
for the terrestrial northern high latitudes are widely variable (ACIA 2005). The majority of 
predictions confirm the effects of polar amplification, with strongly positive warming at higher 
latitudes compared to the mid-latitudes, an increase in precipitation, as well as more frequent 
warming events (SMHI 1998; Dankers 2002; ACIA 2005; IPCC 2013; Vikhamar-Schuler et al. 
2016). While these effects will undoubtedly continue to have a substantial effect on sub-Arctic 
vegetation communities, the climate-phenology feedbacks are less clear.

Seasonality has been shown to impact leaf phenology in long-term palaeobotanical datasets 
(Wagner-Cremer et al. 2010b; Wagner-Cremer and Lotter 2011) and should be considered 
in models of future climate change. However, the absence of seasonally-resolved palaeo-data 
results in some difficulty testing climate feedbacks related to seasonal vegetation trends. The 
use of more recently-collected, annual, well-constrained phenological datasets such as the Kevo 
data presented in this paper, not only confirm similar observations from other sites across the 
northern mid-latitudes, but also quantify the correlation between earlier bud burst date and 
seasonality. These data constrain and improve model predictions for future warming in this 
region by incorporating the albedo (greening, snowmelt) and morphological (iWUE) feedbacks. 
However, the comparison between various temporally- and geographically-fragmented datasets 
is challenging. We thus emphasise the necessity of continual long-term ground-based monitoring 
of phenological and structural stomatal parameters at various sites across the northern high-
latitudes. Combined with continued satellite observation, the gap in our understanding of 
sub-Arctic vegetation-climate relationships in the context of future warming could be more 
thoroughly addressed.
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5.5 Conclusions

The effects of polar amplification and anthropogenic climate change on the northern mid-
latitudes and at Kevo in the past decades are evident from observational data and are 
confirmed here by strong significant multi-annual correlation as well as decadal-scale mean 
advances of bud burst dates, earlier snow melt, and increasing thermal sum. An earlier 
budburst observed in woody C3 species at Kevo is directly related to increases in precipitation, 
thermal sum, and earlier spring onset. These observations are corroborated by data from other 
northern high-latitude sites. However, the mechanisms driving this change are less well-known 
and may have consequences on vegetation-level processes such as photosynthesis, terrestrial 
carbon uptake, and water loss through evapotranspiration. We document an overall decrease 
of gsmax of important Arctic tree species that related to measured increases in iWUE, both 
potentially important feedbacks for the hydrological and climate system that require further 
testing in climate model hindcasts. The observations over this period of time demonstrate 
that monitoring high-latitude sites is key to understanding future climate. Our data support 
the clear value of synergistically studying plant phenology and stomatal parameters, along with 
meteorological observations and satellite remote sensing, as they are highly relevant to past 
climate reconstructions, in terms of understanding feedbacks in the current climate system, 
and predicting future change in sub-Arctic ecosystems.
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Algemene introductie 
en samenvatting

1.1 Atmosferische CO2 variabiliteit en klimaat in het verleden

Sinds de Industriële Revolutie in de 19e eeuw hebben grootschalige antropogene (door de 
mens veroorzaakte) emissies gezorgd voor een exponentiële toename van het broeikasgas 
kooldioxide (CO2) in de atmosfeer ten opzichte van de ‘pre-industriële’ waarde van ±280 
ppmv. De mondiaal-gemiddelde atmosferische CO2 waarde, die wordt gemeten bij het 
waarnemingsstation op Mauna Loa (Hawaii), bereikte in 2015 de kritische waarde van 400 
ppmv. Atmosferische CO2 zal waarschijnlijk blijven toenemen door de verwachte industriële 
en maatschappelijke activiteiten in de 21e eeuw. Als gevolg van deze toename, voornamelijk 
door uitstoot van broeikasgassen bij de verbranding van fossiele brandstoffen en de 
grootschalige ontwikkelingen in landgebruik, warmt het klimaat wereldwijd op. De gevolgen 
van de veranderingen op atmosfeer-biosfeer-hydrosfeer terugkoppelingen en wisselwerkingen 
voor ecosystemen en samenlevingen zijn ingrijpend, voornamelijk in de noordelijke hoge 
breedtegraden waar de effecten van opwarming versterkt zijn door polaire amplificatie. 
Stijgende temperaturen en een toename in extreme neerslag zorgen voor het versneld afsmelten 
van de ijskappen door middel van een positieve terugkoppeling. CO2 dat in de Arctische 
permafrostbodem gevangen zat ontsnapt namelijk en draagt bij aan een verdere opwarming. 
Bovendien is er steeds meer bewijs dat de recente door CO2 veroorzaakte opwarming 
heeft geleid tot veranderingen in seizoensgebondenheid (beginmoment van fenologische 
gebeurtenissen in de lente), met eerder uitkomen van de bladknoppen en een versterkte 
vegetatiegroei of “vergroening” gedurende een langer groeiseizoen. De potentiële effecten 
op lange termijn van deze veranderingen, evenals hun afwijkende karakter, kunnen het best 
begrepen worden door te kijken naar milieuveranderingen uit het verleden die bewaard zijn 
gebleven in geologische opeenvolgingen. 

De atmosferische CO2-waarden hebben sinds het pre-industriële tijdperk waarden 
bereikt die ongekend zijn voor het Kwartair – de laatste 2.6 Ma (miljoen jaar). Een manier 
om de respons van vegetatie op klimaatverandering te evalueren, is om te onderzoeken hoe 
de atmosferische CO2-concentraties in het verleden varieerden en op welke manier dit een 
wisselwerking met de biosfeer veroorzaakte. Onze kennis van de natuurlijke lange-termijn CO2 
dynamiek van vóór de recente instrumentale periode is voornamelijk gebaseerd op metingen 
op gasbellen in Antarctische ijskernen, waarin de atmosferische gassamenstelling van vroeger 
in ijslagen bewaard is gebleven. Deze methode voor het reconstrueren van atmosferische 
CO2 concentraties is momenteel het meest geaccepteerd als een betrouwbare bron voor het 
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afleiden van paleo-atmosferische CO2 concentraties gedurende de afgelopen 800.000 jaar 
van Kwartaire glaciaal-interglaciale cycli. De hoge analytische nauwkeurigheid en temporele 
resolutie op (sub-)millennium-schaal biedt zeer relevante inzichten in de wisselwerking tussen 
CO2 en klimaat. Uit de ijskerngegevens blijkt dat relatief lage atmosferische CO2-concentraties 
heersten gedurende een groot deel van het Kwartair, gekenmerkt door cycli van glaciale 
minima van ongeveer 160-180 ppmv CO2 en interglaciale maxima van ongeveer 260-280 
ppmv CO2. Echter, verschillende onzekerheden bestaan in de ijskerngegevens, in het bijzonder 
met betrekking tot reconstructies met honderdjarige en sub-honderdjarige klimatologische 
schommelingen. De beperkingen liggen hierbij onder andere in de lage ijsafzettingssnelheid en 
ouderdomsverschillen tussen de gasbellen en het omliggende ijs. 

Pogingen om deze problemen aan te pakken door middel van hoge-resolutie her-analyse 
van de ijskernen of door de-convolutie van dataseries die de “smoothing” effecten tijdens 
firn verdichting behandelen tonen aan dat zeer relevante op multi-decale tot honderdjarige 
schaal natuurlijke CO2 schommelingen meer uitgesproken waren dan in eerste instantie werd 
gedacht. Deze onzekerheid over de natuurlijke korte-termijn variabiliteit en de sterke stijging 
in antropogene CO2 ten opzichte van de Kwartair glaciaal-interglaciale CO2 variabiliteit 
benadrukken de noodzaak om beter te begrijpen hoe het atmosfeer-biosfeer-hydrosfeer 
systeem zal reageren op, en in wisselwerking zal zijn met, de variabiliteit van het klimaat 
op onze planeet. De snelheid waarmee CO2 in de atmosfeer is toegenomen sinds het pre-
industriële tijdperk en de duidelijke biosfeer-respons die is waargenomen op de CO2 toename 
en CO2 gebonden temperatuurstijging, met name in noordelijke hoge breedtegraden, wijzen op 
veel verschillende mogelijke klimaatreacties en toekomstige terugkoppelingsmechanismes.

1.2 Planten en hydrosfeer-biosfeer-atmosfeer terugkoppelingen

Twee belangrijke terugkoppelingen bij plantenfysiologie en –functie spelen een relevante 
rol in de huidige en toekomstige klimaatverandering, met name in de noordelijke hoge 
breedtegraden. De eerste, waarbij atmosferische waterdamp de stralingswarmte van de zon in 
de atmosfeer vasthoudt, versterkt het opwarmingspotentieel van andere broeikasgassen zoals 
CO2. De tweede feedback betreft een gedaald albedo en verhoogde oppervlakopwarming 
van de Aarde, onder invloed van de stijgende temperaturen en verlies van poolijsoppervlak 
en sneeuwdek, welke de opwarming verder intensiveren. CO2 en water hebben een directe 
biosfeer-atmosfeer link omdat planten zonlicht, water en CO2 voor de fotosynthese gebruiken 
en in het proces weer water naar de atmosfeer transpireren door kleine gasuitwisselingsporiën 
op de bladcuticula (huidmondjes). Zo kunnen planten actief een fysiologische werking op het 
klimaat uitoefenen, door middel van aanpassingen van hun structurele eigenschappen. De 
versterking van de directe CO2-forcering op de temperatuur door planten is pas onlangs als 
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een dynamische, in plaats van een constante of lineair veranderende, parameter beschouwd. 
Deze CO2-klimaat fysiologische forcering introduceert een extra variabele in de CO2-
klimaatwisselwerking die nog niet volledig is afgebakend op seizoensgebonden, jaarlijkse of 
meerjarige tijdschalen. Bijgevolg kan een snel-veranderend klimaat deze terugkoppelingen 
veranderen, omdat plantenfysiologie reageert op veranderingen in de beschikbaarheid van 
water, atmosferische CO2 en temperatuur. Onderzoek naar de aanpassing van de planten op 
klimaatveranderingen op verschillende tijdschalen is de sleutel tot het verfijnen van ons begrip 
van ecosysteem-reacties op vroegere, tegenwoordige en de toekomstige veranderingen.

1.3 Een plant-centrische visie op de atmosferische CO2 verandering

De CO2-stijging sinds de laatste ijstijd en in de 21e eeuw is ongetwijfeld vooral voordelig voor 
de wereldwijde vegetatie gedurende het Kwartair. CO2, noodzakelijk voor fotosynthese, is direct 
beschikbaar uit de atmosfeer waardoor fotosynthese en primaire productie (groei) versterkt 
worden, terwijl door verbetering van de gevoelige water-koolstofbalans zoals waterverlies 
door verdamping wordt verminderd. In de afgelopen decennia zijn trends in fenologische 
reacties op het klimaat relatief goed gedocumenteerd door middel van instrumentale, en 
grond- en satelliet-observationele gegevens. Planten passen zich structureel aan op de 
atmosferische CO2-concentratie, door het aantal en de grootte van huidmondjes op het 
bladoppervlak te veranderen met elke opeenvolgende bladgeneratie. Verdere inspanningen 
gericht op de werking en het effect van deze structurele aanpassingen van planten, vooral de 
structurele blad cuticulamorfologie, kan worden gebruikt om historische veranderingen in 
plantaardige hydrologische eigenschappen reconstrueren. Deze paleobotanische technieken 
leveren waardevolle informatiebronnen op voor de plant-klimaat relatie in het verleden en 
heden. Echter, systematische analyse van de moderne fenologische en structurele bladcuticula 
parameters bewaard in paleobotanische dossiers wordt niet vaak toegepast.

Het duidelijke fysiologische bewijs voor de negatieve correlatie tussen stomatale aantallen 
en de heersende atmosferische CO2 gedurende het groeiseizoen heeft geleid tot de toepassing 
van deze relatie als palaeoproxy om Kwartaire CO2 concentraties te reconstrueren, gebaseerd 
op de cuticula-eigenschappen van bladeren die bewaard zijn in de sedimenten. De overvloed 
van fossiele bladeren en bladfragmenten in fluviatiele afzettingen, meerinvullingen, en 
veensequenties maakt het mogelijk om continue gegevensreeksen van CO2 dynamiek en 
planten-klimaat relaties te produceren op basis de frequentie van stomata op het bladoppervlak, 
met een potentiele temporele resolutie van sub-honderd tot tienjarige-schaal. Bovendien 
voldoet deze paleobotanische aanpak aan de eisen voor het detecteren van de korte termijn 
(seizoensgebonden) CO2 dynamiek. Verder is de plant fysiologische en stomatale reactie 
op de pre-industriële lage, moderne, en toekomstig hoge atmosferische CO2-concentraties 
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gekwantificeerd door middel van experimenten in kweekkamers en veldexperimenten. Echter, 
de effecten van glaciale CO2 minima (potentieel zo laag als 160-180 ppmv CO2) moeten nog 
grondig worden onderzocht voor een heel scala van soorten. Studies naar de plantfysiologische 
reactie op lage CO2 hebben over het algemeen stelwaardes van rond de pre-industriële en 
Holocene CO2 basiswaarde (~280 ppmv) en weinigen onderzoeken de volledige structurele 
aanpassing van bladcuticula. Hierdoor is de analyse van de bijbehorende terugkoppelingen van 
veranderende stomatale geleidbaarheid en watercyclusdynamiek niet mogelijk.

Het soort-specifieke testen van de structurele stomatale reactie op veranderende 
CO2 concentraties is de sleutel tot het ontwikkelen van een onafhankelijke paleo-CO2-
indicator. De implicaties van paleo-CO2-reconstructies op basis van stomatale frequenties 
die zijn gepubliceerd in de afgelopen ~20 jaar worden nog steeds bediscussieerd wat betreft 
consistentie en betrouwbaarheid van de resultaten. Niettemin, meerdere onafhankelijke 
gegevenreeksen vertonen opvallende gelijkenissen die het deels oneens zijn met de algemeen 
aanvaarde geschiedenis van een trage, laat glaciale tot Holocene gestage CO2 stijging zoals 
gereconstrueerd uit ijskernen. Uit deze chronologisch goed-onderbouwde reconstructies 
op basis van stomata voor de periode voorafgaand aan het begin van het Holoceen blijkt 
dat de atmosferische CO2-concentraties niet alleen hoger waren dan ijskernreconstructies 
suggereren, maar ook tonen ze een meer dynamisch en fluctuerend CO2-regime aan. In 
het algemeen zijn zowel hogere atmosferische CO2 niveaus van ~20-30 ppmv als hogere 
duizend- tot honderdjarige-schaal variabiliteit, en in sommige gevallen ook offsets in tijd, 
gemeenschappelijke kenmerken van stomatale studies. Dat snelle CO2-overgangen in de 
atmosfeer niet duidelijk zijn in ijskerndossiers kan het gevolg zijn van ijsverdichting of 
tijduitmiddeling. Om de verschillen tussen de atmosferische CO2-gehaltes zoals opgemaakt uit 
ijskernen en van op stomata gebaseerde paleoproxy reconstructies te kunnen uitleggen, is het 
nodig de laatste te valideren aan de hand van onderzoek met meerdere soorten, in kweekkamer 
experimenten en plantfysiologische modellen.

1.4 Kader en synthese van het proefschrift

Ondanks de doorgaande inspanningen om de complexe CO2-vegetatie relatie op plant 
morfologie te begrijpen, is er nog geen duidelijk beeld vastgesteld. Om vroegere CO2 dynamiek 
beter te begrijpen en te kwantificeren wanneer ze betrekking hebben op hydrologische 
processen en de wisselwerking tussen ecosystemen, zijn intensieve proxyvalidatie en 
kwantificering via geologische en biologische benaderingen nodig. Dit proefschrift is 
gericht op een aantal belangrijke thema’s die inherent zijn aan de CO2-vegetatie interactie 
op wereldschaal: methodologische verbeteringen van het valideren van plantreacties op CO2 

variabiliteit door middel van fysiologische kweek-experimenten, het testen van de mondiale 
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consistentie van palaeoatmosferische CO2 reconstructies op basis van fossiele bladeren, en 
het beoordelen van de resulterende invloed CO2-vegetatie terugkoppelingen op mondiale- en 
regionale-schaal. De focus van dit proefschrift is dus:

1. Het testen van het belang en de geldigheid van meerjarige experimentele ontwerpen 
voor het valideren van de plantfysiologische reactie van houtige C3 soorten op 
veranderende atmosferische CO2,

2. Het kwantificeren van de plantreactie op Holocene CO2 veranderingen op het zuidelijk 
halfrond, waarvoor nog geen Holocene palaeoatmosferische CO2 reconstructies op 
basis van bladcuticula morfologie beschikbaar zijn, en

3. Het benaderen van de stomatale respons van houtige planten op het noordelijk 
halfrond op de recente klimaatverandering en CO2-toename in termen van potentiële 
toekomstige veranderingen.

Dit proefschrift combineert hiermee state-of-the-art plantfysiologische experimenten 
in gecontroleerde omgeving, analyse van historische herbarium bladcollecties en fossiele 
bladeren uit Holocene sedimenten, en veldstudies. De combinatie van verschillende soorten 
bronmateriaal maakt een uitgebreide cross-evaluatie van de oorzaken voor de resterende 
onzekerheden mogelijk met betrekking tot het veranderen van de plantreactie op toenemende 
wereldwijde CO2, door middel van een systematische geo-biologische aanpak.

1.5 Synopsis

Verschillende manieren worden toegepast om de stomatale frequentie proxy op variabele 
atmosferische CO2 niveaus te testen. Met de experimentele aanpak (hoofdstuk 2 en hoofdstuk 
3) wordt de reactie van planten in een kweekkamer met gecontroleerde CO2-concentraties 
getest. In hoofdstuk 2 wordt de stomatale reactie op CO2 van een veelvoorkomende boom 
van het zuidelijk halfrond, Fuscospora fusca (rode beuk), gekalibreerd om de onzekerheid 
met betrekking tot natuurlijke en antropogene beschikbaarheid van stikstof te onderzoeken. 
Hoewel bekend is dat deze parameter mede met CO2 de plantprestatie regelt, is niet voldoende 
onderzocht wat de effecten op bladmorfologie en stomatale frequentie zijn. Zaailingen van 
een volwassen bos in Nieuw-Zeeland werden gekweekt in gecontroleerde CO2-kamers op 
vaste punten van 260, 370 en 650 ppmv CO2 en kregen een laag (1/5) en hoge (volle sterkte) 
nutriëntenoplossing. De stomatale eigenschappen werden gekoppeld met CO2 omstandigheden 
om de wisselwerkingseffecten van CO2 en voedingsstoffenstatus te beschrijven voor deze soort. 
Significante regulatie van stomatale dichtheid, stomatale index, en stomatale geleidbaarheid 
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van lage tot verhoogde CO2-niveaus werden waargenomen. De resultaten benadrukken het 
potentieel om stomatale gegevens te gebruiken om vroegere CO2 waarden te reconstrueren, 
onafhankelijk van nutriëntenbeschikbaarheid. Bladcuticula geven een onafhankelijke schatting 
van paleo-CO2-concentraties, echter is het noodzakelijk de respons van individuele soorten 
te valideren voordat opgeschaald kan worden naar genus-niveau trends. Onze resultaten 
bevestigen dat de uiterste reactielimiet van stomatale geleidbaarheid op CO2 waarschijnlijk 
ergens optreedt tussen eerder gestelde grenzen van 330-400 en 800 ppmv.

In hoofdstuk 3 maakten uitgebreide experimentele testen verdere evaluatie mogelijk van 
de responsgrenzen van de houtige C3 struik dwergberk Betula nana. De sterke relatie tussen 
stomatale frequentie en CO2 in houtige planten is de sleutel tot het begrijpen van vroegere CO2 
dynamiek, het voorspellen van toekomstige veranderingen, en de evaluatie van de belangrijke 
rol van de vegetatie in de hydrologische cyclus. Experimentele validatie is vereist om de 
lange-termijn aanpassingsreactie van C3 planten op CO2 te evalueren. Echter, tot op heden 
zijn studies slechts gericht op één-seizoensexperimenten en missen daarmee mogelijk (1) 
de volledige ontogenie van bladeren op experimentele CO2 blootstelling of (2) de werkelijke 
aanpassing van de structurele stomatale eigenschappen op CO2 die waarschijnlijk ontstaat 
over meerdere groeiseizoenen. Kweekkamer experimenten zijn uitgevoerd bij 150 ppmv, 450 
ppmv en 800 ppmv CO2 met houtachtige C3 struik B. nana over twee opeenvolgende jaarlijkse 
groeiseizoenen om de structurele stomatale reactie op atmosferische CO2 te evalueren. Hoewel 
enige aanpassingen van de bladmorfologische en stomatale parameters zich voordeden bij 
blootstelling aan experimentele CO2 omstandigheden in het eerste groeiseizoen, zijn niet-
plastische stomatale eigenschappen zoals stomatale geleidbaarheid versterkt aangepast in het 
tweede jaar van de experimentele CO2 blootstelling. We postuleren dat de soort-specifieke 
reactielimiet van B. nana rond 400-450 ppmv optreedt. We concluderen dat de bevindingen 
van deze kweekkamerstudies de noodzaak benadrukken van meerjarige experimenten op vaste 
C3 planten om de gevolgen van de milieuomstandigheden te evalueren en een waarschijnlijke 
verklaring van de tegenstrijdige resultaten tussen de historische en paleobotanische gegevens 
en experimentele data te geven.

In hoofdstuk 4 wordt de stomatale frequentie-CO2 proxy toegepast op de eerste zuidelijk 
halfrond CO2 reconstructie voor het Holoceen met Lophozonia menziesii (zilver beuk) uit 
Adelaide Tarn in de buurt van Nelson, South Island, Nieuw-Zeeland. Hier presenteren 
we een nieuwe reconstructie van paleo-pCO2 voor het mid-Holoceen van Adelaide Tarn, 
Nieuw-Zeeland, met behulp van L. menziesii. Deze unieke Holocene datareeks overspant 
het Holoceen Thermisch Maximum (HTM) tot de Neoglaciatie, die nog niet eerder in 
terrestrische locaties op het zuidelijk halfrond is gegeven. Hoewel het met de resolutie op 
honderd- tot duizendjarige-schaal van de reconstructie niet mogelijk is klimaat gebeurtenissen 
op zeer korte termijn te beoordelen, kan het algemene patroon van de CO2-ontwikkeling 
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voor het Holoceen worden geëvalueerd. Terwijl het gemiddelde van de Adelaide Tarn pCO2 

dataserie het gemiddelde benadert van luchtbellen gevangen in de Taylor Dome en Siple 
Dome ijskernen, tonen de stomatale proxy gegevens hogere amplitude pCO2 variabiliteit, met 
name in het vroege Holoceen, en tonen duidelijk een periode van verhoogde pCO2 niveaus in 
het midden-Holoceen, op ongeveer 7000-5000 jaar voor nu, die gelijktijdig is met de HTM. 
De daaropvolgende pCO2 daling aan het einde van de dataserie op 3000 jaar voor heden is 
tegenstrijdig met de langzame, gestage stijging zichtbaar in de Taylor Dome en Siple Dome CO2 
ijskernenmetingen. Over het algemeen is de op stomata-gebaseerde dataserie van pCO2 nuttig 
bij het evalueren van trends van de atmosferische CO2-concentratie in het zuidelijk halfrond 
tijdens het Holoceen op lange termijn en uiteindelijk wijst het op een meer dynamische 
atmosferische CO2 variatie dan eerder werd verwacht.

De waarde en toepasbaarheid van de stomatale frequentie-CO2-proxy voor de hedendaagse 
data wordt onderzocht in hoofdstuk 5, waar de gevolgen van veranderingen op tienjarige-
schaal van het klimaat op de plantfenologische respons over de afgelopen 40 jaar in het Finse 
subarctisch gebied worden beschouwd. De noordelijke hoge breedtegraden worden direct 
beïnvloed door het veranderende klimaat, waar seizoensgebonden veranderingen met inbegrip 
van eerder toegenomen gemiddelde jaartemperatuur, een langer groeiseizoen, toegenomen 
gemiddelde jaarlijkse neerslag, en een verkorte sneeuwbedekkingstijd een significant 
effect op de fenologie van bomen en struiken hebben in de Fennoscandische subarctische 
boreale bossen in de afgelopen vier decennia. Slechts enkele multidisciplinaire studies naar 
verandering met de gegevens van een enkele site zijn uitgevoerd voor de subarctische boreale 
bossen. Bij Kevo Subarctisch Onderzoeksstation (Finland), bieden instrumentale dataseries 
kwantitatieve gegevens van meteorologische parameters, terwijl fenologische gegevens en 
structurele stomatale geleidbaarheid data van Betula spp. en diverse andere houtige boom- 
en struiksoorten op basis van observationele gegevens beschikbaar zijn. De fenologische 
(bijvoorbeeld bladknop opening) en morfologische veranderingen van het blad zijn vergeleken 
met meteorologische gegevens in het kader van de veranderende seizoensinvloeden en 
evalueren vegetatie-klimaat relaties en observationele gegevens op andere noordelijke hoge 
breedtegraad locaties. Voldoende temporele spreiding (30+ jaar) van satellietgegevens en 
continue grondmetingen zijn sinds kort beschikbaar en bieden een unieke gelegenheid om de 
structurele aanpassingsstrategieën van planten uit koude milieus te evalueren in termen van 
hun structurele eigenschappen van hun bladmorfologie, in het kader van het veranderende 
mondiale klimaat, met name omdat de noordelijke hoge breedtegraden zeer gevoelig zijn voor 
een opwarmende wereld.



“Knowledge is simply a kind of fuel; it needs the motor of understanding to convert it into 
power.”

- John Wyndham, The Midwich Cuckoos
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“The system of life on this planet is so astoundingly complex that it was a long time before man 
even realised that it was a system at all and that it wasn't something that was just there.”

- Douglas Adams and Mark Carwardine, Last Chance to See
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