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Abstract

Marissink, M. 2002. Elevated carbon dioxide in a semi-natural grassland. Plant production
and vegetation composition during six years. Doctoral dissertation.
ISSN 1401-6249, ISBN 91-576-6179-0.

Thisthesis is concerned with the possible effects of a further increase in atmospheric carbon
dioxide on vegetation in a semi-natural grassland. It is based on an experimental field study
focusing on production responses and changes in vegetation composition.

A Swedish semi-natural grassland was exposed to ambient and twice ambient elevated CO,
in open-top chambers during six consecutive growing seasons. Plots without chambers
constituted a control treatment. The field had been grazed previously, but when the experi-
ment started this was replaced by a cutting regime with one cut (0 cm above the soil surface)
each year in early August. Leaf-level photosynthesis and stomatal conductance, biomass
production, and vegetation composition were studied.

The first three growing seasons showed a 30 to 60 % increase in above-ground biomass at
harvest under elevated CO,. In later years there was no difference in above-ground biomass
between the treatments, but differences between treatmentsincreased bel ow ground. Throughout
the experiment, elevated CO, increased |eaf-level photosynthesisand tended to decrease stomatal
conductance. Nitrogen concentration in stems and leaves was lower at elevated CO,.

CO, effects on vegetation composition were small in comparison with effects of time and/or
weather, but increased towards the end of the experiment. Legumes may benefit most from
elevated CO,, which al'so tended to increase diversity (Shannon index) in summer, but decrease
itin spring.

Changes in the weather (especialy precipitation) were highly directional over time. This
means that weather effects are confounded with effects that are time-dependent (such as a
possible succession after achangein management, or an increasing nutrient deficit). However,
weather effects did appear to be decisive.

Keywords: global change, photosynthesis, stomatal conductance, biodiversity, point-intercept,
root/shoot ratios, grasses, forbs, legumes.

Author’s address: Mark Marissink, Department of Ecology and Crop Production Science,
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Forhojd koldioxid i en gammal betesmark.
Vaxtproduktion och vegetationssammanséttning under sex ar.

Sammanfattning

| dennaavhandling studeras vilkaeffekter en fortsatt 6kning av koldioxidhalten (CO,)
i atmosfaren kan ha pa vegetationen i en gammal betesmark. Detta har jag studerat i
ett sexarig faltforsok (1995-2000) dér vaxtproduktionen och vegetati onsforandringar
har stétt i centrum.

| en gammal betesmark utanfor Uppsala fordubblades koldioxidhalten i plast-
cylindrar som var 6ppna upptill (s.k. open-top chambers, OTC; behandling Eleva
ted). Samtidigt anvandes samma sorts cylindrar &ven utan dkad koldioxid (behand-
ling Ambient), samt kontrollringar av samma storlek, men utan cylinder (behandling
Control). Omrédet har en 1ang historia av bete (senast hastbete), men forsoksfaltet
stangslades in nér forsoket paborjades, och betet ersattes med en skord om &ret (i
borjan av augusti), varvid vegetationen klipptes ner &ndatill markytan. Jag studerade
fotosyntes pa bl adniva och stomatakonduktans (klyvoppningarnas genomsl dpplighet
for bl. a. CO, och vatten), samt véxtproduktion och vegetati onssammanséttning.

Under de forsta tre aren ledde en hogre koldioxidhalt till en 30- till 60-procentig
Okning av ovanjordisk biomassa. Under senare & har jag inte hittat ndgon skillnad
mellan behandlingarnai biomassadver markytan, men rotproduktionen bérjade skilja
sig alltmer mellan behandlingarna. Okad CO, ledde till hogre fotosynteshastighet
och légre stomatakonduktans under hela forsoksperioden. Kvévehalten i de ovan-
jordiska vaxtdelarna var lagre under forhojd CO.,.

Artsammanséttningen paverkadesi liten utstréckning av férhéjd CO, jamfort med
vadret och/eller tiden, men kol dioxideffekten 6kade mot férstkets slut. Baljvéxterna
kan vara den grupp som gynnas mest. Okad CO, leddetill hogre diversitet (uttryckt
som Shannon-index) i juli, men lagrei april/maj.

Nederborden okade fran ar till &r, 1999 undantaget. Darfor & det mycket svart att
skilja véadrets paverkan fran effekter som har ett samband med tiden (exempelvis en
mGjlig succession pagrund av den andrade havden, eller en tilltagande naringsbrist).
Anda finns det tecken pa att vadereffekten & mycket viktig. Det & alltsd mycket
mgjligt att deindirektaeffekter som 6kad CO, kan tankas hasom véxthusgasvisar sig
varamycket viktigare 8n de direkta effekternai detta ekosystem.
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I ntroduction

Global change

Since environmental issues first hit the political and media agendain the 1960s, the
focus of environmental research has shifted from direct and immediate problems,
although not necessarily uncomplicated ones, to more diffuse ones where cause and
effect may be separate in space and time. During the 1990s, global change became
one of the hot topics for researchers, journalists and environmental conservationists
alike. The term global change has thus been used with varying interpretation in a
great variety of contexts. Sometimes it is used as a synonym for climate change,
sometimesit isapplied to changesin atmospheric chemistry. The Global Change and
Terrestrial Ecosystems (GCTE) core project of the I nternational Geosphere Biosphere
Programme (IGBP) advocates an even wider use by combining both these factors
and adding land use changes (Walker and Steffen 1999). Increasingly, changes
(declines) in biodiversity are considered to be one of the components of global change
aswell asaresult of it (IGBP 1997, Walker and Steffen 1999).

Although global change has many faces, climate change has received most attention
(Walker and Steffen 1999). The Intergovernmental Panel on Climate Change (IPCC,
established in 1988 by the United Nations Environment Programme UNEP and the
World Meteorological Organization WMO) use the term climate change to signify
any changein climate over time, whether dueto natural causesor asaresult of human
activity (IPCC 2001). This contrasts with the usage by the United Nations Frame-
work Convention on Climate Change, in which climate change means a change of
climate which is attributed directly or indirectly to human activity that alters the
composition of the globa atmosphere and which is in addition to natural climate
variability observed over comparabletime periods (art.1, UNFCCC 1992). According
to the IPCC, there is no doubt that the world’s climate is changing (Baede et al.
2001). Theinstrumental record, i.e. direct measurements of environmental variables,
shows various changesin temperature, precipitation, snow cover, sealevel, land- and
sea-ice extent and atmospheric and oceanic circulation patterns (seefig. 1).

Climate models, such as energy balance models (EBMs), (atmospheric) general
circulation models (GCMs) and atmosphere-ocean general circulation models
(AOGCMs) are used to assessimpacts of variousforcing agentson the climate and to
distinguish any trends from the background noise (Mitchell et al. 2001). The direct
climate forcing by variations in solar irradiance during the solar cycleis relatively
well determined, but indirect effects, for example through ozone changes, are still
poorly understood (Hansen et al. 1998, Harrison and Shine 1999). Estimates of
volcanic forcing are still rather crude (Hansen et al. 1998). The climate change
observed in the latter half of the twentieth century is unlikely to be caused by these
natural forcingsand background variability alone (Tett et al. 1996, 1999, 2000, Heger!
et al. 1997). Modelsincluding anthropogenic climate forcing, viz. greenhouse gases
(GHGs) and (sulfate) aerosols, give the best approximation of the actual situation
(Hegerl et al. 1997). GHGs are well measured and give a strong positive (warming)
forcing by absorbing long-wave radiation emitted from the earth, thus capturing energy
that would otherwise beradiated into space. Thisforcingis, at least partly, counteracted
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Temperature Indicators
OCEAN | LAND OCEAN

LOWER STRATOSPHERE
** lower stratosphere: 0.5 to 2.52C decrease since 1979

TROPOSPHERE Upper * little or no change since 1979
** 0.0 t0 0.2°C increase since 1979 — satellites & balloons

Low- to Mid- {
* 0.2 to 0.4°C increase since about 1960

NEAR-SURFACE ** N.H. Spring snow cover extent: since
~ R 1887, 10% below 1966 to 1986 mean

*1990s warmest decade of the millennium
and 1998 warmest year for at least the N. Hemisphere

** marine air temperature: 0.4 to 0.7°C
increase since late 19th century

*** widespread retreat of mountain glaciers

during 20th century
** land night time air temperature
increasing at twice the rate of daytime
temperatures since 1950
* lake and river ice retreat since the late 19th

century (2 week decrease in ice duration)

*** land air temperatures: 0.4 to 0.8°C
increase since late 19th century

*** reduction in freeze-free season over much
of the mid- to high-latitude region

*** sea surface temperature:
0.4 to 0.8°C increase since
the late 18th century.

* global ocean (to 300m depth)
heat content increase since 1940s
equal to 0.04°C / decade

* Arctic sea ice: summer
thickness decrease of 40%
and 10 to 15% decrease in
extent during spring and

summer since
§ 19508
? Antarctic sea ice:

no significant change
since 1978

*** Virtually certain (probability > 99%)
** Very likely (probability > 90% but < 99%)
* Likely (probability > 66% but < 90%)
? Medium likelihood (probability > 33% but <66%)

Likelihood:

Hydrological and Storm-Related Indicators

O CEAN I LAND OCEAN
LOWER STRATOSPHERE * 20% water vapour increase since 1980 (above 18 km)
TROPOSPHERE upper tropesphere: *no significant global trends since 1980;
Water vapour { 15% increase in tropics (10°N to 10°S)
troposphere: *many regions with increases since about 1960

* o .
2 29 increase in total 2% increase in total cloud amount

cloud amount over the LT
ocean since 1952 P =
- . =&
NEAR-SURFACE 5 g systematic large-scale ® o, .
change in tornadoes, thunder-days, hail # = % 7 no consistent 20th century

\ hdhd change in extra-tropical
** 5 to 10% increase in mid-latitudesy 20th century \\ storm frequency / intensity
* 2 {0 3% decrease in sub-tropics } land surface

* 2 to 3% increase in tropics rainfall

**2 to 4% increase in the frequency of heavy
precipitation events in the N. Hemisphere
since 1950

* widespread significant increases
in surface water vapour in the
N. Hemisphere, 1975 to 1995

** no widespread changes in
tropical storm frequency / intensity
during the 20th century

*** Virtually certain (proba y > 99%)
** Very likely (probability > 90% but < 99%)
* Likely (probability > 66% but < 90%)
2 Medium likelihood (probability > 33% but < 66%)

Likelihood:

Fig. 1. Climate change: schematic of observed variations of the temperature, hydrological and
storm-related indicators. From IPCC 2001.



by other, lesswell understood and measured, negative anthropogenic forcing agents,
such as aerosols, anthropogenic clouds and land-use changes influencing albedo,
evapotranspiration and surface roughness (Hansen et al. 1998).

GHGs are the best understood aspect of climate change, and among these carbon

dioxide (CO,) hasreceived most attention. It wasfirst recognisedin 1896 asapossible
driver of climate change by the Swedish physicist Arrheniusin the context of thethen
lively debate on probable causes of the Ice Age (Arrhenius 1896).
CO, is arather weak climate forcing agent compared to other GHGs such as CH,,
N.O and chlorofluorocarbons, but sinceits atmospheric concentration is much higher
than that of the other GHGs, CO, is considered the most important, contributing
about 60% of the total forcing brought about by anthropogenic changes in GHG
concentrations (Ramaswamy et al. 2001). It should be noted, however, that the rela-
tion between CO, concentration and temperature is not as straightforward as this,
since changesin CO, concentration may aswell be brought about by climate change
asbe acause of it (Fischer et al. 1999).

Atmospheric carbon dioxide and the global carbon cycle
Atmospheric carbon dioxide

Thefirst continuous measurements of atmospheric carbon dioxide started in 1958 on
Mauna Loa, Hawaii. The measurements show a steady increase in the mean annual
concentration, superimposed on aclear seasonal pattern (fig.2). The CO, concentration
inthe middlelayers of thetroposphere hasincreased from 315.98 parts per million by
volume (ppmv, equals pmol mol™) in 1959 to 370.9 ppmv in 2001, an increase of
17.4% (Kedling and Whorf 2002). M easurement seriesfrom many other placesconfirm
thistrend and also show that the seasonal variation increases further north (Conway
et al. 1994, Thoning and Tans 2000, Keeling and Whorf 2001).

380 —
370 —
360 —
350 —
340 —
330 —
320 —

310 —
-

Mean monthly CO, concentration
(umol mol)

1960 1970 1980 1990 2000

Fig. 2. Mean monthly concentrations of atmospheric CO2 measured at Mauna Loa, Hawaii,
since 1958. Note that the y-axisis cut at 305 pmol mol. From Keeling and Whorf 2002.

Analysesof air bubblesextracted from Antarctic ice cores, representing air samples
from theyear 1000 up to 1978, show that the start of the recent increase of atmospheric
CO, was approximately concurrent with the beginning of industrialisation (ca1800).



Before that, CO, levels had first been rather stable between 275 and 285 umol mol*
for severa centuries, and then between the years 1550 and 1800 somewhat lower
(Etheridge et al. 1996, 1998). Another ice core, dating back asfar as 420 000 years,
revealed a pattern of rapidly increasing CO, concentrations to about 280 - 300 pmol
mol* at the end of glaciations, and slowly decreasing CO, concentrations towards ca
180 pmol mol* during glaciations (Barnolaet al. 1999, Petit et al. 1999). (Seefig. 3.)
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Fig. 3. Concentrations of carbon dioxide in air from ice cores as indication of previous
atmospheric conditions. Note that the y-axes are cut. Modified after a) Etheridge et al. 1998,
b) Barnola et al. 1999.

The recent increase in CO, levelsis mainly due to CO, emissions from fossil fuel
burning and land use changes. From 1750 to 1998, fossil fuel combustion and cement
production caused about 270 Gt (gigaton; 1 Gt = 1 Pg) of carbon to bereleased to the
atmosphere, half of which has occurred since the mid-1970s (Marland et al. 2001).
Calculations show that 1and-use changes between 1850 and 1990 contributed another
124 Gt of carbon, 87% of which was due to deforestation, mainly in the tropics
(Houghton 1999). The release of CO, to the atmosphere has increased dramatically
during the second half of the 20th century (fig. 4).

Of the carbon thusreleased between 1850 and 1998, 176 Gt (i.e. 43%) accumul ated
in the atmosphere, and the remainder was taken up by oceanic and terrestrial (the so-
called missing sink) sinks in approximately equal amounts (Bolin et al. 2000 and
referencestherein).

Carbon pools and annual fluxes

Thetotal carbon content of the atmosphere (the atmospheric carbon pool) is estimated
to be about 750 Gt, which isthe same order of magnitude as the carbon contained in
all terrestrial vegetation (about 610 Gt). Soils and detritus contain another 1580 Gt,
which gives atotal for the terrestrial pool of approximately 2190 Gt. The oceanic
carbon pool is by far the largest at almost 40 000 Gt, of which 3 Gt is contained in
marine biota, 1020 Gt in the surface ocean, 38 100 Gt in the intermediate and deep
ocean, 150 Gt in surface sediments, and up to 700 Gt is dissolved organic carbon.
(Schimel et al. 1996.) The bulk of the carbon on earth, over 75 Pt (75 million Gt) is
foundin thelithosphere (Falkowski et al. 2000), inactiveintermsof the global carbon
cycle. Fossil fuels, finaly, contain about 4130 Gt of carbon (Falkowski et al. 2000).
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Fig. 4. Annual carbon fluxesto the atmosphere a) as aresult of fossil fuel consumption, and b)
as aresult of land use changes. Note different scales on y-axes. Data from @) Marland et al.
2001, b) Houghton 1999.

Themain natural fluxes between compartments are the primary production/respira-
tion flux between atmosphere and terrestrial biosphere (120 Gt per year) and the
physical exchange of carbon between atmosphere and the oceans (90 Gt per year).
These fluxes are approximately in balance on a yearly basis. Other natural fluxes,
such asthose due to sedimentation, vol canism and wesathering, have much lessimpact
on the atmospheric carbon pool and are at least an order of magnitude smaller than
the current anthropogenic perturbation (Prentice et al. 2001).

Between 1989 and 1998, human-induced fluxes of carbon to the atmosphere
averaged 7.9 Gt per year, of which 1.6 Gt was dueto land-use change. Of this carbon,
3.3 Gt per year accumulated in the atmosphere and 2.3 Gt was taken up by the ocean.
Theresidua 2.3 Gt per year were stored interrestrial ecosystems (the“missing carbon
sink”) (Bolin et al. 2000). Terrestrial ecosystems are thus of major importance in
global change research and have become of political interest al so after the acceptance
of theKyoto Protocol (UNFCCC 1997), in which countries are encouraged to develop
their carbon sinks to offset their CO, emissions and thus meet their targets. This
means that, according to the Protocol, carbon sequestered through afforestation and
reforestation (the land use, land-use change and forestry, or LULUCEF, sector, Noble
et al. 2000) in a country since 1990 can be accounted in the carbon budget of that
country. Recently the Marrakesh Accords (UNFCCC 2001) extended the LULUCF
sector with four additional activitiesthat may be accounted, viz. forest management,
cropland management, grazing land management and revegetation. This(initial) focus
on forestsis understandable, given the amount of carbon per area stored in the vege-
tation. However, table 1 shows that other ecosystems can be considerable sinks as
well if soil carbon isincluded in the analysis (WBGU 1998).

Climate change and the global carbon cycle

Global warming will affect the carbon cycle in various ways, through both physical
and biological processes. CO, uptake by the oceans will be reduced because of a
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Table 1. Carbon pools in vegetation (above- and below-ground living and dead mass) and
soils (O-horizon, mineral soil to 1 m depth, and colocated peatlands) in different ecosystems
and climate regions. Modified after WBGU 1998 and Dixon et al. 1994.

C pool (Gt) Area C density (t ha?)
Vegetation Soil Total (10°ha) Vegetation Soil Total

High-latitude forests 88 471 559 1372 64 343 407
Russia 74 249 323 884 83 281 365
Canada 12 211 223 436 28 484 511
Alaska 2 1 13 52 39 212 250

Mid-latitude forests 59 100 159 1038 57 96 153

(incl. Scandinavia)

USA (ex Alaska) 15 26 41 241 62 108 170
Europe 9 25 34 283 32 90 120
China 17 16 33 118 144 136 280
Australia 18 33 51 396 45 83 129

Low-latitude forests 212 216 428 1755 121 123 244
Asia (ex Russia/China) 41 43 84 310 132 139 271
Africa 52 63 115 527 99 120 218
South and Central America 119 110 229 918 130 120 249

Grasslands 75 559 634 3500 21 160 181
Tropical savannas 66 264 330 2250 29 n7 146
Temperate grasslands 9 295 304 1250 7 236 243

Croplands 3 128 131 1600 2 80 82

Wetlands 15 225 240 350 43 543 686

Tundras, dpinegrasslands 6 121 127 950 6 128 134

(Semi) deserts 8 191 199 4550 2 42 44

lower solubility of CO, at higher temperatures, and increased vertica stratificationin
the oceanswill reduce the amount of exchange between surface and deep water, thereby
reducing oceanic uptake even further, but al so reducing release of oceanic CO, to the
atmosphere. Warming and altered rainfall patterns may lead to a higher primary
production and thus higher carbon sequestration in terrestrial ecosystems, yet onthe
other hand it may lead to higher respiration and release of carbon that is now
sequestered in soil organic matter (Prentice et al. 2001). Thereisstill much uncertainty
about the forcings and feedbacksinvolved, and most of it fallswell beyond the scope
of thisthesis.

Direct effects of elevated CO, on plants
Involved mechanisms

The direct effects on plants of arise in atmospheric CO, have not received nearly as
much media and public attention as the role of CO, as a greenhouse gas (Korner
2000). Yet (practically) al life on earth is based on the carbon plants sequester from
atmospheric CO,, and the 17% increase in this resource during the 40 years of
measuring at Maunal oa (and the over 30% increase since pre-industrial time, or the
probable doubling compared to pre-industrial levelsby theend of thiscentury (Prentice
et al. 2001)) may very well have far-reaching consequencesthat are asimportant asa
possible climate change.

The key process to understand when studying plant (and therefore ecosystem)
responsesto elevated CO, is photosynthesis. In photosynthesis, plants use (sun) light
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energy to combinewater and atmospheric CO, into carbohydrates (C H, O ), producing
oxygen (O,) as a by-product. The net reaction is the same for all plants, but three
different photosynthetic pathwaysexist. Thevast mgjority of plantsusethe so-called
C-3 pathway, inwhich CO, initialy isfixed into 3-phosphoglyceric acid (3-PGA). A
small fraction of plants, mostly but not exclusively monocots, initialy fix CO, into a
4-carbon acid; their photosynthetic pathway is consequentially known as the C-4
pathway. This4-carbon acid isthen transferred from the mesophyl| cell into abundle
sheath cell, where the remaining photosynthetic processes take place. Although this
pathway requires extraenergy, itismoreefficient than the C-3 pathway infixing CO,
at high temperatures, because the spatial separation between the initial CO, fixing
and the main photosynthetic processes inhibits photorespiration (see below). The
third photosynthetic pathway, first found in some Crassulaceae and therefore called
crassulacean acid metabolism (CAM), isbasically avariant of the C-4 pathway, often
found in succulents, in which CO, fixing and the remaining photosynthetic processes
are separated in time rather than in space, with fixing taking place at night. The C-4
and CAM photosynthetic pathways are especialy effective at high temperatures and
in drought situations. Not surprisingly, al species from the cool-temperate Swedish
semi-natural grassland studied in thisthesis are C-3 plants, with the exception of the
succulent Sedum acre, that usesthe CAM pathway at least occasionally when water-
stressed (Kluge 1977, Schuber and Kluge 1981).

The first effect of elevated carbon dioxide takes place before the actual
photosynthesis by affecting stomatal aperture. Evolution hasfavoured terrestria plants
with leaves having an epidermisthat isrelatively impermeabl e but contains pores, the
so-called stomata, through which gas exchange can take place. This enablesthem to
take up CO, yet prevents unnecessary water loss through leaves (Ludlow 1982). The
opening of stomataisregulated by osmotic pressure in the so-called guard cells that
border them (Von Mohl 1856). Stomatal aperture is affected by a number of
environmental factors, such aswater status of the plant, relative humidity, wind speed
and light, as was discovered already by Francis Darwin (1898). However, a CO,
deficiency in the leaf and in the stoma sometimes appears to affect its opening even
stronger, causing the stoma to open even at low humidity (Kappen et al. 1994).
Thereforeitiswidely accepted that el evated CO, reduces plant transpiration (K drner
2000). Consequently, elevated CO, is generally found to lead to an increase in water
use efficiency (WUE) (Eamus 1991, Jackson et al. 1994), for which often the
instantaneous transpiration efficiency, which istheratio of the rate of assimilation to
the rate of transpiration, is used as an approximation (Eamus 1991). Some studies
have shown apositive effect of elevated CO, on plant growth during yearswith water
stress only (for example Owensby et al. 1999), and others have found higher soil
moisture under elevated CO, (Niklauset al. 1998). However, there are many proces-
sesinvolved, many of which are species-specific, and the resulting picture, especialy
at acommunity level, isfar from clear yet (Jones and Jongen 1996, Kdrner 2000).

Another effect of elevated CO, on photosynthesis is its suppression of
photorespiration. Photorespiration occurs because the enzyme ribul ose bisphosphate
carboxylase (rubisco) can catalyse two different reactions. It was first discovered to
catalyse the fixation of CO, by combining it with ribul ose-1,5-bisphosphate to form
two molecules of 3-PGA, thus playing a crucial role in photosynthesis. However,
rubisco can also catalyse the oxidation of ribulose-1,5-bisphosphate, that is, the
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reactioninwhichitiscombined with O, to form phosphoglycol ate and one molecule
of 3-PGA. The phosphoglycolate canin itsturn be converted into serine, whereupon
CO, isreleased. Thus photorespiration hampers net photosynthesisin two ways: first
by having CO, compete with O, for the rubisco available, and second by the release
of CO, from phosphoglycolate. Rubisco has amuch higher affinity for CO, than for
O,, but since the atmospheric O, concentration is more than 500 times higher than the
CO, concentration, aconsiderable part of the reactions catalysed are oxidations. This
holds especially at higher temperatures, when the ratio of dissolved O, to CO, inthe
chloroplasts is higher. Therefore the C-4 pathway, where rubisco is present only in
the bundle sheath cells with their relatively high CO, concentration, is efficient in
warmer climates. Elevated atmospheric CO, decreases theratio of O, to CO, in the
chloroplasts, thereby decreasing photorespiration in C-3 plants (Amthor 1994).

Plants eventually show an acclimation of photosynthesis to elevated CO, in most
studies (Gunderson and Wullschleger 1994, Drakeet al. 1996). Thisispartly because
the plant simply cannot handle all the carbon provided (the sink strength is limiting
photosynthesis), partly because the plant produces relatively less rubisco, or rubisco
activity islower (Gunderson and Wullschleger 1994, Drake et al. 1996, Rogerset al.
1998). The mechanisms behind photosynthesis acclimation are not fully understood.
They may involve changesin leaf morphology (Gunderson and Wullschleger 1994,
Bowes et al. 1996), inhibition of rubisco (Boweset al. 1996, Rey and Jarvis 1998), a
build-up of structural and non-structural carbohydratesinthelesf (Conroy and Hocking
1993, Ceulemans and Mousseau 1994, Rey and Jarvis 1998, Ghildiyal et al. 2001,
Vu et al. 2002) that may suppress the expression of severa photosynthetic genes
(Drake et al. 1996), and decreased stomatal density (Gunderson and Wullschleger
1994, Drake et al. 1996). Leaf age and position (Osborne et al. 1998) and time of
year (Bunce 2001) may aso play arole. For photosynthesis at the canopy rather than
leaf level, still other mechanisms might be involved, such as areduction in canopy
leaf area. However, thisdoes not seem to bethe case (Drakeet al. 1996). Acclimation
of photosynthesisisnot found in all studies (Drake et al. 1996) and may be species-
specific (Ceulemanset al. 1997). Furthermore, studiesthat used small pot sizes gene-
rally show more acclimation than those with larger pots (Drake et al. 1996), probably
due to water stress, physical root constrains or N-limitation. The importance of
controlled N-supply when studying acclimation was stressed by Pettersson and
McDonald (1994), as acclimation may otherwise be an artefact of more rapidly
increasing N-stress under elevated CO, (see aso Ceulemans and Mousseau 1994).
The question of acclimation is not answered yet, and the answer may well have a
large impact on plants as a sink of CO, and thus on the future global carbon cycle
(Schulze and Caldwell 1994).

Sngle-plant studies

Korner (2000) shows how the main focus of biological elevated-CO, researchinitialy
was on single plant studies. These studies were often carried out on plants grown in
pots under laboratory conditions (see for example Hunt et al. 1991, 1993, Pettersson
& McDonald 1992). Poorter (1993), in his review of studies on 156 plant species,
reports an average growth stimulation (measured as harvested biomass at elevated
CO, inrelation to that at ambient CO,) of 37%. However, there are large intra- and
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interspecific differences and the growth stimulation caused by elevated CO, ranges
from -37% for the C-4 grass Andropogon glomeratus to +313% for the C-3 tree
Banksia serrata and even +395% for one of the studies on the legume Glycine max
(which had an average stimulation of 71%). Also Hunt et al. (1991, 1993 - note that
the 1991 paper isincluded in Poorter’s review) show large interspecific differences
in biomass stimulation by elevated CO, in British herbaceous species, ranging from 0
to 82%. They come to the conclusion that the higher growth stimulation isfound in
competitive species (as defined by Grime 1974). Poorter (1993) findsthat C-3 plants
are more stimulated (41%) than C-4 plants (22%) and the few CAM plants studied
were stimulated by only 15%. Further, within the C3-group, nitrogen fixing plants
were more stimulated than others (50 and 41%, respectively), crops more than wild
herbs (58 and 35%, respectively) and fast growing wild speciesmorethan intermediate
or slow growing ones (54, 38 and 23%, respectively).

Single-plant are badly needed in the understanding of the mechanismsbehind plant
responsesto elevated carbon dioxide, and they offer areference when studying plant
responsesunder natural conditions. However, they do not giveall information needed
to understand what will actually happen with plants, beit in managed or natural systems,
as the atmospheric carbon dioxide concentration continues to increase. Predictions
of future vegetation responseswill, according to Korner (2000) benefit if experiment
limitations of time, space and complexity are overcome. Wherethefirst two of these
are financially determined and hence unfortunately often outside the individual
scientist’s influence, an appropriate level of complexity, that is, including species
interactions, can and should be allowed if the aim isto understand ecosystems. Both
Korner (2000) and Jones et al. (2000) therefore strongly advocate in situ field
experiments or, if that is not possible, studies of complex model communities.

Experiments including plant interactions, especially grassland
communities

Experimentsinwhich the plantsare not grown inisolation differ greatly in complexity
and degree of resemblance to real-world systems. On the one extreme are artificial
communities consisting of different numbers of species (including single-species
communities) that are used when plant diversity, number of functional groupsor spe-
ciesrichnessis one of the experimental variables rather than an outcome of anatural
process (see for example Craine et al. 2001, Niklaus et al. 2001, Reich et al. 2001a)
or when differences between species grown in monocultures are of interest (Reich et
al. 2001b). The other extreme are situationsin which the vegetation is naturally used
to high levels of CO, because of growing near a natural CO, spring (Koch 1993,
Migliettaet al. 1993, Cook et al. 1998, Tognetti et al. 2000). In between, in order of
increasing resemblanceto reality, are controlled artificial communities composed to
resemble natural ones (Gifford and Rawson 1993, Kdrner et al. 1993, Diaz et al.
1998, Joneset al. 1998, Volk et al. 2000), transplanted natural vegetation (monoliths),
for example grasslands, turfsand bogsin climatefacilities (Arnone and Bohlen 1998,
Heijmans et al. 2001), controlled climate facilities built in situ (Vourlitis and Oechel
1993, Jones et al. 1993, Oechel et al. 1994), open-top chambers (OTCs) enclosing
existing vegetation (for descriptions see Rogers et al. 1983, Vourlitis and Oechel
1993, Joneset al. 1993, Jager and Weigel 1993; see al so citations below and chapter
2 in this thesis and the included papers) and free air CO, enrichment (FACE)
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installations (for descriptions see Hendrey et al. 1993, Wall and Kimball 1993; see
also citations below). For thisthesis, OTCsand FACE are the most important experi-
mental setups.

Open-top chambers and free air CO, enrichment both have advantages and dis-
advantages of conceptional and practical nature, although many find FACE to be the
best technology (McLeod 1993, Schulze et al. 1999). OTCs interfere with the
microclimate to amuch higher extent than FACE. Thismeansthat temperatureinside
an OTC can be several degrees higher than outside, wind speed can be lower or
(because of fansblowing in CO,) higher, and hence humidity can be lower or higher.
OTCsalsotendto berather small compared to a FA CE setup. Moreover, the chamber
wall hinders the free exchange between OTC and surroundings of for example
herbivores, pollinators and seeds. This may, however, be an advantage as well as a
disadvantage. Further, compared to FACE, OTCsare very cheap in construction and
maintenance. FA CE hasamuch lower impact on the microclimate, but it isnot absent
and should not be overlooked. FACE installations are usually rather large, which
enables studies of larger-scal e ecosystems such asforests, however it makesreplication
more difficult, especially in small-scale landscapes. The highinitial and maintenance
costs of FACE make an experiment with proper replications very expensive.

Mooney et al. (1999) summarise 14 long-term (i.e. over oneyear) studieson el evated
CO, in herbaceous systems (five studies used OTCs, one FACE) and 12 on forest
systems (seven OTC, two FACE). Herbaceous studies were carried out on
tundra(Alaska, USA), wetland (Maryland, USA), tallgrass prairie (Kansas, USA),
cultivated pastures (New South Wales, Australia; New Zealand; France; Switzerland;
and Quebec, Canada) and (semi-)natural grasslands (Switzerland, UK, Italy and Ca-
lifornia, USA). The sitesvary greatly in mean temperature, precipitation, history and
speciescomposition. | will come back to these studiesin moredetail in the Discussion
chapter of thisthesis; here it suffices to say that elevated CO, caused above-ground
biomass to increase by an average of 14%, but the differences between systems and
yearswere large, with responses ranging from decreases to +85%.

Why study grasslands?

Grasdland vegetation, especially in temperate regions, containsonly little carbon when
compared to forests (seetable 1). Yet grasslands have become popular ecosystemsin
elevated-CO, research (Mooney et al. 1999). Therationalefor thisisapractical one:
in grasslands, ecosystem processes can be studied at asmall spatial scale. Relatively
small plots can be representative and contain many different species. Moreover, spe-
cies composition of a grassland can show large non-directional variation between
years (Herben et al. 1993, Van der Maarel and Sykes 1993), giving a possibility for
the vegetation to change comparatively fast when influenced by external factors. An
experimental study of the effects of elevated CO, on for example vegetation dynamics
of an old-growth deciduous temperate forest would be a practical impossibility.

But not only for practical reasons is the study of grasslands of interest. From a
carbon cycle point of view, grassland soils are of great importance, containing many
times more carbon than the vegetation itself (see table 1). In combination with the
economic importance of grasslands (Nagy et al. 1997) and the considerable propor-
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tion of land areathey cover (about onefifth of thetotal land areaof theworld (Hadley
1993), about half of which are temperate grasslands (Sala 2001)) this makes grass-
land responsesto elevated CO, of major import for future global change devel opments.

A third reason for studying grasslands concerns biodiversity. Although grasslands
arenot asrichin speciesasfor exampletropical rainforestson either aglobal or aper
area base (Mooney et al. 1995), in places they may contain alarge part of the local
biodiversity. In Sweden, morethan two thirds of the total number of threatened vascular
plant species can be found in the agricultural landscape, with grasslands having the
greatest diversity (Naturvardsverket 1993, Gardenfors 2000). Therefore grassiand
responses to elevated CO, are of interest for nature conservation.

Aims and scope of the Nantuna CO, project and thisthesis

The Néntuna CO, project (see next chapter) hasits origin in the scarceness of long-
term studiesin natural or semi-natural ecosystems (Kdrner 2000) by the mid-1990s,
and the differencesin responses between the systemsthat had been studied (for example
Owensby et al. 1993, Oechel et al. 1994). Given the data that were available at the
time, it was hard, impossible even, to predict the future of ecosystems in Sweden
under elevated CO,. Swedish forests were aready being studied (see for example
Roberntz 1998), but there were at least two reasonsto al so study other ecosystems, in
this case asemi-natural grassland: the carbon source/sink behaviour of these systems,
and the effects on the biodiversity they contain. Therefore, the Nantuna CO, project
had two major objectives:

- tostudy the effects of elevated CO, on the carbon cyclein asemi-natural grassland,
and

- tostudy theeffectsof elevated CO, on vegetation composition and plant biodiversity
in asemi-natural grassland.

Inthisthesis, | concentrate on thelatter objective and on the production part (especially
above-ground production) of the former. My colleague Erik Sindhgj has described
bel ow-ground production, decomposition and carbon balances in more detail in his
thesis (Sindhgj 2001) and the papers therein.

Hence, thequestions| will ask (and hopefully answer) inthisthess, arethefollowing:
- will elevated CO, stimulate leaf-level photosynthesis under field conditions?
- if so, will thisresult in higher standing biomass?
- will the effect of elevated CO, decrease over the years?
- will elevated CO, be more beneficial for fast-growing and leguminous species?
- if so, will thisresult in vegetation changes?
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Material and methods
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Fig. 5. The Nantunafield site and its location.

The Nantunafield site

The field experiment was conducted at Nantuna, about 5 km south of Uppsaain
Central Sweden, 59°48'N, 17°38'E, 10 m a.s.l. on asouth western facing mild (less
than 5 ©) slope off the river Fyris opposite the Ultuna university campus (fig. 5). The
mean annual temperatureis5.5 °C and the mean annual precipitation 527 mm (average
values for 1961-1990; see table 2).

The soil wasclassified asaeutric cambisol and the upper 30 cm wasaloam consis-
ting of about 22 % clay, 47 % silt, 18 % sand and 13 % gravel. The organic matter
content of the upper 30 cm was about 7.5 % and the mineral nitrogen content (NH,*
and NO,) fell between 1.2 and 2.0 g m?, when soil bulk density of 1.3 g cm®and 20
% stoniness are assumed.

Historical maps show that this site hasbeen grazed since at least 1720, but probably
much longer. The first trace signs of settlement in the district is an Iron Age grave
field. During this period (around 2000 years ago) the climate got colder and wetter
and amore permanent agriculture gradually replaced burn-beating (slash and burn).
Thereforeit is probablethat hay-making, grazing and cultivation have been practised
at the site for at least 2000 years. Near the experimental plot, traces of small ancient
patches of cultivated land have been found, probably dating back to the Middle Ages.
On maps from 1760 and 1863, the experimental plot is denoted as a pasture situated
alongside a narrow path very near the farmyards in the old hamlet Nantuna. During
the summer, the main stock (cattle herd) grazed the forest 1 km south of the hamlet
while pastures near the farmyards were grazed by the livestock needed daily, such as
horses and probably cows.
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Table 2. Monthly precipitation (Ppt), in mm, and average temperature at 1.5 m height (Temp)
in°C. Normal denotesthe 30-year average for 1961-1990. Data from Ultuna weather station,
about 1 km from the experimental site.

1995 1996 1997 1998
Month Ppt  Temp Ppt Temp Ppt  Temp Ppt  Temp
Jan 424 -34 7.3 -5.1 113 -27 669 -0.6
Feb 416 0.2 188 -8.8 426 -0.7 283 0.6
Mar 429 13 258 -19 164 13 286 -11
Apr 979 33 140 79 219 35 343 37
May 398 88 577 7.9 576 85 478 9.9
Jun 474 154 442 144 95.1 15.6 983 127
Jul 338 16.9 615 151 383 181 839 156
Aug 109 16.7 293 1738 589 195 548 13.7
Sep 798 111 141 91 585 12.0 434 1.7
Oct 260 86 233 7.7 523 41 585 52
Nov 276 -16 110.8 2.2 543 1.0 227 -15
Dec 119 -86 247 -41 434 -10 59.3 -0.9
1999 2000 Normal

Month Ppt  Temp Ppt  Temp Ppt  Temp
Jan 568 -30 233 -14 338 -44
Feb 282 -28 114 -0.9 246 -4.6
Mar 435 0.9 189 1.2 255 -11
Apr 829 6.5 227 6.1 293 39
May 154 93 397 118 328 10.2
Jun 326 16.3 457 138 459 15.0
Jul 119 189 153.3 15.6 705 16.3
Aug 328 151 Experiment 66.4 15.1
Sep 684 145 finished 570 10.8
Oct 256 7.1 495 64
Nov 9.2 3.9 506 1.2
Dec 1004 -29 411 -28

When the experiment started, the experimental plot was enclosed and grazing was
replaced with a cutting regime with one cutting per year (see below).

There are about 30 to 40 species of vascular plants per square metre and in total |
have found about 50 speciesin the plots (see appendix to paper 111). When not restricted
by grazing, grassestypically constitute 30-50 % of the above-ground dry biomass at
the end of the growing season. Agrostis capillaris, Poa pratensis and Festuca rubra
dominate among grasses, and the most common forbs are Achillea millefolium, Carum
carvi, Stellariagraminea, Plantago media and Taraxacum sect. Ruderalia (hereafter
referred to as Taraxacum). Trifoliumrepens and Lotus cor niculatus are the prevailing
legumes; Trifolium media and T. pratense also occur. The only annuals found are
Myosotis stricta, Erophila verna and Veronica verna and these occurred in small
numbers. Several of the species present are indicators of unfertilised grasslands that
have been in cultivation for an extended period (Larsson and Ekstam, 1987). See

appendix A for aspecieslist. (Nomenclature according to Krok and Almquist 2001)
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Experimental setup
OTCs and monitoring of climatic variables

The experiment started in spring 1995 when eight open-top chambers made of
polypropylene (height 1 m, diameter 1.5 m) on asteel framework and four chamberless
control rings (height 5 cm, diameter 1.5 m) were placed in the field. Four replicate
blockswere placed along the sl ope of thefield and three treatments (Elevated, Ambient
and Control) were assigned in a randomised block design. From April to October
each year, four of the chambers (Elevated) continuously received CO,-enriched air
(700 £ 100 pmol molt). The other chambers received ambient air (350 £ 20 pmol
mol-%; Ambient). The air was blown in by fans through aplastic drainage pipe with a

The CO, supply consisted of commercial-
ly available tubes (a), from which pure
CO, was supplied at a rate adjusted by a
separate needle valve (in shed above b)
for each Elevated chamber. It was mixed
I with outsideair blown in by a fan (c) and
led into the chamber by a drainage pipe
(d). Every second hour an air samplewas
taken (e) for automatic infrared CO,
analysis. Steps c-e apply to Ambient
chambers as well.

Photo: Mark Marissink

Fig. 6. Air and CO, supply in an open-top chamber.

diameter of 15 cm, laid on the ground inside the chamber along thewall (fig. 6). The
four rings constituted the control treatment (Control).

The carbon dioxide level in each chamber, as well as outside the chambers, was
monitored every second hour by an infrared gasanalyser (SBA-1 OEM, PP Systems,
Hitchin, Herts, England). Photosynthetically activeradiation (PAR) inside one chamber
and outside was measured with a Li-190 SB quantum sensor (Li-Cor Inc., Lincoln,
NE, USA); theresultsindicating areductionin PAR of about 10 % inside the chamber.
Air temperature was measured continuously inside and outside the chambers and
showed amean temperatureincrease in the chambers of about 2 °C. Soil temperature,
measured at 10 cm depth, wasincreased by O to 1 °C. All measurements were stored
in adatalogger (CR10, Campbell Inc., Logan, Utah, USA).

From 1997 to 1999, soil moisturewasmeasured using a Time Domain Reflectometry
(TDR) method with a Tektronix 1502B cable tester connected to a PC (for details,
see Sindhgj, 2001). Additional westher datacome from the nearby weather station at
Ultuna, about 1 km from the experimental field. Table 2 and figure 7 show weather
data from 1995 to 2000 from the Ultuna station, as well as average values for the
period 1961-1990.

Field management

When the experimental field was enclosed at the beginning of the experiment, horse
grazing ceased to occur. Instead a cutting regime was established. The vegetation was
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Fig. 7. Mean temperature and precipitation for three months preceding the harvest, and long-
term average values (1961-1990). Datafrom Ultunaweather station, about 1 km from thefield
site.

cut onceayear from 1995 to 2000, during thefirst daysof August. The cutting was at
ground level, and al so rosette | eaves such asthose of Plantago media were harvested.
Therationale behind this rather severe cutting regime was the following: in order to
be ableto calculate correct values of production and carbon sequestration, aswell as
root/shoot ratios, the entire above-ground production of agiven areahad to be known.
Thisareawould be aconsiderable part of each plot, so space limitationsdid not allow
a difference between harvesting for measurement purposes (see below) and field
management harvesting.

Of course this management shift has consequences of its own. However, continued
grazing was not possible, nor wasamore realistic grazing-mimicking regime. A more
common approach would have been to cut the vegetation about 5 cm above the soil
surface. However, apart from the difficulty thiswould have meant to assesstotal plant
production, this might well have impacted on the vegetation even more, given the
severe horse-grazing regime it would replace.

The experimental field was not fertilised, nor wasit irrigated before or during the
experiment.

Non-destr uctive above-ground production measurements

| measured |eaf-level photosynthesis on mature leaves of Taraxacum and Plantago
media (not in 2000) (2 — 3 leaves per species and plot), the only species present in
each plot with aleaf size on which measuring was practicable, using ADC LCA2
(1996 and 1997) and LCA4 (1997 — 1999) (ADC, Hoddesdon, Herts, England) and
CIRAS-1 (2000) (PP Systems, Hitchin, Herts, England) photosynthesis measuring
devices. Measurements were carried out at saturating natural light levels only (inso-
Iation more than 700 pmol m2s?, typically between 1000 and 1500 pmol m2s?, sunny
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days). | measured photosynthesis on five occasions in 1996, seven in 1997, fivein
1998, fivein 1999, and threein 2000.

| conducted separate measurements of stomatal conductance of Taraxacumand P.
media from 1996 using a Delta-T Porometer AP4 (Delta-T Devices Ltd, Burwell,
Cambridge, England) which enabled usto use smaller-leaved speciesthan was possible
with the photosynthesis measuring equipment. Therefore, from 1997 | included Tri-
foliumrepensaswell. In 1996 stomatal conductance was measured on five occasions,
in 1997 on seven occasions, in 1998 only twice, due to unfavourable weather

conditions, in 1999 also only twice, and three times in 2000.

Destructive above-ground production measurements

Each year the experiment was harvested in the first week of August by cutting the
vegetation at the soil surface. During thefirst two years, the harvested central 0.25 m?
was then divided into four groups, namely P. media, Taraxacum, other forbs, and
grasses. To be able to identify effects specific to legumes, seven groups were used
from 1997: Trifoliumrepens, other Trifolium, Lotus corniculatus, P. media, Taraxacum,
other forbs, and grasses*. The material was then dried at 70 °C for at least 72 hours.
After drying all sampleswere weighed and then ground. Nitrogen concentration was
determined for each sample in an Elemental Analyzer NA 1500 (Carlo Erba
Strumentazione, Strada Rivoltana 20090 Rodano, Italy). In 1996 a more
comprehensive analysis was carried out, including N, P, K, Ca, Mg, Mn, Sand Na.

During 1998 | took small (0.01 m?) random harvest samples on June 2, June 23 and
July 14, outside the central 0.25 m? of each plot in order to study changes during the
growing season.

Outsidethe central 0.25 m?, but inthe plots and before cutting the vegetation, leaves
were collected from P. media (1995-1998) and Taraxacum (1996-1998) for determi-
nation of specific leaf area(SLA). For each plot, atotal leaf areaof about 200 cm? of
each species was collected. | determined leaf areausing a Li-Cor Model 3100 area
meter (LI1-COR Environmental Division, Lincoln, NE, USA), then dried the leaves at
70 °C for at least 72 hours and determined leaf biomass.

At harvest time | collected, from each plot, seeds from P. media (1995, 1996), L.
corniculatus (1996, 1997), Ranuncul us bulbosus (1995-1998) and Carumcarvi (1995-
1997). | later counted these seeds and weighed the samples.

Vegetation composition

Vegetation composition in the central 50x50 cm of each plot was assessed twice a
year, in April/May and late July. The first assessment was made in April, 1995, the
last just before the final harvest in late July, 2000. | used a point-intercept method
(Levy & Madden 1933, Goodall 1952), using a4 mm thick pin and a 9x9 grid. All

* To be exact, during the first three years 2x0.25 m? of the harvested material was used for further
analysis. Half of thiswas divided into groups as described, whereas the other half was dried and weighed
directly. There were only very small differences between these two samples per plot, and | will not usethe
non-divided samples in this thesis. However, they were taken into account in Paper |, which explains
some dlight differences between values in this paper and in the thesis.
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speciestouching the pin were recorded for each maze inthe grid. Thus, for each plot
a species has an occurrence between 0 and 81.

| also analysed vegetation composition on abiomass base. To do this| divided the
harvested material into different functional groups as described above.

Below-ground measur ements (in short)

Below-ground responsesto elevated CO, were studied mainly by my co-worker Erik
Sindhgj, who has given adetail ed account of the methods used (Sindhgj 2001). Here
I will confine myself to abrief description.

From April 1996, minirhizotrons were used to study root responses. These were
transparent plastic tubes, 4 cm in diameter and 35 cm long, which were inserted into
the soil in each plot at a45° angle. Using an endoscope, roots crossing agrid painted
on the upward facing side of the tube were counted six to fourteen times throughout
the growing season.

Because of the limited size of the plots, repeated root sampling by means of taking
soil coreswas not aviable option. Nylon mesh ingrowth bags (mesh size 1 cm) were
used during the 1999 and 2000 growing seasons, two in each plot. The bags were
installed in April 1999 and removed in connection with the above-ground harvest
early in August, then new bags were installed in April 2000 and also removed at
harvest in August. In 1999, the roots were washed in order to separate the roots,
which werethen scanned for measuring length, dried and weighed as described above;
in 2000, they were only washed, dried and weighed.

Statistics

The measured valuesfor photosynthesisand stomatal conductance were averaged for
each plot; the different species were analysed separately. For each year and species|
performed a repeated measurements analysis (Proc MIXED in SAS, SAS Institute
Inc, Cary, NC, USA, 1989-1996) in which block and treatment (or block, chamber
and CO,) werethe explanatory variables, and the different daysthroughout the growing
season constituted the repetitions. To allow for effects of within-day changes of
temperature, | alsoincluded leaf temperaturein someanayses, aswell asitsinteraction
with treatment, but this never gave significant results.

The other production datawere also analysed using repeated measurements analy-
sis, but that in this case the years constituted the repetitions. For analysis of root
dynamics, see Sindhgj (2001).

The vegetation data were analysed by categorising the species data and dividing
the biomass datainto functional groups (grasses, |legumes and non-leguminousforbs),
whose values, both in absolute and relative terms, were then analysed in the way
described above. The point-intercept datawere also analysed in principal component
analyses (PCA). The first axes of the PCAs were then analysed with the above
univariate methods.

Unless stated otherwise, | used a significance level of 5%.
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Plant production

Biomass production
Above ground

During the first three years of the experiment, CO, had a positive and increasing
effect on above-ground biomass harvested in early August, but | did not find any CO,
effect from thefourth year onward (fig. 8). Differences between yearswere significant
for all treatments, but to a variable degree. Averaged over the treatments, biomass
was significantly higher in the three wettest yearsthan in 1996 and 1999 (table 3). In
the Elevated treatment, only the years 1997 and 1999 differed significantly (p =
0.0102), whereas in the Ambient treatment 1998 had a significantly higher above-
ground production than all other years except 2000, and 2000 was significantly higher
than 1995 and 1996 (p < 0.0001). In the Control treatment, the three wettest years of
the study (1997, 1998 and 2000) showed a significantly higher production than 1996
(p =0.003). Also the year x treat interaction was significant (p = 0.0173), indicating
that responses to CO, (and chamber) differed over time..

| did not find any significant differencesin above-ground biomassfor the first two
sampling dates during the growing season in 1998 (0.01 m? samples). Thethird samp-
ling, however, showed a significant difference (p=0.0005) between Elevated and the
other treatments, with Elevated producing 2.5 times as much as Ambient and three
timesasmuch as Control (fig. 9). Yet at harvest in early August, with 0.25 m? samples,
there was no significant difference in above-ground biomass between the treatments
(seeabove). Sincethere doesnot seemto beabiological or weather-related explanation
to theseresults, and since the biomass estimates at elevated CO, on the third sampling
occasion are more than twice as high as the highest biomass | ever found at harvest
using alarger sampling area, my conclusion isthat these resultsindicate that the 0.01
m? samples were simply too small to givereliable data.
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Fig. 8. Above-ground dry biomass (g m?, + 1 SE) at harvest (early August) in OTCs under
ambient and twice ambient elevated CO, concentrations and in controls without OTC. Error
barsindicate 1 S.E. Starsindicate significance level of treatment effect: ** p<0.01; * 0.01 <
p<0.05; (*)0.05<p<0.1
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Table 3. Above-ground dry 1200

biomass (g m?) at harvest & *kk
(early August), averaged over S |
all treatments, and standard 2 1000 0 Control
errors. Values with the same éﬁ O Ambient
letter are not significantly £ 800 A
different (p> 0.05). S W Hevated

Year Biomass SE 2 600

1995 25517 16.14 ab S

1996 226.10 1841 a S

1997 32227 2643 c 3 400

1998 330.87 11.38c g

1999 24963 9.98 a S 200

2000 301.59 11.96 bc _<crf

0
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Fig. 9. Above-ground dry biomass (g m?, + 1 SE) at
three dates during the 1998 growing season in OTCs un-
der ambient and twice ambient elevated CO,
concentrations and in controls without OTC; 0.01 m?
samples. Error bars indicate 1 S.E. Stars indicate
significance level of treatment effect: *** p < 0.001 (but
see text for details).

Below ground (in short)

Sindhgj (2001) shows that elevated CO, had a positive and increasing effect also on
below-ground production as studied in minirhizotrons (fig. 10). This effect lasted
throughout the experiment, although it was smaller in the extremely wet growing
season of 1998. Root counts went down faster as well under elevated CO,, except
after the very dry summer of 1999 after which extremely low soil moisture may have
inhibited decomposition.
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Fig. 10. Total root counts (roots per dm?) up to 20 cm depth observed with minirhizotronsin
OTCs under ambient and twice ambient elevated CO, concentrations and in controls without
OTC (adapted from Sindhgj 2001).
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For the two years they were used,
ingrowth cores showed alarge (+ 98%) and
significant increase in root production in
the Elevated treatment when compared to
Ambient (fig. 11). Root production was
80% higher in 2000 than in 1999. For both
years, root ingrowth biomass showed a
good correlation with the increase in
minirhizotron root counts, which justifies
using root counts as estimates of root
production during the yearswhen no direct
root biomass measurements were taken.

CO, effects on total primary
production

When root countsaretaken asanindication
of root biomass production, and are
combined with the above-ground harvest
biomass data, it becomes clear that the
effect of elevated CO, lasted throughout the
entire experiment, with the possible
exception of 1998, which was the only
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Fig. 11. Root dry biomass (g m?, + 1 SE)
fromingrowth coresin OT Csunder ambient

and twice ambient

elevated CO,

concentrationsand in controlswithout OTC;
taken in early August. Error barsindicate 1
S.E. Stars indicate significance level of
treatment effect: * p < 0.05 (adapted from

Sindhgj 2001).

growing season without any water deficit (Sindhgj 2000). However, the effect changed
over time. During the first years, up to 1997, most of the extra production occurred
above-ground. During thelast two years, on the other hand, most extraC wasinvested
inroot growth. Figure 12 gives an indication of this, using the ratio of counted roots
divided by above-ground biomass at harvest. Nitrogen depletion and a large water
deficit in 1999 are two possible causesfor this observed change, which | will discuss

below.

O 4o
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8 104 DOAmbient a
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8 02 ]2
g
F 0 :
1996 1997 1998 1999 2000

Fig. 12. Root count to shoot biomassratiosin OT Cs under ambient and twice ambient elevated
CO, concentrations and in controls without OTC; used as an analogue of root/shoot ratios.
Means with different letters within ayear are significantly different (p < 0.05) (adapted from

Sindhgj 2001).
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Above-ground nutrient concentrations

Table 4 showstheresultsfrom the nutrient analysis after two growing seasons. Plants
grown at elevated CO, contained lower levels of most elements analysed, but the
differences between species and plots were large. Nitrogen constituted the only
significant differencefor al four species or species groups analysed, and phosphorus
and sul phur showed near-significant differences.

Table 4. Nutrient concentrations in above-ground biomass at harvest (early August, 1996)
after two growing seasons in OTCs under ambient and twice ambient elevated CO,
concentrations and in controls without OTC. Standard errors shown in italics.

P K Ca
mgg* mgg* mgg* mgg*
Plantago media
Control 12.00 0.603 311 0510 2525 0.150 5555 1.15
Ambient 1088 0700 291 0.231 25.70 1.96 5025 2.95
Elevated 9.05 0741 262 0155 2328 1.06 4295 5.50
Taraxacum sect.
Ruderalia
Control 1283 0225 301 0.091 31.83 250 3043 0.785
Ambient 11.30 0227 301 0201 2943 0.610 30.85 1.85
Elevated 1015 0452 3.03 0.280 29.83 1.72 3155 0.936
Other forbs
Control 1343 0873 321 0335 20.88 1.00 1753 1.63
Ambient 12.25 0.742 290 0.158 21.70 0.342 1460 0.977
Elevated 10.35 0.562 253 0157 1945 0417 1463 0.675
Grasses
Control 1095 0650 210 0.888 1523 0.319 7.40 0.750
Ambient 10.98 0.613 197 0.064 16.05 0.666 7.25 0.396
Elevated 9.60 0.235 183 0050 1532 0.8900 6.80 0.470
Mg Mn S Na
mgg* mgg* mgg* ug g*
Plantago media
Control 3.04 0110 0.04 0.007 2.09 0.020 3345 8.05
Ambient 344 0620 0.05 0.007 205 0.110 4055 8.64
Elevated 268 0250 0.05 0.008 1.63 0.126 3298 6.60
Taraxacum sect.
Ruderalia
Control 3.82 0.252 0.09 0.014 1.59 0.103 58145 254
Ambient 3.57 0.503 0.10 0.011 1.36 0.064 54850 285
Elevated 354 0358 0.09 0.012 1.25 0.116 503.75 263
Other forbs
Control 275 0.085 016 0.028 1.22 0.027 50.63 147
Ambient 232 0225 011 0.016 1.13 0.021 60.08 16.4
Elevated 2.37 0.077 0.13 0.018 096 0.025 79.65 35.0
Grasses
Control 157 0.131 0.26 0.035 1.06 0.070 3543 7.25
Ambient 151 0.165 0.29 0.037 1.06 0.309 38.18 7.15
Elevated 1.33 0.074 0.29 0.058 1.01 0.030 4570 103
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Repeated measurement analysis of the nitrogen data for the harvests from 1996 to
2000 (for Trifoliumrepens: 1997 to 2000) showed a significant treatment effect only
in grasses. The interaction between treatment and year was significant only for T.
repens. This interaction was almost significant for forbs (p = 0.0563), but this may
well have been an artefact of the changein sampling from 1997, when legumes were
first separated from non-leguminous forbs. If | exclude the 1996 harvest from the
forbs analysis, the interaction is no longer significant (p > 0.1). The factor year is
significant in both forbs (both in- and excluding the 1996 data), grassesand T. repens.
Within-year significances are shown infigure 13.

Analysing the CO, effect asatwo-level factor rather than treatment with threelevels
and using the same repeated measurements analysis as above, | found a significant
CO, effect for al three groups analysed. Also the interaction between CO, and year
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1.6 * *% * * O Ambient
14 - M 3.4 | W Bevated
1.2 A T N 3.2 | Trifoliumrepens
1 ' * *
17 ) 3.0 -
08 28 | N
06 - 2.6 -
_ 1]
£ 047 24 |[]
E’\C; 0.2 - 292
2 '
S 1996 1997 1998 1999 2000 20
£ 187 Non-leguminousforbst 187 t
216 * * * * 16
[e}
o I
=141 T 14
12 - M 12 -
1 X 1
08 - 08 -
06 - 06 -
04 - 04 -
02 - 02 -

T T T T 0 T T T
1996 1997 1998 1999 2000 1997 1998 1999 2000
Fig. 13. Nitrogen concentrations (in % of dry mass) of above-ground biomass at harvest (early
August) in OTCsunder ambient and twice ambient elevated CO, concentrationsand in controls
without OTC. Error barsindicate 1 S.E. Starsindicate significancelevel of treatment effect: **
p<0.01;* 0.01<p<0.05.
This category includes legumesin 1996 data.
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was significant for T. repens. The chamber effect, analysed in the same way, was
significant only in grasses, both as amain effect and in interaction with year.

Some other production-related measurements

Specific leaf area

The effect of CO, on specific leaf area (SLA) was small. Over the course of all years
measured, neither Plantago media nor Taraxacum showed a significant response.
Taraxacum showed asignificant difference between years, whereas P. media did not.
Therewas no interaction between treatment and year. For each year, SLA in P. media
was |lower at elevated than at ambient CO,. However, this difference was significant
only in 1996 (fig. 14).

Seed mass

Ranunculus bulbosus, the only species for which seed mass was studied during four
years, showed a significant treatment effect over these four years (repeated
measurement analysis). However, this treatment effect seems to be brought about by
acombination of chamber and CO, effects rather than being a consequence of CO,
per se. Hence, for the two single years in which there was a significant difference
between treatments, 1995 and 1997, only the difference between Control and Eleva-
ted was significant (fig. 15). Differences between years were significant, but there
was no interaction between year and treatment.

Carum carvi was studied for three years and showed a significant chamber effect
during the first year (fig. 15). Over al years, however, treatment effects were not
significant, but differences between years were.

Plantago media O Control Taraxacum
2501 OAmbient T
W Elevated
HA Zm’ ] L
Ng . . *1-* _T_
= 150] =
8
®
8
= 100+
3
A g
0 ‘
1995 1996 1997 1998 1996 1997 1998

Fig. 14. Specific leaf area (SLA) at harvest (early August) for two species in OTCs under
ambient and twice ambient elevated CO, concentrations and in controls without OTC. Error
barsindicate 1 S.E. Starsindicate significance level of treatment effect: ** p < 0.01.
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The other two studied species, Lotus
corniculatus and Plantago media, each
studied during two years, did not show
any significant differences or even non-
significant trends(fig. 15). Thus, it may
be so that seeds of different species
respond differently to elevated CO,,
which should be taken into account
when predicting future vegetation.

Production processes
Photosynthesis

Repeated measurement analysis shows C
that leaf level photosynthesiswassigni- 5@
ficantly higher at elevated CO, for both €
species measured (Plantago media and
Taraxacum) and all years but one; the §
exception being the extremely and S
continuously wet growing season of
1998. For both species, photosynthesis
decreased significantly throughout each
growing season, but the slope of this
decrease does not seem to be affected
by CO,. In other words, there is no
interaction between treatment and day
of year (with the possible exception of
1997, but due to technical problems
datafor this growing season are scarce
and no firm conclusions should be
drawn from these). For each
measurement occasion onwhich | found

a significant treatment effect,
photosynthesis at elevated CO, was
significantly higher thanin theambient
treatment (fig. 16).

There does not seem to be atrend in
leaf-level photosynthesisover theyears.
Measured photosynthesiswashigher in
1998t0 2000 thaninthepreviousyears,
but thisis an artefact that disappearsif
measurementsfor aspecific week of the
year are compared. Measurements ta-
ken during the same week of the year

0.0004 1

0.0002 -

0.0041 Carum carvi @ Control

* OAmbient

W Hevated
0.002 1

| Lotus corniculatus

0.001 -

0

Plantago media

| Ranunculus bulbosus
0.004{ * *

sl

1995 1996 1997 1998
Fig. 15. Mean seed mass (gram per
seed) for four species in OTCs under
ambient and twice ambient elevated
CO, concentrations and in controls
without OTC. Error barsindicate 1 S.E.
Stars indicate significance level of
treatment effect: * p < 0.05.

Fig. 16 (opposite page). Net photosynthesisat leaf level (umol CO, m? s*) measured at saturat-
ing light levels on two speciesin OTCs under ambient and twice ambient CO, concentrations
and in controls without OTC. Error bars indicate 1 S.E. Stars indicate significance level of
treatment effect per measurement occasion: ** p<0.01; * 0.01<p<0.05; (*) 0.05<p<0.1.
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did differ significantly between years, but these differences did not show any trend
and can probably be ascribed to the weather. In addition, note that the measurements
from 1998, 1999 and 2000 are probably not as representative for the entire growing
seasons as measurements from the first years, due to the extreme weather in these
later years. This holds especially for 1998, when there were hardly any days sunny
enough to carry out measurements, and 1999, when, due to drought, measurements
had to be concentrated on afew non-representative plants that were not wilting.

For data from 1995 | refer to paper 1.

Stomatal conductance

In comparison with photosynthesis, seasonal trends in stomatal conductance are far
less clear (fig. 17). Moreover, the possible lack of representativeness | mentioned
above may well be even more pronounced here. The results should therefore be
interpreted with care.

Having said that, | did find significant trestment effects, using repeated measurements
analysis for each year and species separately. However, these effects, and whether
they were caused mainly by CO, or by the chambers, differed between years and
species. Generally, stomatal conductance tended to be lower at elevated CO, than at
ambient, and lower in OTCs than outside.

For Taraxacum, the species studied most intensively, | found that CO, significantly
lowered stomatal conductance during 1998 and 2000. CO, did not have an effect
during other years, either on stomatal conductanceitself or on the change of stomatal
conductance over the growing season (that is, theinteraction between CO, and day of
year was not significant). The chamber effect was significant in 1999, when plantsin
the Control treatment showed higher stomatal conductance than plantsin the OTCs.
In 1996 the OTCssignificantly affected the changein stomatal conductance over the
growing season, and in 1997 this effect was near-significant. The treatment effect
was significant also in 1996, but when chamber and CO, effects were separated for
that year, none of these factors was significant on its own. Four single measurement
occasions showed significant differences (fig. 17), of which two can be ascribed to
CO

.

CO, did not cause any significant changes in stomatal conductance in Plantago
media over any year. In 1998, however, the change in stomatal conductance over the
growing season was significantly affected by CO, (but note that | have only two
measurement occasi onsduring this season). Thetreatment effect, whichwassignificant
in 1996 and 1997, was largely accounted for by chamber influences (which were
near-significant in 1996 and significant in 1997, with neither year showing any
significant or near-significant CO, effect). Treatment effect was significant on two
single measurement occasions (seefig. 17), but then it was the OT Csrather than CO,
causing the difference.

Fig. 17 (opposite page, continued on next page). Stomatal conductance (cm s?t) measured at
saturating light levels on three speciesin OTCsunder ambient and twice ambient CO, concen-
trationsand in controlswithout OTC. Notethat for Taraxacumthe horizontal scalefor 2000 is
smaller than for the other years. Error barsindicate 1 S.E. Starsindicate significance level of
treatment effect per measurement occasion: ** p<0.01; * 0.01<p<0.05; (*) 0.05<p<0.1.
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Trifolium repens did not show a
significant treatment effect on any @
single measurement occasion (note, T’
however, that it was not measured on
the two occasions on which P. media
showed significant differences), but
differences between treatments were : 5
significant over thel998 growing sea- : )
son. Dueto absence of T. repensin some

15ju

2000

plots, especially Ambient, it is hard to g 3 -%

say whether this effect was brought § £ 3 1

about by the OTC or by CO,, or by a <F o o _
combination of both. % o + § o T
Putting Néntuna into context ' ® s
- possible inter pretations of ]

the production study results

This six-year field study of plant =1
production in a semi-natural grassland 8
at elevated CO, clearly points out the
importance of long-term experiments _
under natural weather conditions. Even L=
after six years, itishard toindisputably
ascribe any of the changes observed to
asinglefactor. Actually, it would have s
been much easier to draw firm RS
conclusions had the experiment been
stopped after three growing seasons. -
The value of those conclusions could, L é
of course, be disputed.

1998

It also becomes obvious that total
plant production should be studied rat- =
her than just the conveniently located s
above-ground parts. Unfortunately, this )
isvery laborious and often only above-
ground production is used when
comparing studies. In such
comparisons, such as figure 18, it
should be kept in mind that they may
tell only half the production story.

1997
21-jun

—~
*
~

Trifolium repens

Figure 18 shows the above-ground
biomass stimulation found in the
Nantuna study in the context of that
found in similar studies reviewed by

4 1 4 4 o
— o
(S Wo) 30URIONPUOID [RTRWIOIS

2.5

Fig. 17 (continued). Stomatal conductance (cm s?). Error barsindicate 1 S.E. Stars indicate
significance level of treatment effect per measurement occasion: (*) 0.05<p<0.1.
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Koch and Mooney (1996). It = Swiss apine sedge
appears that this study was 3 o Calif. annual grassiand
carried out at a rather low- g 801 v v Kansastallgrass prairie
productive site, comparablein ® ¢ C-3 sdtmarsh
production to the California % 601 a © C-4 saltmarsh

annual grassland (squares in oA , AThisstudy

fig. 18) studied by Fieldetal. 2 _40] . ¢

(1996), and surpassing in 9 o

production only the Swiss § 207 = o v,

alpine sedge study by Korner © Ay © ® %y

etal. (1996). Itshouldbenoted, £ O+ o

though, that production g o o o
comparisons can  be -§ -201

cumbersome because of diffe- & °

rent measurement variables 405000650 "800 1000 1200

(peak biomass, cumulative
biomass) or harvesting
techniques (cutting at ground
level, leaving 5 cm of vegeta-
tion), as Koch and Mooney
(1996) point out. Moreover,
surprisingly often the method of biomass harvesting is not specified.

Productivity in ambient CO, (g m)

Fig. 18. Percentage change in above-ground production
at elevated CO2 for six different herbaceous ecosystems.
Solid symbolsdenotesignificant CO, effects. Adapted from
Koch and Mooney (1996).

The stimulation of above-ground biomass by CO, | found during the first three
years of the study fitswell within the range shown in figure 18. The lack of response
during the latter yearsis not unprecedented either. Owensby et al. (1999), who per-
formed what to my knowledge is the longest lasting elevated CO, study in anatural
grassland ecosystem, did not find a significant (at p<0.1) CO,-related differencein
above-ground production for four of the eight years studied. This was not a trend
over time, however, as it might be in the Nantuna study; but rather there was no
response during wet years.

In the study by Owensby et al. (1999), root biomass generally shows the same
pattern as above-ground biomass. That is, in wet years there was no CO, effect on
roots, whereas in drier years there was (although CO, effects on roots become
significant in wetter years than do effects on above-ground biomass). This makesan
interesting contrast with the present study, in which the CO, effect on rootsincreased
over time, whereas the effect on above-ground biomass disappeared. This may point
to a nutrient depletion at this relatively low-productive site under a severe cutting
regime. However, weather effects may also play arole.

In paper | | argue that the extreme weather is the possible cause of the lack in
above-ground biomass response to CO, in 1998, rather than a nutrient depletion.
Sincethen | have studied the system for two more growing seasons, but unfortunately
these came with even more extreme wesather (see fig. 7 for adlight indication).

To summarise:
- CO, stimulated leaf level photosynthesis
- CO, had asignificant impact on plant biomass production throughout the experi-
ment, except during the one growing season without any water deficit
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- initially, the extra biomass production occurred mainly above ground; later, after
an extremely dry season, exclusively below ground

- since the weather showed a directiona change during the experiment, with one
extreme exception, weather and time effects were largely confounded

- changesover time, such asthe shift in CO_-induced extra production from shootsto
roots, if not confounded with wegther effects, may either be caused by nutrient depletion
or by changesin the vegetation following the change in management (see next chapter).
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Vegetation composition

To analyse vegetation composition and how it changed over time and with treatments,
| used two fundamentally different methods. On the one hand, | used the speciesdata
from the point-intercept measurements asthey were. That is, every single specieswas
a part of the analysis. With up to 50 species this calls for multivariate analysis, or
other ways in which to make the information more accessible, such as the use of
indices. Ontheother hand, | used biology rather than mathematics asaway of reducing
the size of the data set by grouping the speciesinto functional groups (grasses, legu-
mes and other herbs). Responses of these functional groups could then be analysed
by univariate statistics. An additional advantage of this latter method was that not
only point-intercept measurements coul d be used, but also the biomass datafrom the
harvests that were divided into functional groups.

PCA

| used principal component analysis (PCA) to analyse the point-intercept datain or-
der to detect any patterns in species composition and its change over time. As an
indirect gradient analysis, PCA isuseful to detect gradientsimplied by (in this case)
vegetation composition rather than using measured environmental variables as
explanatory gradients, which is the case in direct gradient analyses instead. The
measured “gradients’ of time and CO, and possibly block could have beenusedina
direct gradient analysis of the present data; however, sincel did not have exact data
on for instance nutrient and water levelsfor each plot, | chose to use PCA.

Because of the so-called double-zero problem (two sitesare not necessarily similar
to each other because both lack a particular species; that is, shared presence of a
speciesindicatessimilarity between sites, but shared absence doesnot), PCA isusually
not a good description of reality if there are long environmental gradients present in
the data set, along which species can be distributed unimodally. I nstead, the gradients
should be very short and the plots should share most species, differing rather because
of the abundances (Legendre and L egendre 1998).

Inthe PCA that containsall years and both seasons (summer and spring), | found an
explanatory value for axis 1 of about 30% (not shown). Thefirst four axes, together
explaining 65%, wereall significantly correlated with season and year of experiment,
and with no other measured or environmental variables. Sincethe difference between
spring and summer vegetation assessmentsis quite obvious and of no interest per se
in this study, separate analyses for spring and summer data may yield more insight
into possible CO, effects. Asthereis some evidence that different investigators may
get slightly different results in point-intercept analyses (Goodall 1952), and since
another observer madethe 1995 assessments, | havea so performed analysesexcluding
thefirst year.

Soring data

Various analyses of the spring assessments showed a strong effect of year, but the
effect of CO, was neglligible. For the spring measurements, contrary to the summer
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Fig 19. Species and plot scores of a PCA of the species composition in spring in OTCs at
ambient and twice ambient CO, concentrations, and in controls without OTC. For reasons of
clarity, some species in the central part of the graph have been left out. PCA scores were
calculated using all species. See Appendix A for specieslist.

measurements, no other environmental or experimental variables than treatment and
block were available.

Axis 1 of the PCA for al spring data explained 44% of the observed variation and
was significantly correlated with year of experiment (fig. 19). However, none of the
first four axes, which together explained over 70%, was correlated with CO,. Axes2
- 4weresignificantly affected by block. Inasimilar analysis, but excluding 1995, the
first axis explained about 30% of the variation and the first four axes together about
65%. Still, none of the first four axes showed a correlation with CO,, but axis 1 was
significantly correlated with year of experiment. All four axes showed a significant
block effect.

When | analysed spring datafor each year separately, axis 1 typically explained 35
- 40% of the observed variation (31% in 1996, 27% in 1999), axis 2 about 15 - 20%
(24% in 1999) and axes 3 and 4 about 10% (17 and 15%, respectively, in 1999) each.
In 1998, the third axis (explaining 15%) was significantly affected by treatment (both
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Fig 20. Species and plot scores and environmental variables on axes 1 and 2 of a PCA of the
species composition in summer in OTCs at ambient and twice ambient CO, concentrations,
and in controls without OTC, excluding 1995. For reasons of clarity, some species in the
central part of the graph have been left out. PCA scores were calculated using all species. See
Appendix A for species list; temp=mean seasonal temperature, insol=seasonal insolation,
potevap=seasonal potential evapotranspiration, precip=seasonal precipitation.

the CO, and the chamber effect were significant), but in none of the other analyses
did any of thefirst four axes show asignificant treatment effect. Block had asignificant
effect on axis 3 (which explained 14%) in 2000, but on no other axis in any of the
analyses.

Summer data

The picture shown by various analyses of the summer point intercept datais not easy
to interpret. Analysed in the same way as the spring data, that is, excluding any
explanatory variables other than year, block and treatment, the summer assessments
too show a very strong time effect. There also appears to be a block effect, but the
effect of treatment is much smaller and consists mainly of chamber effects. When
1995 is excluded from the analysis, the treatment effect becomes more significant
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Fig. 21. As 20, on axes 3 and 4.

and the contribution of CO, more important. In the summer analyses, the factor year
contains much information on seasonal precipitation, temperature, insolation and
potential evapotranspiration which can be taken into account. Of course, some of
thesevariablesare highly correlated with each other, and some are highly confounded
with the year of experiment, which makesit hard to separate their effects.

Axis 1 of the PCA for all summer data explained 23% of al variation, and the
following axes contributed 15, 12 and 10%, respectively. Thefirst axiswassignificantly
correlated with five out of seven explanatory variables (treatment, block, and seasonal
valuesfor insolation, potential evaporation and preci pitation), and showed an almost
significant correlation with a sixth one (year of experiment). Treatment was also
significantly correlated with axis 2, and all weather variables (which over the above
alsoincluded the seasonal mean temperature) were significantly correlated with axis
3. However, when the treatment effect was separated into achamber and aCO, effect,
of these only the chamber effect showed significance (on axes2 and 4). Inan analysis
excluding 1995 the first four axes explained 19, 18, 12 and 11% of the variation,
respectively (fig. 20 and 21). In this analysis | excluded potential evaporation as an
experimental variable in order to maintain enough degrees of freedom. All other
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Fig. 22. Plot scores and treatment variables of PCAs of the species composition in summer in
OTCs at ambient and twice ambient CO2 concentrations, and in controls without OTC.

weather variables, however, aswell asyear of experiment and block, weresignificantly
correlated with axis 1, and treatment showed a near-significant correlation with both
axislandaxis2. Axis3wassignificantly correlated with all variablesbut precipitation,
and axis4 with all variables but block. When the treatment effect was separated into
achamber and CO, effect, chamber was most important for the first two axes, and
CO, for thethird and fourth. When | made year partial in the abovetests, CO, tended
to become slightly more significant, and chamber less so (see aso Paper 111).

For the PCAs of summer data for each year separately (in which no separating
environmental variables were available), axis 1 typically explained between 25 and
35% of the observed variation, axis 2 about 20, axis 3 about 15 and axis4 about 10%.
In 1999 there was a significant relation between axis 1 (which explained 26%) and
both treatment and block, and in 2000 therel ation between axis 1 (which then explained
28%) and treatment was even more significant (fig. 22). In both years, it was CO,
rather than achamber effect that caused the significance. Other than that, there were
significant relations between any of these variables and the lower axes only (axis 4
and treatment in 1997; axis 4 and block in 1996, axis 3 and block in 1998).

An interpretation of the principal components analyses

The PCAs showed that, apart from the obvious within-year difference between sum-
mer and spring measurements, the passing of time is the most important factor
influencing vegetation composition in this experiment (fig. 19, 20). On the basis of
the available data it is not possible to determine whether this time effect is in fact
brought about by the change in management (from grazing to asevere cutting regime),
by loss of nutrients from the system, or by other factors. More problematically, since
the changein weather waslargely directional over the course of the experiment, many
weather effects are confounded with these time effects, so the effect of time may well
be brought about by changesin the weather, at least partially.

Secondly, in this perennial grassland the effects of the plots themselves, whether
caused by small-scale environmental heterogeneity or by original vegetation
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composition, or acombination of both, remained of importance throughout the expe-
riment. (These effectsare easily tested by including theinteraction between treatment
and block inthe model. It isalso easily recognisableif plotsin the graphic outputs of
the PCA arelabelled individually.)

Treatment did have an impact on vegetation composition as analysed by PCA, but
itwasarather small one. Both chamber and CO, had an effect. The CO, effect became
more important towards the end of the experiment, which was clear when separate
yearswere analysed by PCA and theresultsfor different years compared (only shown
for 1999 and 2000, fig. 22). Thistrend was also found by Vasseur and Potvin (1998)
in asimilar study, performed in southern Quebec during three years. Although it is
not possible to compare these two studies directly because of differences in
methodology, responses at species level do seem to differ between them (Paper 111).
Thismay point to the danger of generalising conclusions based on experiments per-
formed on a specific site.

There was no detectable CO, effect, or indeed any treatment effect, on the PCA
scores of the spring assessments.

Species diversity

A different approach to ssimplifying the complex data set that species abundances
constitute isthe use of indices. This has become particularly popular in biodiversity
studies. Simpleindicesare, for instance, the number of species present, or the number
of species per area. Of course there is more to biodiversity than just the number of
species, but the other factors, such as genetic and ecosystem diversity, are beyond the
scopeof thisthesis. More sophisticated indices al so account for the rel ative abundance
of each species. Typically a system with a given number of speciesisjudged to be
more diverse if the species are evenly distributed rather than if it is dominated by a
few species, with the others occurring in very small numbers.

Theuse of only onefigureto represent the species composition of an entire system
obvioudly results in a large loss of information. Yet biodiversity indices facilitate
comparisons between studies, treatments or ecosystems to find differences or
similarities. They do not, however, give an explanation of the cause or even nature of
these differences.

For thisthesis, | have calculated the Shannon index (H’) to study how CO, affects
biodiversity (see Magurran 1988 for details on calculations and statistics). Thisis
one of the most widely used biodiversity indices. An additional advantage is that it
doesnot draw asheavily on the most abundant species asdoesfor instance Simpson’s
index, another biodiversity index that isfrequently used. Sincethe grid | used in the
point-intercept measurements limited the maximum possible number of scored
occurrences of our most abundant speciesto 81, Simpson’sindex might giveinaccurate
results.

Figure 23 shows how the calculated Shannon indices varied between treatments

and over time. In spring CO, had a negative effect on biodiversity, whereas in sum-
mer the effect was positive (see paper |11 for details). The chamber effect, if present
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Fig. 23. Species diversity, calculated as the Shannon index, for point-intercept measurements
in OTCs at ambient and twice ambient CO, concentrations and in controls without OTC.
Figuresgivethe number of significant pai rwise comparisons (out of amaximum of 3) between
treatments, if any.

at all, appeared to be smaller than the CO, effect. For all treatments, there appeared to
be a positive trend in summer biodiversity (except for 1999), but no trend could be
discerned for biodiversity in spring.

Again, various causes may be responsible for the trend of increasing summer
biodiversity over time. It may be so that this really is a change with time itself, in
which caseit could be depl etion of nutrients or asuccession after the changein mana
gement that causes the vegetation to become more diverse. The deviation from this
trend in the summer of 1999 could be explained by drought causing this season to
have alow production, which resulted in fewer point-intercept hitsirrespective of the
underlying diversity. If | take thisreasoning a step further, however, it may be so that
the observed trend is really caused by the weather rather than by any change over
time. The absence of a trend for the spring measurements may aso point in this
direction.

The discrepancy between spring and summer in the direction of the CO, effect is
not explained easily. It might be the case that the differences in summer diversity
actualy mirror differences in production, since higher production alows for more
hits in the point-intercept measurements and thus a higher diversity. However, this
does not fit too well with the observed pattern over time, in which the year with the
largest difference in above-ground production, 1997, was the only year that did not
show any CO, effect on diversity, whereas the three years without differences in
production did.

Leadley et al. (1999) did not find an effect of CO, on the Shannon index in their
semi-natural cal careous grassland, harvestedin June. They did find, though, that CO,
increased the evenness of the vegetation. If thiswerethe casein our field siteaswell,
that might explain at least a part of the higher values for summer biodiversity at
elevated CO,. (Of course it till would not explain the discrepancy between spring
and summer, unlesswe assumethat thisincreasein evenness occurs during thegrowing
season, but is not preserved into the next.) However, the evennessindices calcul ated
from my vegetation data do not show such an increase, but rather the opposite: a
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small decreasein evennessat €l evated CO, (not shown), but the point-intercept method
| used may have serious drawbackswhen it comesto cal cul ating evenness (such asan
overestimation of the evenness of species that occur in amost all quadrats).

Functional groups

Another popular way of working with complicated species data sets isto categorise
the species into functional groups (or functional types). The concept of functional
groups has been defined in many different ways (Gitay and Noble 1997), yet not as
many as the functiona groups themselves (Shugart 1997, Westoby and Leishman
1997). For my purposesit sufficed to divide the speciesinto afew easily recognisable
groups so that not only the point-intercept, but also the biomass data could be divided
in this way. Since all plants belonged to herbaceous C3-species, the most evident
division was between grasses and forbs. Bearing in mind that N may becomeimportant,
| also separated legumes from other forbs. Another important division might have
been the one between annual and perennial species. However, there were only very
few annual species present, and only in very small numbers, and to separate these
from the others would have been both time-consuming and error-pronein the case of
the biomass samples. | performed the analyses of the point-intercept data with and
without this division, and the results did not differ.

Again, the trend over time was much larger than any other effect. For the summer
measurements, grasses increased dramatically and steadily, especially in biomass,
but also in point-intercept hits (fig. 24), both in absol ute (again with the exception of
1999) and in relative figures. As the other changes over time, this trend cannot
indisputably be ascribed to a particular cause.

On the basis of biomass, none of the functional groups showed a significant re-
sponseto CO,, either in absolute or rel ativeterms. Yet in point-intercept measurements,
CO, wasfoundto have adight positive effect on legumesin summer. Thiseffect was
significant only in arepeated measurements analysisin which the possible effect of
changing investigators was taken into account (i.e., if 1995 was excluded), but not in
any singleyear.

Vegetation composition and CO, over time

Although the answers that the many ways to look upon and analyse vegetation
composition yield are different in details, and sometimes more fundamentally, some
more general conclusions are probably justified:

- the changein vegetation composition over timewas much larger than any treatment
effect;

- because precipitation showed alargely directional change over time, it washard to
distinguish between effects of weather and of nutrient status or succession following
achange in management ;

- apossibly increasing CO, effect may be present, and it might expressitself through
astimulation of legumes.
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Concluding remarks

In this thesis | have studied the direct effects of elevated CO, on plants in a semi-
natural grassland ecosystem over the course of six growing seasons. Elevated CO,
was found to affect the system throughout the experiment, but the magnitude and
direction of the effect differed between different levels of system complexity.

Ontheleaf level, | found a stimulation of photosynthesis that persisted throughout
the experiment.

Plant biomass production was stimulated by elevated CO, in all years but one, the
exception being ayear in which therewas no water deficit during the growing season.
Initially the extra production took place mainly above ground, but in later yearsthere
was a stimulation of roots, but not of above-ground biomass.

Under elevated CO,, vegetation became less diversein spring, yet more diversein
summer. The CO, effect on vegetation composition increased during thelast years of
the experiment. Onthelevel of functional groups, however, only legumes seem to be
(marginally positively) affected.

Although CO, effects may belarge (above-ground biomass 1997) or small (vegeta-
tion composition), persistent (leaf-level processes; possibly below-ground biomass
and vegetation composition) or transient (possibly above-ground biomass), itisclear
that they play alimited role when compared to weather effects. That is, they play a
limited role on a short time scale. Yet on a longer time scale, small but persistent
effects may become more important than these short-time weather effects, since the
CO, changes directionally over time, whereas the weather fluctuates.

But doesit really fluctuate randomly?

| have studied only the direct effects of a change in atmospheric carbon dioxide,
that is, only one of the aspects of global change. | have not studied the effects of
climate change. M ost scientists agreethat the climate is changing, and many attribute
thisto the risein carbon dioxide, among other things. Whether or not carbon dioxide
or other anthropogenic factors are its cause, climate change will probably affect
ecosystems such as the one | studied much more dramatically than carbon dioxide
will do directly.

This makesit extremely difficult to predict future vegetation or plant production.
Ideally, we would use climatic variables predicted by an AOGCM (see page 7) to
manipul ate the weather in experimental plotsin order to resemble the weather at the
CO, level of interest, taking into account that also the amount of climatic variation
might or might not change. But in order to get reliable climatic responses from the
climate models, plant responses should ideally beincluded in these models. After all,
plants have alarge regulatory effect on the weather, and on the atmosphere.

In other words, science hasyet along way to go. | hope this thesis has contributed
with one small step. It has been a giant leap for aman, though.
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Appendix A: specieslist

Species Hits/plot Species Hits/plot
(sorted after # (summer, (sorted after # (summer,
summer occurrences)  Y: spring) summer occurrences)  Y: spring)
Agrostiscapillaris 71.8 Saxifragagranulata* D27
Poa pratensis ** 950.2 Dianthus deltoides * 11
Festucarubra 46.0 Cerastium fontanum 1.0
Trifolium repens 42.9 Luzulacampestris D15
Stellariagraminea 41.3 Carex spicata 0.9
Achilleamillefolium 41.3 Potentilla erecta 0.8
Taraxacum D412 Trifolium medium 0.6
Carum carvi 31.0 Potentilla argentea 04
Plantago media* 27.9 Dactylisglomerata** 04
Leontodon autumnalis 164 Festucapratensis ** 04
Lotus corniculatus 16.0 Pilosellaofficinarum 0.3
Galiumverum 12.6 Hieracium umbellatum 0.2
Ranunculusbulbosus* % 21.3 Myosotis stricta 923
Alopecuruspratensis 9.7 Phleum pratense ** 0.2
Rumex acetosa 7.7 Galium boreale 0.1
Ranunculus auricomus 6.5 Allium oleraceum 0.1
Centaureajacea* 5.9 Sedum acre 0.0
Ranunculusacris 4.6 Anthriscus sylvestris** 0.0
Veronicachamaedrys 3.9 Pimpinellasaxifraga* 0.0
Trifolium pratense 23 Erophilaverna 4.9
Alchemillamonticola 2.3 Veronicaverna 1.3
Plantago lanceolata 23 Gagealutea 204
Veronicaserpyllifolia 15 Gageaminima 903
Filipendulavulgaris* 14

* |ndicator species for long-term cultivation and absence of fertiliser (Larsson &

Ekstam 1987)

** Species that, when occurring in large numbers, indicate N-fertilisation (Natur-

vérdsverket 1987)

1 Species with higher occurrences in spring than in summer; spring occurrences gi-

ven here.
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