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Abstract Over the past 25 years, countless experiments
have been conducted on the impact of increased atmo-
spheric CO, concentration on various plants and ecosys-
tems. While this research was motivated to better
understand and predict how rising CO, will affect the
structure and function of ecosystems in the future, it also
shed light on some general, CO,-research independent,
aspects in ecological research. Interestingly, it is these
general aspects that continue to create confusion and lead
to misinterpretation. Here, we focus on seven interrelated
key issues including (1) the confusion between fluxes and
pools, (2) the stoichiometric aspects of growth and biomass
production, (3) resource allocation within organisms, (4)
data scaling and the choice of a reference metric, (5) the
consideration of time and timing (experimental duration,
ontogenetic shifts), (6) confounding and second-order
(indirect or feedback) effects, and (7) the key role of bio-
diversity. The principles deriving from addressing these
issues relate strongly to each other. Their concurrent
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consideration requires experimenters and modellers to
likewise maintain a broad, holistic perspective. In this
synthesis, we attempt to show how appropriate consider-
ation of these principles can greatly enhance the assess-
ment of the validity, plausibility and generality of
experimental and modelling results. We conclude that
neglecting to adequately address these key issues in eco-
logical research may lead to overestimations of measured
responses and/or simplistic interpretations. Our examples
mostly originate from research on plant responses to ele-
vated atmospheric CO,, but are also applicable to other
areas of ecological research. We provide a checklist for the
planning of ecological field experiments and the interpre-
tation of their results that may help in avoiding common
pitfalls.

Keywords Biodiversity - Resource allocation -
Stoichiometry - Ecology - Up-scaling - Timing

Introduction

Research on the effects of elevated atmospheric CO,
concentrations on plants and interacting organisms and
ecosystems (here loosely summarised by the term ‘CO,
research’) played a major role in global change ecology
over the past 25 years. A vast number of original research,
synthesis and review papers have been published on this
topic since the late 1980s. A crude search in the Web of
Science® for the keywords “elevated” and “CO,” and
“plant” yields more than 5,500 results in September 2012
with 5,300 of them published after 1987. CO, research
exploded in the 1990s with an average of 105 papers per
year in the 4 years 1991-1994 compared to only 3 papers
per year during the 4-year period between 1987 and 1990.
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The counts for 2001 and 2011 yield 286 and 398 papers,
respectively. Inevitably, the chosen search terms miss some
relevant literature not mentioning “plant” in their title,
keywords or abstract.

Many excellent reviews have synthesised this large body
of literature over the years (e.g. Ceulemans and Mousseau
1994; Curtis and Wang 1998; Norby et al. 1999; Korner
2003c; Ainsworth and Long 2005; Korner 2006; Norby and
Zak 2011). With this paper, we do not intend to add another
review. Rather, we present some thoughts and ideas that
have been stimulated by the research and teaching of
Christian Korner, with whom we both had the privilege to
collaborate over many years. We gathered seven items
(issues, problems, topics, concepts—none of these provide
an accurate umbrella term) that have often been brought up
and discussed around the research led by Christian K&rner.
Whilst we tried to consider the relevant literature for each
topic, we acknowledge that there is a (intentional) bias
towards his and his colleague’s work, and sometimes other
examples could have been used to illustrate our points.
Because we think that the raised issues are all relevant for
general ecology, the following seven topics are introduced
quite broadly, followed by examples from CO, research,
and mostly end in a more generally valid conclusion. The
summary table given at the end reflects this and is not
specific to CO, research.

We dedicate this paper to Christian to acknowledge the
fundamental influence he has had and continues to exert on
CO, research in particular and the global ecological
research community in general, but also on our personal
scientific development and that of many others.

Fluxes are not pools

Systems consisting of pools that are interconnected by
fluxes are common in nature (e.g. the global cycles of
chemical elements and water) as well as in the human-
made world (e.g. the global monetary system, traffic sys-
tems). Confounding fluxes with pools within the global
carbon cycle is deeply rooted both in the non-scientific as
well as in the scientific world, and this has caused a lot of
misconception among scientists and policymakers alike
(Korner 2009a; Korner et al. 2007). Although the distinc-
tion is quite simple (a person with a high income does not
necessarily have a lot of money when the expenses com-
pensate the income, and a person with no or a small income
may be very wealthy because of accumulated riches in the
past), large carbon (C) fluxes are mostly implicitly and
sometimes explicitly interpreted as leading to large chan-
ges in the respective pools. A recent study published in
Nature opens with the statement: “Nitrogen (N) limits the
productivity of many ecosystems worldwide, thereby
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restricting the ability of terrestrial ecosystems to offset the
effects of rising atmospheric CO, emissions naturally”
(Morford et al. 2011). While the first part of the sentence
clearly refers to a flux (productivity), the second refers to a
pool (C sequestration), and the causal link made between
the two is far from obvious. Other prominent examples
include the early optimistic extrapolations from the CO,-
fertilising effect on leaf photosynthesis and biomass accu-
mulation in expanding systems (Idso and Kimball 1993;
Kimball et al. 1993). Because individual fluxes such as leaf-
level net assimilation can be offset, for example, by night-
time leaf-level respiration, they are of limited interest,
unless (1) they are viewed in relation to the other fluxes
connected to the system (i.e. the net in-or-out flux is
determined), and (2) they are observed over long enough
time periods and expressed per unit of time (see also “The
issue of the reference metric” and “The role of time and
timing” below). It is further important to appreciate the size
of the fluxes relative to the pools they connect and whether
fluxes are directly compensated resulting in small net
fluxes. For example, although a total amount of about 4
trillion dollars (US$ 4 x 10'%) is transferred daily (match-
ing approximately the global monetary volume), “the poor
stay poor and the rich get rich” (Cohen 1988), i.e. the pools
remain approximately constant despite large fluxes.

An admittedly simplified view of the global terrestrial C
cycle (Chapin et al. 2009; Le Quere et al. 2009) features
essentially three C pools of the same order of magnitude
(the atmosphere, the soil and the vegetation pools) and four
C flux pathways (gross photosynthesis, dark respiration,
litter input, and soil respiration), also comparable in size
(Fig. 1). The physiological sensitivity of vegetation to
atmospheric CO, has posed some fundamental questions
on how this global cycle will be affected in the future
(Norby and Zak 2011), with the key interest on the long-
term equilibrium among the three main pools (Fig. 1; Luo
and Weng 2011). We argue that the focus of the past
25 years of CO, research may have suffered from (1) the
unbalanced consideration of the four main fluxes men-
tioned above, and (2) the omnipresent, mostly implicit
misinterpretation of C fluxes as C pools. For example, a
systematic search of the scientific literature shows that a
disproportional effort has been put into studying photo-
synthesis under global change (576 publications; see Fig. 1
for detailed search pattern), and only a fraction of this
effort was directed to studying dark respiration (36 publi-
cations), soil respiration (112 publications) and litter
decomposition (122 publications). Although this is a very
rough picture of the conducted research, it suggests a
strong bias. Leaf-level photosynthesis at elevated CO,
concentrations is very well documented in situ, with little
variation across plant functional types and ecosystems
(mean increase of 30 % at elevated compared to ambient
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CO, concentration; Ainsworth and Long 2005; Ainsworth
and Rogers 2007). However, whether the additionally
assimilated carbon leads to increased standing biomass per
unit area is entirely unknown on the basis of photosynthesis
data alone. Especially, C fluxes from the plant to the soil
via litter decomposition, foliage leaching, rhizodeposition
and transfer to mutualistic microorganisms are very poorly
quantified, yet they represent key determinants for the fate
and residence time of C within particular plant and soil
pools (Norby and Zak 2011). Long-term eddy flux data are
useful because they characterise the net C in- or outflux of
an ecosystem. However, this method cannot be used to
study manipulative experiments, because the treated areas
are too small. Also, when up-scaling eddy flux data, it is
important to consider the fact that they do not represent a
typical sample of the earth’s surface area (Korner 2003d).
Given the considerations so far, research on the global
carbon cycle should (1) investigate the key C fluxes with
approximately equal priority, and (2) concentrate on the
state of the long-term pools rather than quantifying short-
term fluxes (e.g. using space-for-time approaches).

The stoichiometry issue

In any process of construction or build-up of non-living
objects such as cars or houses, or of living organisms such
as plants or microbes, an increase of a particular resource
can accelerate the process only as long as other essential
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Fig. 1 A simplification of the terrestrial carbon cycle with the key
pools and fluxes (inset, see text), and the sensitivity of the
atmospheric pool to those fluxes (white bars, left axis) and the
number of publications found on Web of Knowledge®™ combining
the topics “global change” with either “photosynthesis”, “dark
respiration”, “soil respiration”, or “litter decomposition” (filled bars,
right axis). Given their relative importance, the latter three are under-

represented in our current research

resources are not limiting. Examples are omnipresent
(construction sites, supply-chain management, dietary
needs of humans). This obvious, but often neglected, fact
may provide answers to some of the most fundamental
questions in ecology, such as why there is so much plant
biomass on earth that is not consumed by herbivores (Polis
1999; Sherratt and Wilkinson 2010). Abundant food is only
one of the required resources by herbivores, but for suc-
cessful reproduction they need many more (e.g. a mate,
suitable climate, space). On geological time scales, the
projected doubling of atmospheric CO, (from ca.
1850-2050; IPCC 2007) instantaneously provides plants
with a substantial increase of a key resource that was scarce
for at least several hundreds of thousands of years (Petit
et al. 1999). The question of how plants respond to this is
of interest from a purely ecological perspective, but it is
also fundamental to mankind because of the potential to
compensate anthropogenic CO, emissions.

Some early experiments reported impressive stimulation
of biomass production in response to elevated atmospheric
CO, concentrations (Idso and Kimball 1993; Kimball et al.
1993) that had initially been interpreted as strong evidence
for increased land area-based productivity and C seques-
tration in a future anthropogenically CO;-enriched atmo-
sphere. Quite typically for this first series of experiments in
the late 1980s—1990s, resources other than CO,, such as
water, light (space) or nutrients, were provided abundantly.
Strong CO, responses under horticultural conditions with
non-limiting resources came without surprise (Korner
2003c) and were recognised as early as the late 1800s.
Later, more complex experiments simulating conditions
plants experience in their natural environment showed that
a CO,-fertilisation effect is rather the exception than the
rule (e.g. Hittenschwiler and Korner 1998; Korner and
Arnone 1992). Carbon is just one among many resources
required by plants for their growth, reproduction and per-
sistence, and increasing evidence indicates that growth of
plants in their natural environment is not primarily limited
by C (Hoch and Korner 2003; Korner 2003b; Millard et al.
2007; Wiirth et al. 1998).

Some of the larger-scale FACE experiments in close to
natural ecosystems that have been running for about
10 years showed that N availability in particular limits
plant responses to elevated CO, (Norby et al. 2010; Oren
et al. 2001; Reich et al. 2006). This N control was
described as “Progressive N Limitation” (PNL) stating that
soil N availability ultimately limits plant biomass respon-
ses to elevated CO, (Finzi et al. 2006; Luo et al. 2004).
Together with phosphorus (P), N is quantitatively and
functionally the most important nutrient. Quantitatively,
these two nutrients are among the six major elements that
build up biomass, and functionally they are fundamental
for metabolic activity, growth and development as major
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elements in proteins, DNA, RNA, or ATP. The key role of
these elements and their balance relative to C have long
been recognized and led to the development of the theory
of ecological stoichiometry (Elser et al. 2000; Redfield
1958). Based on the observed constant C:N:P ratio of
106:16:1 in the biomass of marine plankton (Redfield
1958), ecological stoichiometry predicts relatively well-
constrained elemental ratios in biomass (Elser et al. 2000).
PNL in CO, experiments confirms this prediction, and
shows that the conversion of higher amounts of assimilated
C under elevated CO, into biomass depends on an equili-
brated N availability.

In a CO,-enriched atmosphere, plants may compensate
for limiting N through increased N mineralisation from
priming-induced soil organic matter decomposition (Drake
et al. 2011) or through increased access to N in deeper soil
horizons by allocating C to deeper growing roots (Iversen
et al. 2011). However, higher soil N availability at elevated
CO, does not necessarily translate into higher plant bio-
mass production per unit land area (Korner et al. 2005;
Schleppi et al. 2012), because stoichiometric constraints
extend to elements other than N. More generally, we may
state that any biomass response to elevated CO, is con-
trolled by the stoichiometric balance of a multitude of
elements required for the construction of new tissues and
for an active metabolism. Apart from N, the role of fre-
quently limiting elements such as P, or K, or some
micronutrients (e.g. Mn, Fe) in plant and ecosystem
responses to increasing atmospheric CO, were, however,
rarely examined. For example, a literature search in the
Web of Science® with the three search terms “elevated
CO,” and “phosphorus” and “biomass” yielded a total of
131 references, but only a minority of them (15 studies)
actually tested the interactive effects of elevated CO, and P
availability on plant biomass production. In one of the first
experiments combining increased atmospheric CO, con-
centrations with P fertilisation, Stocklin and Korner (1999)
showed a particularly strong increase in biomass produc-
tion of legumes exposed to a combined CO, and P fertil-
isation in grassland model communities. This result
provides strong evidence for stoichiometric control on CO,
effects, as the N,-fixing legumes were largely independent
of soil N availability and P was artificially added in sur-
plus. In contrast, non-N,-fixing forbs showed no biomass
response to elevated CO, irrespective of P fertilisation,
indicating that increased availability of both N and P was a
prerequisite for a positive CO, effect on biomass produc-
tion in forbs. Phosphorus should be particularly important
for the understanding of plant and ecosystem responses to
rising atmospheric CO, in tropical forests that are typically
growing on highly weathered and P-deficient soils (Vito-
usek and Sanford 1986). Despite the critical role of humid
tropical forests in global biogeochemical cycles, there has
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been no large-scale in situ experiment testing some
important hypotheses of tropical forest responses to ele-
vated CO,, that have been put forward on the basis of a few
small-scale seedling studies and experiments with model
ecosystems (Korner 2009b). The lack of such experiments
in the tropics represents a serious gap in our knowledge on
the impact of rising atmospheric CO, on global biogeo-
chemical cycles and their interactions governed by stoi-
chiometric principles (Luo et al. 2011).

Ecological stoichiometry is clearly pivotal for the
understanding and reasonable predictions of the effects of
rising atmospheric CO, concentrations on NPP and C
sequestration. A unit of fixed C requires a corresponding
assimilation of the remaining 29 elements required by
living organisms. These will not change in concert with
increases in C availability. Consequently, there might be
little potential for higher NPP and additional C sequestra-
tion to compensate for rising anthropogenic CO, based on
stoichiometric considerations.

The role of an organism’s resource allocation

A closely related subject to the relative abundance of dif-
ferent essential resources is how and where an organism
invests them. An analogy from economics is the trade-off
any company (the organism) is facing: should earnings be
saved for hard times to come (allocation to storage) or
should they be reinvested immediately in order to increase
production (allocation to growth)? The strategy of a com-
pany will determine its success or failure on the market.
Similarly, an organism’s fitness depends to a great extent
on resource allocation to different structures and functions
(e.g. growth, maintenance, defence, reproduction, storage).

Resource allocation in plants is controlled by a multi-
tude of factors including functional type and species-spe-
cific allocation patterns, ontogenetic stage of the plant,
competition by neighbours, predation, resource availabil-
ity, and environmental conditions (Bazzaz and Grace 1997;
Poorter et al. 2012). The concept of “optimal partitioning”
(Bloom et al. 1985; Gedroc et al. 1996), or, in its wider
definition, also referred to as the “functional equilibrium”
(Reynolds and Thornley 1982; Brouwer 1962), provides a
widely used basis of testable hypotheses of how plants
allocate resources. These concepts broadly state that plants
increase biomass allocation to the plant parts that are
involved in the acquisition of the most limiting resource.
With the premise from above that plants normally are not
C-limited in their natural environment (Ko&rner 2003b;
Millard et al. 2007), the concept of functional equilibrium
predicts that the additional C fixed in a CO;-enriched
atmosphere is allocated to the root system for increased
uptake of nutrients that are the supposedly most growth-
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limiting resources in this context. In line with this predic-
tion, Norby et al. (2004) observed that an average increase
in NPP of 22 % over the first 6 years of CO,-enrichment
was sustained by an increased production of fine root
biomass in the Oak Ridge forest FACE. In the following
5 years of continued CO, enrichment, the initially
expanding system of 10-year-old Liquidambar styraciflua
trees at the beginning of the experiment (type II growth
conditions according to Korner’'s 2006 classification)
developed into a steady-state system (Korner’s 2006 type
IIT growth conditions) characterized by a fully explored
soil and aerial space [fine root mass and leaf area index
(LAI) remain stable]. In other words, the potential for fine
roots exploring new resources reached its limit, and, con-
sequently, the CO, effect on NPP decreased over time and
was nil after 10 years of CO, enrichment (Norby et al.
2010). A shift to higher root biomass allocation is a com-
mon response to CO, enrichment in expanding type II
systems (Héttenschwiler and Korner 1998; Iversen et al.
2008; Korner and Arnone 1992; Pritchard et al. 2008), but
because this allocation pattern is temporary and changes
with the degree of space (resource) exploration, the size of
the CO, effect on NPP depends strongly on the time of
harvest. In contrast, isometric biomass allocation (i.e. a
constant relative amount of biomass is allocated to differ-
ent plant parts) is expected in decoupled systems (Korner’s
2006 type I growth conditions characterised by non-limit-
ing resources) and in steady-state (type III) systems,
regardless of the CO, effect on overall biomass production
(typically large in type I and absent in type III). Accord-
ingly, little or no CO, effect on biomass allocation is
apparent in meta-analyses that notoriously treat all types of
studies and growth conditions in the same way (Poorter
et al. 2012; Wang and Taub 2010).

The question about where surplus C fixed under elevated
CO, is allocated when CO, stimulation of leaf level pho-
tosynthesis persists with no apparent growth responses is
more difficult to explain. There are basically two not
mutually exclusive possibilities to explain this apparent
mismatch between leaf-level C uptake and whole-plant
biomass accumulation. The first is that leaf-level photo-
synthesis does not reflect well plant-level photosynthetic C
uptake (see “The issue of the reference metric” below),
and the second is that a higher C-input is often counter-
acted by increased C output (see “Fluxes are not pools”
above). There is limited evidence that plants may respond
to CO, enrichment with “morphological” or “phenologi-
cal” downregulation at the plant canopy level, rather than
with physiological downregulation of photosynthesis at the
leaf level. Lower leaf area ratios (LAR, total leaf area per
total plant biomass) (Callaway et al. 1994; Hittenschwiler
and Korner 1998; Norby et al. 1992) and decreased
branching and lower leaf area per unit branch biomass

(Hittenschwiler et al. 1997a) indicate an increase in
unproductive CO,-respiring plant biomass relative to pro-
ductive CO,-assimilating leaf surface, and, thus, a reduc-
tion in the capacity of net CO, assimilation per unit plant
biomass. In some instances, reduced LAR of individuals
also translated to a reduction in leaf area index (LAI) at the
community/stand level (Arnone and Korner 1995;
Hittenschwiler and Koérner 1998). These observations from
artificially composed and enclosed model ecosystems have
yet to be confirmed in long-term FACE studies (Korner
et al. 2005; Liberloo et al. 2006; Norby et al. 2010) or at
naturally CO,-enriched sites (Héttenschwiler et al. 1997a)
showing mostly no change in LAI. Phenological changes,
such as delayed bud burst under elevated CO,
(Héattenschwiler and Korner 1996; Murray et al. 1996) may
further reduce the annual whole plant CO, uptake and
greatly limit terrestrial NPP (Friend 2010). These results
can never be captured by measuring leaf level photosyn-
thesis during peak growing seasons. FACE studies, how-
ever, showed instead no CO, effects on phenology
(Asshoff et al. 2006; Handa et al. 2005; Norby et al. 2003).

The second possibility of increased C outputs from
plants grown in a CO,-enriched atmosphere has received
considerable attention and was particularly stimulating for
research in soil ecology. The frequently observed higher
rates of soil CO, efflux at elevated CO, (Spinnler et al.
2002; King et al. 2004; Korner et al. 2005; Jackson et al.
2009) indicate an increased belowground C allocation and
faster C cycling through accelerated respiratory processes.
Higher root biomass, increased fine root turnover, more C
allocation to mycorrhizae, and higher heterotrophic
microbial activity can all contribute individually or in
combination to higher soil CO, efflux (Zak et al. 2000;
King et al. 2004; Treseder 2004; Korner et al. 2005;
Hagedorn et al. 2008; Jackson et al. 2009). The use of CO,
from fossil fuel burning for experimental CO, enrichment
results in a distinct 8'°C signature of mixed atmospheric
CO, compared to current ambient air surrounding the
vegetation, and thus has provided the possibility to follow
newly acquired C through the plant and the ecosystem (e.g.
von Felten et al. 2007; Keel et al. 2006). Analyses of B¢
showed that between 35 and 70 % of CO, in soil CO,
efflux derives from recently assimilated, labile C sources
(Keel et al. 2006; Taneva et al. 2006; Hagedorn et al.
2010), supporting the view of accelerated C cycling
through the system rather than increased C storage in a
CO,-enriched atmosphere (Korner et al. 2005). Lower net
ecosystem productivity (NEP: g C m~? land area year™ ')
values observed under elevated CO, at the desert FACE
facility in Nevada also point to accelerated C cycling under
high CO, (Jasoni et al. 2005). An increased availability of
labile C in soils under elevated CO, was even observed to
increase mineralisation of old soil C through priming
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(Hagedorn et al. 2008; Langley et al. 2009) that may lead
to soil C depletion in the longer term and perhaps greater C
loss than uptake in a CO,-enriched atmosphere.

Despite ample evidence for multiple pathways with
contrasting fates of additional CO, fixed during leaf pho-
tosynthesis in a CO,-enriched atmosphere, current papers
continue introducing their study with overly simplified
statements like “The primary effect of increasing CO, is
photosynthetic enhancement in C5 plants, and consequently
increased plant productivity” (Erice et al. 2011). Such
generalisation and simplification that neglects the com-
plexity of interacting processes that determine C allocation
within a plant, and across plant-associated organisms, and
the ecosystem, continue the still widespread belief that leaf
photosynthesis equals plant biomass production and eco-
system NPP. It also leads to the unreasonable belief that
overcoming CO, limitation of photosynthesis by molecular
engineering might hold some answers to the pressing
question of how to cope with global change and growing
human populations (Leakey and Lau 2012). The agricul-
tural literature has acknowledged for some time that plant
C-allocation and not leaf photosynthesis is the key process
determining plant growth, biomass production and yield
(Gifford and Evans 1981; Wardlaw 1990).

The issue of the reference metric

The indication of some quantity (e.g. the average daily
water consumption of 575 1 per person living in the US)
per se does not mean a lot but requires a reference for a
meaningful interpretation. For example, we may compare
this quantity of water with the same data from other
countries such as Germany (200 1 per person and per day)
or Nigeria (40 1 per person and per day), or refer to the
total available potable water or the percent use of annual
reserves. The choice and use of an appropriate reference
metric is critical for putting this quantity of water into
context. In ecology, the reference or denominator is often
a unit surface area, a time period, an individual or a
combination of those. The difference in referring a mea-
surement to one or another reference metric often repre-
sents the impact of a third (sometimes unknown) variable.
For example, GDP (the Gross Domestic Product) can be
expressed per capita, or per citizen, the difference
between the two indicating the number of foreign workers
in a country. In ecology, the arctic tundra becomes as
productive as the tropics if productivity is expressed per
month during the growing season instead of per year
(Korner 1999). In this example, using a yearly reference
period tells us about the growing season length (a third
variable), rather than the system’s potential to produce
biomass.

@ Springer

Classic and meanwhile relatively well-understood
examples from CO, research are estimates of C fluxes in
ecosystems under ambient and elevated CO,. The question
of what temporal and spatial scales those C fluxes are
referred to is key, as it determines how results from small-
scale CO, experiments relate to larger temporal and spatial
scales and the possibility to predict future long-term
responses. Photosynthesis data from elevated CO, experi-
ments are usually expressed per unit leaf area per second of
sunlit leaves, i.e. relative to a high-resolution spatiotem-
poral reference. Such data cannot easily be scaled to pho-
tosynthesis per unit ground area and year unless the leaf
area index and photosynthetic rates in the sub-canopy
layers are known. Extrapolating to larger time scales, it
makes a big difference whether we express photosynthetic
rates per second, per day or per year. In the case of elevated
CO, experiments, the measurements are usually taken at
optimal conditions (peak season, fully sunlit leaves) and
the obtained CO, response unlikely represents the average
per day, per month or per season. For technical reasons, the
choices of reference metrics are often restricted (measuring
C fluxes on a leaf is easier than measuring ecosystem C
fluxes). The challenge is therefore to anticipate and assess
the relevance of the measurements in a larger context of
various (potential) reference metrics across different tem-
poral and spatial scales. The importance of the spatial scale
is nicely illustrated by a study on tree water relationships
under elevated CO,. Tricker et al. (2009) observed a
decrease in leaf-level transpiration, but an increase in
stand-level transpiration in response to elevated CO,. The
differences in the measurements at different spatial scales
were due to an increased LAI relative to the control.
Consequently, depending on the reference metric (leaf-
level vs. stand-level), the obtained net water fluxes in
response to elevated CO, showed opposite signs.

Generally, for larger spatiotemporal reference metrics,
e.g. longer reference periods, the measurement of an
increasing number of processes and variables must be
considered in order to account for a wider spectrum of
environmental conditions and variability. Usually, short-
term effect sizes tend to be reduced if referred to larger
reference metrics (Korner 2006). For example, the often
positive CO, effect on plant C uptake measured at small
spatial and temporal scales decreases as larger reference
areas and periods are considered (Field et al. 1995; Korner
et al. 2007; Table 1). The reasons for these differences are
not always obvious, but may include allometric shifts at the
individual plant level that are not captured by leaf-level
measurements (e.g. Hittenschwiler and Korner 1996) or
may integrate across different processes (atmospheric
feedback, seasonality, extreme events) whose relative
impacts are more important at larger scales (Leuzinger
et al. 2011).
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Table 1 The reference metric matters: plant response to increased spatial scale, overview of meta-analyses and reviews on plant carbon uptake
at the leaf level and at the plant level under elevated CO,. On average, responses are larger at the smaller scale

Reference Plants Method of Increase in CO, Leaf level response Plant level response
studied CO,- applied
enrichment Parameter Number .% mean Parameter Number .% mean
of increase under of increase under
studies CO, studies CO,

Ainsworth C; FACE Mean = 567 ppm A 439 31

and Rogers  plants

(2007)
Ceulemans Woody P, GH, A per leaf 55 50.5 Total 98 50.5

and plants OTC area biomass

Mousseau

(1994)
Curtis and Woody GC, GH, 600-800 ppm A 69 40.5 Total 102 28.8 £ 2.4 SE

Wang plants OTC biomass

(1998)
Norby et al.  Trees OTC, Ambient + 300 ppm A 37 66 Wood 13 27

(1999) FACE increm.

per leaf
area

de Graaff All OTC, 430-750 ppm Total 117 25

et al. plants FACE biomass

(2006)
5 forest Trees FACE Mean = 550 ppm A 427 £ 3.8 SE 23 £ 1.3 SE

FACE

studies®
Average value 46 Average value 31

A net photosynthesis rate, P potted plants, GH green house, GC growth chamber, OTC open top chamber

 Forest face sites that ran for a minimum of 8 years and with appropriate data published were selected (ORNL FACE, DukeFACE and data from
the Swiss Canopy Crane, SCC). Data were extracted from Norby et al. (2005) with updates from the north American forest-FACE synthesis
website http://public.ornl.gov/face/npp_synthesis.shtml. SCC data are from Korner et al. (2005), updated by unpublished data (M. Bader,

personal communication)

A slightly different nuance of the ‘reference metric
issue’ occurs when a response to CO, or another treatment
is observed at a given scale, but disappears at a larger scale.
This might be due to experimental artefacts inherent to the
relatively small scale of many experiments. We raise the
following question as an illustration of this problem: is
tropical rainforest productivity limited by light availabil-
ity? We would probably say yes, and the literature would
back this up (e.g. Boisvenue and Running 2006). If we
were providing a series of plots of tropical rainforest with
additional light, we would indeed observe an increased
plant C uptake and maybe increased plant growth, and
perhaps even a higher amount of carbon stored per unit
ground area within the light-treated plots compared to
unchanged control plots. However, we argue that this
response would not be observed at the landscape scale
because important feedback effects may not play out at the
scale of relatively small plots for such an experiment. For
example, at constant intrinsic plant water use efficiency, we
would necessarily measure higher stand transpiration with

increased productivity. This would entail higher air
humidity and important atmospheric feedback at the
landscape scale that would not be expressed at the scale of
experimental plots. Another problem with relatively small
experimental plots are ‘edge effects’ (Ries and Sisk 2004).
In our example, experimental plots would be surrounded by
non-light-enriched vegetation. Consequently, plants in
experimental plots could extend their canopies along the
edges of non-treated vegetation leading to increased
growth at the plot level, which would not be possible if
additional light was available at the landscape scale.

In summary, we showed that the metric any measure-
ments are referred to (e.g. ‘per leaf’, ‘per unit surface area’,
‘per day’, or ‘per season’) deserve critical consideration
both while planning and interpreting experiments in ecol-
ogy. The two main reasons for this are: (1) ecological
processes can be misinterpreted if they are expressed on the
basis of an inappropriate reference metric; and (2) we may
observe artefacts if we consider the wrong reference met-
rics such as the plot instead of the landscape scale.
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The role of time and timing

‘Time’ and ‘timing’ are fundamental components of eco-
logical thinking, and yet they are often overlooked as key
explanatory variables for observed phenomena. Examples
are the age of (experimental) individuals, communities,
soils, the duration of an experiment, the timing (time of day,
season, temporal replication) of measurements, and the time
period over which measurements are integrated, scaled up,
and interpreted. Often, we fail to explicitly refer our find-
ings to an appropriate temporal context. All ecological
processes are dynamic and in constant transition, and thus
all observations and measurements require some measure of
time or reference to temporal scale (cf. section above).

The change in atmospheric CO, concentration itself is
transient with a continuous increase and a long-term shift in
the mean concentration. Somewhat different compared to
rising atmospheric CO,, changes in temperature and pre-
cipitation will show changes both in the mean and variance.
Heat waves and extreme precipitation events can thus be
simulated in a manner that is closer to realistic predictions
than CO, experiments in which a step increase in CO, con-
centration must be imposed. This is an unavoidable caveat of
any experiment with elevated atmospheric CO,. Modelling
the difference between a step and a gradual change in CO,
suggests a rather unrealistic initial peak in photosynthesis and
carbon sequestration, the latter declining sharply in the first
few years of elevated CO, (Luo and Reynolds 1999).
Experiments confirm that initial peaks in CO, responses (e.g.
in plant growth, water use efficiency) tend to be larger than
long-term responses (Kimball et al. 2007; Korner et al. 2005;
Norby 2010; Leuzinger et al. 2011). The reasons for this are
largely of a stoichiometric nature because nutrients become
increasingly limiting (see “The stoichiometry issue” above),
and of an ecophysiological nature because plants acclimate to
altered conditions over time.

Long-term exposure to elevated CO, could trigger shifts
in species composition if even closely related species show
different responses (Handa et al. 2006). For example, if a
particular species benefits more from elevated CO,, it may
eventually replace other species that took less advantage of
elevated CO, (Langley and Megonigal 2010). The net CO,
response in terms of ecosystem C and H,O fluxes then not
only depends on the physiological response of the current
species assemblage but also on the vegetation dynamics
triggered by elevated CO, (or even other global change
drivers that occur concurrently). Such long-term effects are
difficult to test, particularly with long-lived species, but the
potential heuristic value of these experiments should not be
overlooked.

Another time-dependent issue that may cause erroneous
conclusions is successional dynamics and the time of
arrival of particular plant species. Apparent impacts of
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environmental variables (e.g. CO,, temperature) can
potentially be determined by the timing of the arrival and
loss of different species (either due to natural succession or
to management), or of the site history (management, soil
properties, atmospheric nitrogen and dust deposition).
Korner et al. (2008), for example, show that, with herba-
ceous species, the time of sowing (or of seed arrival in a
natural setting) can have long-lasting dominance effects,
even after substantial above-ground disturbance. Such
timing and historic effects are even more difficult to detect
and disentangle in forest ecosystems, as the time scales and
response times far exceed the average human lifespan
(Bernal et al. 2012). The longer lifespan of trees as opposed
to that of herbaceous plants also complicates analyses
because responses may differ according to the ontogenetic
stage of an organism, and a tree’s full ontogeny cannot
realistically be covered in any experiment. In the case of
elevated atmospheric CO,, responses tend to decrease with
tree age (Héittenschwiler et al. 1997b; Voelker et al. 2006).
However, a recent observational field study with ponderosa
pine suggested that increasing atmospheric CO, might be
driving increased growth of old-growth forests (Knapp and
Soule 2011). Because the majority of CO, experiments
were/are conducted with young trees or seedlings, they may
overestimate forest tree responses to rising CO,. Ontogeny-
related changes in CO, responses are also affected by
scaling issues and stoichiometry (Leuzinger et al. 2011),
and their relative importance is not easily separated.

In summary, statements on C pools and fluxes need to be
evaluated on a specific time scale, similar to the mean
residence time of C in a pool (Korner 2006; Luo and Weng
2011). This principle is equally valid for other measures of
fluxes and pools of materials, elements and energy in an
ecological context. Second, the ontogenetic stage of the
experimental organism is almost always key to the exper-
imental outcome, irrespective of the parameters under
consideration.

Second-order and confounding effects

In ecology, the unequivocal determination of cause and
effect in observed patterns is one of the key challenges.
Correlations are readily observed (e.g. the relationships
‘number of species—latitude’, or ‘treeline—altitude’), but
causal explanations based on driving mechanisms are often
heavily debated (Sherratt and Wilkinson 2010). Two
omnipresent pitfalls are (1) the observed correlation is
coincidental, the classic and illustrative example being the
correlation between storks and birth rates (Matthews 2000)
and (2) the correlation is causal, but second-order effects
may mitigate or reverse a first-order response. For exam-
ple, Scheffer et al. (2006) reported that the lower



Oecologia (2013) 171:639-651

647

biodiversity in fish species in small versus large ponds
leads to a larger overall biodiversity (beyond fish) in small
ponds because of the absence of predation on invertebrates
by certain fish species. This stands in contrast to (but is a
consequence of) the paradigm that smaller, more disrupted
habitats (here the smaller ponds) harbour fewer species.

We find examples for both of these pitfalls in CO,
research. Confounding effects may occur because atmo-
spheric CO, changes in concert with other environmental
changes. For example, the change in stable isotope levels, as
an indicator of intrinsic water use efficiency (iWUE), and
increases in tree growth rates during the twentieth century
have sometimes been attributed to elevated atmospheric
CO, (Feng 1999; Knapp and Soule 2011). However, con-
current changes of other environmental parameters over the
past century (mean temperature, nitrogen deposition, land-
use, species composition) may have all influenced stable
isotope signatures and tree growth. This makes it almost
impossible to tease apart the relative effects of simulta-
neously changing environmental conditions to prove that
the observed change in tree growth is caused by rising
atmospheric CO,. Additionally, iWUE is a ratio, which can
change as a result of changes in either the numerator or
denominator, so that a simultaneous increase in iWUE and
growth may not be related (e.g. if there is a concurrent
change in plant water loss).

A long-lasting confusion exists for the relationship
between plant growth and photosynthesis. It is often
assumed that photosynthesis drives plant growth (see also
“Fluxes are not pools” above). Plant growth and photo-
synthesis per unit leaf area may well correlate, but this does
not mean that there is a causal and directional relationship
(from photosynthesis to growth). For example, in cold, and
dry environments, photosynthesis per unit leaf area may be
comparable to that measured in other more favourable
environments, but growth of individual plants is slow. In
cold (Hoch and Korner 2003; Hoch and Korner 2012; Hoch
et al. 2002; Oberhuber et al. 2011) and dry (Korner 2003b;
Muller et al. 2011) environments, mobile C reserves tend to
accumulate and are not used for growth, because under these
conditions plant tissue expansion and therefore ‘growth’ is
controlled by temperature and water availability, but not by
the rate of leaf-level C uptake. Nevertheless, most global
dynamic vegetation models (Cramer et al. 2001) still use
photosynthesis as the driving force of plant growth, even
under temperature- and water-limited conditions.

Second-order effects occur when an immediate response
to elevated atmospheric CO, triggers a secondary, eventu-
ally dominating response. For example, plant transpiration
is unavoidably affected if stomatal opening changes in
response to elevated CO,. Such stomatal responses have
far-reaching consequences for soil water content, air
humidity and hence soil and atmospheric feedback (Jacobs

and de Bruin 1997). Holtum and Winter (2010) argue that
the secondary water effect may in many cases become more
important than the first-order CO, effect. Lower water use
per plant individual in response to elevated CO, can persist
with an accumulating effect over time (Niklaus et al. 1998).
The indirect or second-order CO, effect via increased plant
water savings followed by higher soil humidity can then be
the dominant CO, effect on community biomass production
with particularly strong relative CO, effects in dry years and
weaker relative CO, effects in moist years (Niklaus and
Korner 2004; Morgan et al. 2004). Moreover, different
species may show different responses to elevated CO, in
terms of water savings. In a calcareous grassland in Swit-
zerland, for example, the dominant species Bromus erectus
drastically reduced stomatal conductance under elevated
CO,, while the subordinate species Carex flacca did not
(Lauber and Kérner 1997). The overall decreased commu-
nity transpiration and increased soil water content (Niklaus
et al. 1998; Niklaus and Korner 2004) was, nevertheless,
particularly beneficial for Carex flacca with an increase in
above-ground biomass of more than 300 % compared to
ambient CO, control plots (Niklaus and Korner 2004). The
water saver Bromus erectus, on the other hand, showed no
biomass response to elevated CO, which in the long term
may suggest decreasing Bromus abundance at the expense
of the “water waster” Carex (Niklaus and Korner 2004).
This example nicely illustrates the intricate relationships
between primary causes, second-order effects and complex
consequences that may lead to changes in community
composition and ecosystem functioning that are difficult to
predict.

The distinction of causes and effects and their mecha-
nistic understanding is fundamental in ecology in order to
predict current and future ecosystem structure and func-
tioning with the help of modelling tools. Model algorithms
based on correlative evidence rather than on causal rela-
tionships may be particularly prone to misleading inter-
pretations and predictions of future responses.

The biodiversity issue

Biodiversity relates to all six topics that have been treated
so far, and may be the most important aspect to consider
when studying ecological processes at the level of com-
munities and ecosystems. This is because organisms
inherently possess a wide variety of physiological, ana-
tomical, and evolutionary traits that a shift in species
assemblage over time may render any conclusions based on
a static community structure invalid. For example, biodi-
versity shifts may affect the balance between carbon fluxes
and pools (e.g. if forest is transformed into steppe). Simi-
larly, shifts in biodiversity may overcome stoichiometric
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constraints if the replacing plant community is character-
ised by different elemental ratios. Plant responses to global
change, or any other ecological process, should be assessed
using a range of different species, explicitly asking how
and why species differ and whether a shift in the present
species composition is likely and what it would mean for
the net ecosystem response. For example, responses to
drought during the European 2003 heat wave were dra-
matic in hornbeam (Carpinus betulus), but absent in oak
(Quercus petraea), such that overall (long-term) landscape-
level responses depended on both the physiological
response of individuals and on the longer-term species
composition (Leuzinger et al. 2005). Biodiversity shifts
dominating physiological responses of individuals to ele-
vated CO, have been documented for herbaceous plants in
a brackish wetland. Within only a few years, N addition
caused the less CO,-responsive C, species to dominate
over the more CO,-responsive Cs species, thus eradicating
the first-order CO, effect through a change in species
composition (Langley and Megonigal 2010). Similar pro-
cesses are to be expected in trees over longer time spans. In
fact, germinating seedlings of co-occurring temperate

Table 2 Checklist of questions according to the seven topics discussed

forest tree species showed highly contrasting growth
responses to in situ CO, enrichment applied using open-top
chambers in the forest understory, that also depended on
light availability (Héttenschwiler and Korner 2000;
Hittenschwiler and Korner 2003). Initial tree seedling
growth just after germination critically determines the
regeneration success and future canopy composition of
forests (Clark and Clark 1992; Kobe et al. 1995). Conse-
quently, the strong differences among species in seedling
growth response to elevated CO, will affect community
composition in the longer term (Bolker et al. 1995). Par-
ticularly strong growth responses to elevated CO, in sha-
ded forest understory conditions were observed for lianas
(Granados and Korner 2002; Hittenschwiler and Korner
2003), suggesting accelerated forest dynamics in tropical
forests, that are particularly rich in lianas, through
increased rates of forest gap formation (Korner 2009b). As
a consequence, the relative abundance of early successional
tree species will likely increase, and overall these biodi-
versity effects may reduce C sequestration, thus overriding
potential direct effects predicted with a static species
composition of tropical forest communities.

Topic Question

I Fluxes are not
pools

Are we measuring fluxes or pools?

How important is the observed flux relative to the pool of interest?

Are there compensatory fluxes to the one measured that may be less apparent or difficult to measure?

Is the change in flux measured persistent over time? (see V)

II Stoichiometry

Are factors other than the one(s) considered becoming limiting?

Does the experiment allow enough time for stoichiometric ratios to equilibrate or do we observe an initial transient

response? (see V)

IIT Resource
allocation

IV Reference metric

V Time and timing

VI Second order
effects

VII Biodiversity

What is the potential for allocation shifts in the studied system? How could/should allocation be measured/quantified
(methodology)?

Does altered resource allocation modify the relative importance of pools and fluxes? (see I)
Are trophic interactions influenced by allocation shifts and could this lead to overriding second-order effects? (see VI)
Are we choosing the appropriate reference metric in terms of time and space? (see V)

Would the observations be the same if a larger context were chosen? Would other processes become important that are not
observable at the smaller scale? (see VI and VII)

What time span/time horizon are the observations likely to be valid for? (What is the appropriate reference metric? (see
11I)

Would the same effect be observed if a different ontogenetic stage of the studied organism was considered?
Can historic confounding effects (e.g. time of seed arrival) be excluded?

Are the observed responses direct consequences of the treatment or does the treatment correlate with some other factor
that is driving the response?

Are the observed effects primary or perhaps second-order effects? Are different or additional measurements required for
the distinction of primary versus second-order effects?

Is there a cascade of effects triggered by the treatment, and at what stage are we observing our response? Will it persist
over time? (see V)

Would the measured response be the same if other species were tested?

Do the species included in the test allow a general comparative assessment of responses? (e.g. are plant functional types
tested?)

How likely (and in what time frame) is a treatment-induced species composition shift? (see V)
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Conclusions

The past 25 years of CO, research have taught us beyond
future ecosystem functioning, and a lot of the lessons learnt
bear a general ecological relevance. Here, we focus on the
contribution of the research group under Christian Korner,
grouping some general insights into seven cornerstones for
a sound basis to plan and interpret experiments and mod-
elling studies, not only in CO, research but also beyond.
We have summarised the key questions that can help with
the planning and interpretation of ecological experiments
and model frameworks in Table 2. While it is impossible to
weight all points equally, this paper attempts to raise
awareness of potential confusion, restrictions and pitfalls,
the recognition of which can make ecological research
more efficient. Overall, we conclude that ignorance of the
issues raised here is more likely to cause overestimation
than underestimation of effect sizes on various ecological
processes in response to global environmental change.
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