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Preface

The GCTE project was born on the day the Berlin wall fell (November 10, 1989). It
was the final day of the Planning Committee meeting for the IGBP, at Berlin’s
Wissenschaftskolleg. Co-ordinating Panel 4 had presented its recommendations to
the IGBP Planning Committee during the preceding week, and on that day they
were accepted as the basis for GCTE, ratified later at the general IGBP inaugural
meeting in Paris, in 1990.

The first full meeting of GCTE was its Open Science meeting in Brighton, En-
gland, in February 1991. Much good science was defined and put into effect at that
meeting. But one point remained unresolved - an appropriate name and acronym.
Everyone was agreed that GCTE was dreadful and could never work. The topic was
debated at (the end of) each subsequent meeting of the Steering Committee, and
no agreement on a better (publishable) name and acronym was ever reached. Its
clumsiness eventually made it distinctive and so, 15 years later, it is finally put to
rest, with the project.

From its inception GCTE was marked by, and most fortunate in having, a
group of outstanding scientists to lead its defined Activities. They constituted
the GCTE Steering Committee and their performance and stature attracted the
best researchers joining what has been an exemplary (yet essentially voluntary)
scientific effort.

The evolution of GCTE is an interesting reflection of scientific progress and
increasing awareness of what is needed to understand the functioning of the Earth
System. It began with three “Foci”, ecophysiology (at various scales), vegetation
dynamics (again at scales from patches to the globe) and agro-ecosystems. A fourth
Focus, on biodiversity, but also involving linkages across the other three, was added
as results from initial studies and models began to emerge. The evolution to a more
integrated approach continued and the results presented in this volume show the
level of awareness that has now been achieved.

Perhaps the most important achievement of GCTE has been to demonstrate the
critical role that terrestrial ecosystems play in the functioning of the Earth System.
When GCTE began, it was widely assumed that Earth System dynamics were domi-
nated by the ocean-atmosphere system, and that terrestrial systems were just the
recipients of changes in the dynamics of these two great fluids. Now the picture is
much different, as the following examples demonstrate.

Terrestrial processes in the carbon cycle. Until very recently, projections of future
atmospheric CO, concentration were determined only by estimated emissions from
fossil fuel combustion and land-use change. Research within GCTE and elsewhere
has elucidated the important role that feedback processes in terrestrial ecosystems
- heterotrophic respiration, wildfires, permafrost melting — will play in determin-
ing the trajectory of atmospheric CO, concentration over the next few decades and
centuries. This work has contributed to the issue of ‘sink saturation’ and the possi-
bility that the terrestrial will switch later this century from being a net sink to a net
source of carbon.
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Nonlinearities in the Earth System. Within the IGBP framework, GCTE took the
lead in analyzing the nature of nonlinear change in Earth System functioning. This
work played a central role in the emergence of abrupt change, surprises and ex-
treme events as unifying themes in the second phase of IGBP research.

Dynamic Global Vegetation Models (DGVMs). When GCTE began its implementa-
tion in 1991, the terrestrial surface was treated as a ‘big leaf” or a ‘green slime’ in
global climate models. One of the project’s highest priorities was to change this
situation. Several research groups associated with GCTE produced prototype DGVMs
by the mid-1990s, a model intercomparison was implemented later in the decade,
and now DGVMs are recognized as an essential component - as important as the
oceans and the atmosphere - in Earth System models.

Complementing this Earth System perspective, the last phase of GCTE also placed
emphasis on the consequences of global change for the things that matter to people
- captured in this book in the section on “Ecosystem Services”. These consequences
are mostly reflected at regional scales and the regions under most stress are dis-
cussed in the final section of the book.

We are delighted and honored to have been asked to write this Preface. Brian was
GCTE’s first Chair and Will the first full time Scientific Officer, before he took over
as IGBP Director. We both greatly enjoyed our involvement, benefiting from it
enormously, and this was in large measure thanks to all the fine people who were
involved. We cannot mention them all but we want to acknowledge one person in
particular, Rowena Foster, for the prodigious effort she has put in, throughout the
15 years of its existence, to making GCTE work. We know that every scientist who
was involved in one of the many workshops organized by Rowena will join us in
thanking her.

GCTE’s research over the past 15 years provides a sound base for the new Global
Land Project, and the community that GCTE has built will make many further
contributions to the GLP. This book highlights the exciting work that was carried
out during the second half of GCTE and points towards the new challenges to be
undertaken under the GLP banner. We congratulate the authors and editors on a
fine effort. We thank the GCTE community for its many achievements and wish
the GLP all the best for the future.

Brian Walker and Will Steffen
November 2006
Canberra
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Chapter 1

Global Ecology, Networks, and Research Synthesis

Louis F. Pitelka - Josep G. Canadell - Diane E. Pataki

1.1 Introduction

The Earth System, including its terrestrial and marine
ecosystems, is being altered as a result of human activi-
ties. These global changes have been well-documented
(e.g., Vitousek et al. 1997; Mooney and Canadell 2001;
Steffen et al. 2004). They include changes in the compo-
sition of the atmosphere, including increasing concen-
trations of greenhouse gases; changes in global and re-
gional climate; habitat destruction and land cover
change; increases in the amounts of reactive nitrogen
compounds in the biosphere; increases in species ex-
tinction rates; and increases in the number and impacts
of exotic invasive species. The extent and magnitude of
human-caused changes has led Nobel laureate Paul
Crutzen (2002) to propose that the Earth has entered a
new geologic era, the Anthropocene - an era of human
domination of the Earth System, in contrast to the pre-
vious billions of years of Earth’s history when natural
forces dominated the Earth.

Nowhere are the impacts of human activities more
apparent than in terrestrial ecosystems, with even the
most remote and pristine terrestrial systems experienc-
ing the effects of global change. The terrestrial portion
of our planet obviously supplies many of the important
ecosystem services upon which our society depends, in-
cluding fresh water and much of our food and fiber. Be-
cause global change has the potential to significantly al-
ter the structure and functioning of terrestrial ecosys-
tems, considerable resources have been invested over the
past decade on research to understand the effects of glo-
bal change on ecosystems. In addition, since terrestrial
systems are active components of a dynamic Earth Sys-
tem, research has also focused on whether those changes
in terrestrial ecosystems are resulting in positive or nega-
tive feedbacks to the atmosphere and physical climate
system.

Since 1991, the Global Change and Terrestrial Ecosys-
tems (GCTE) core project of the International Geosphere-
Biosphere Program (IGBP) has played a leadership role
in developing and coordinating an international agenda
on the two research areas mentioned above (Steffen et al.
1992). Over 100 synthesis papers and 25 special issues and

books were published as a result of GCTE activity, not
counting the primary research-data papers that stemmed
from the various efforts. A synthesis of the first five years
of GCTE research was published in 1999 (Walker et al.
1999) which followed an initial project-wide effort to fur-
ther define the scientific scope of GCTE (Walker and
Steffen 1997). This new volume, unlike the previous ones,
describes examples of research conducted under the
umbrella of GCTE during the second half of the project
and does not intend to provide a comprehensive over-
view of all research. This chapter places these contribu-
tions in a historical context and explains how they fit into
the broader GCTE endeavor.

This volume also marks the end of GCTE. After more
than a decade of focusing on linkages between geophysi-
cal and biological research, the IGBP has entered a new,
second phase aimed at describing and understanding
the interactive physical, chemical, biological, and socio-
economic processes that regulate the total Earth System
and the changes that are occurring in this system. Be-
cause of the tremendous advances in disciplinary re-
search on specific components of the Earth System made
during phase I of IGBP, the global change research com-
munity is well poised to undertake the types of more
interdisciplinary research that will be required to ad-
vance to the next level of understanding of the Earth
System. As part of the transition to IGBP II, major re-
structuring of the core projects has taken place. A num-
ber of projects have ended, while new projects that bring
together elements of the original projects have been ini-
tiated. GCTE is now closed, but IGBP research on ter-
restrial ecosystems will continue under the new Global
Land Project (GLP), a joint project of IGBP and IHDP
(the International Human Dimensions Project), built
upon the foundations of GCTE and the Land-Use and
Land-Cover Change (LUCC) project. The science objec-
tives of the GLP are described in Chap. 25 (Ojima et al.
2007, Chap. 25 of this volume).

The overarching goals of GCTE were

= to predict the effects of changes in climate, atmospheric
composition, and land use on terrestrial ecosystems;

= to determine how these effects lead to feedbacks to
the atmosphere and physical climate system.
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GCTE addressed these goals primarily by playing
a coordinating and networking role among new and
existing research projects of individual investigators.
This role took a variety of forms. Through workshops
and conferences involving broad representation from
the international global change science community,
GCTE developed and implemented a research agenda
to address the goals of the project. Another success-
ful strategy used by GCTE to advance global science
was to facilitate the development of international re-
search networks to enhance communication and inte-
gration. Workshops organized by these networks have
produced a large number of synthesis books and
journal articles. Still other GCTE activities have included
model inter-comparisons and the development of criti-
cal databases.

GCTE was originally comprised of four foci: Ecosys-
tem Physiology; Ecosystem Structure; Agriculture, For-
estry, Soils; and Biodiversity. It is worth reflecting on
the fact that, in the early 1990s, it was necessary and made
sense for these four foci to operate fairly independently.
At that point, there were models and experiments that
focused only on responses of ecosystem physiology (e.g.,
NPP) to global change (e.g., elevated CO,). Researchers
were interested in how ecosystem structure (e.g., veg-
etation type) would respond to a changing climate with-
out simultaneously considering effects on ecosystem
physiology. Research on agricultural and forestry sys-
tems was distinguished from research on more natural
ecosystems. And research on the interactions between
biodiversity and ecosystem functioning (physiology)
was just beginning. A measure of the progress made over
the past decade is the extent to which research activi-
ties now integrate across two or more of these previ-
ously separate subdisciplines, and we will highlight ex-
amples in this chapter.

1.2 Carbon and Water Cycles in the 21 Century

Research on the effects of rising atmospheric CO, con-
centrations on terrestrial ecosystems has been a com-
ponent of GCTE since its inception. At the time GCTE
was founded, much of the literature on elevated CO, ef-
fects focused on individual plants grown under ideal
conditions of adequate water and nutrient availability
(Mooney et al. 1999). To promote and synthesize eco-
systems-based research on the effects of elevated CO,
on whole communities in the field, the Elevated CO,
Network began to hold a series of workshops on the role
of community responses, belowground processes, inter-
actions with environmental stress, and other key uncer-
tainties in understanding the responses of the terres-
trial biosphere to elevated CO,. An increasing number
of experiments have addressed these uncertainties in a
variety of biomes from grasslands and forests to dry-

lands, agroecosystems, and more. As a result, our un-
derstanding of the variability and complexity of eco-
system responses to elevated CO, has improved dramati-
cally over the past decade, particularly with regard to
water and nutrient limitations to CO, responses, below-
ground carbon pools, and community scale dynamics
(see Chap. 2 by Koérner et al.).

Changes in atmospheric CO, concentrations in the
21° century will occur in concert with changes in tem-
perature, precipitation, nitrogen deposition, and other
aspects of global change. Studies of ecosystem responses
to perturbations such as elevated CO, or temperature
can improve future projections of critical attributes of
the terrestrial biosphere such as the carbon balance (see
Chap. 6 by Canadell et al.). In addition to the Elevated
CO, Network, the Network of Ecosystem Warming Stud-
ies greatly added to our understanding of global change
ecology by synthesizing the results of experimental ma-
nipulations of temperature in a variety of ecosystems
(Rustad et al. 2001; Shaver et al. 2000; Chap. 3 by Norby
et al.). However, interactive effects among multiple dis-
turbances may not be additive and merit further inves-
tigation in the next generation of manipulative and mod-
eling experiments. In Chap. 3, Norby et al. review eco-
system responses to warming, interactive effects of CO,
and temperature, and effects of multiple of aspects of
global change as assessed by experimental and model-
ing results. Relative to responses of individual per-
turbations, our understanding of interactive effects of
multiple global change drivers is at a fairly early stage,
and will continue to remain a critical aspect of under-
standing terrestrial ecosystems responses in the com-
ing decades.

Another important contribution of GCTE was the
initiation of the Biosphere-Atmosphere Stable Isotope
Network (BASIN), which is still ongoing. As described
by Pataki et al. in Chap. 4, the application of measure-
ments of the isotopic composition of atmospheric trace
gases in ecosystem-scale studies has provided new in-
formation about ecosystem physiology and its role in
ecosystem, regional, and the global carbon cycle. Iso-
topes integrate physical and biological processes over
space and time, and are increasingly measured in a va-
riety of ecosystems ranging from virtually unmanaged
to highly managed and human dominated. In general,
human dominated ecosystems are increasingly of inter-
est to the ecological and global change communities due
to their large influence on the atmosphere and climate
system, resource availability,and ecosystem services and
human welfare. The effects of urbanization on bio-
geochemistry are reviewed by Pouyat et al. in Chap. 5 as
an emerging area of critical importance in quantifying
impacts of land use and land cover change, as well as
the dynamics of coupled human and natural systems,
which will be a focus of the new Global Land Project
(see Chap. 25 by Ojima et al.).
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1.3 Changing Biodiversity
and Ecosystem Functioning

The interest in establishing relationships between bio-
diversity and ecosystem function arose from the real-
ization that rates of species loss are accelerating due to
human activities, particularly due to habitat lost and
fragmentation among others. Given that species have
different functional traits, major changes in biodiviersity
could result in significant changes in biogeochemistry and
other processes that regulate the Earth System (Loreau et al.
2001; see Chap. 7 by Diaz et al., and Chap. 10 by Naeem
et al.). This GCTE activity quickly moved to include the
effects of atmospheric composition and climate change
on biodiversity (see Chap. 9 by Potvin et al.), and the
effects of rapid expansions of exotic species which can
profoundly change the structure and function of many
terrestrial and freshwater ecosystems (see Chap. 8 by
Vila et al.).

The GCTE established a focus on this topic in part-
nership with the emerging program of Diversitas, lead-
ing the development of what was a completely new field
of research early in the 1990s. It soon became clear that
functional changes due to species loss, addition or re-
placement could have significant impacts on ecosystem
properties such as productivity, decomposition rates,
nutrient cycling, and resistance and resilience to pertur-
bations. Numerous reviews were instrumental in the
development of this new field (Sala et al. 1999; Loreau
et al. 2001, 2002; Hooper et al. 2005). These syntheses de-
scribed some fundamental patterns (Hooper et al. 2005):
(i) Certain combinations of species are complementary
in their patterns of resource use and can increase aver-
age rates of productivity and nutrient retention,
(ii) Susceptibility to invasion by exotic species is strongly
influenced by species composition and, under similar
environmental conditions, generally decreases with in-
creasing species richness, (iii) Having a range of species
that respond differently to different environmental per-
turbations can stabilize ecosystem process rates in response
to disturbances and variation in abiotic conditions.

Finally, GCTE also led the development of new biodi-
versity scenarios with a first attempt at mapping changes
in the global distribution of species due to climate and
land use change (Sala et al. 2000).

1.4 Landscapesunder Changing Disturbance Regimes

Disturbances such as fire, pests, windthrow, and harvest-
ing are important in determining the structure and func-
tioning of terrestrial ecosystems. Global warming and
other forms of global change will further perturb eco-
systems over the next decades, and will interact with the
other forms of disturbance in complex ways. The chap-

ters in this section are examples of research conducted
over the past decade to better understand how chang-
ing disturbance regimes will interact with and affect
ecosystems.

One of the key effects of climate change on ecosys-
tems will be adjustments in the ranges of plant and ani-
mal species, and accordingly, of communities and biomes.
It is well known from the paleoecological literature that
species have migrated in the past in response to changes
in climate (e.g., Davis and Shaw 2001), and relatively re-
cent evidence demonstrates that species ranges are al-
ready beginning to change in response to contemporary
climate change (Parmesan and Yohe 2003; Walther et al.
2002). A critical question given the expected rate of cli-
mate change over the next decades is whether and which
species will be able to migrate fast enough to keep pace
with the changing climate. The answer to this question
is relevant to issues as diverse as the conservation of spe-
cies and the carbon balance of ecosystems. It has been
recognized for some time that models of ecosystem re-
sponse to climate change must include migration, but the
challenges of incorporating these effects into models are
immense. A GCTE activity was devoted to this issue
(Pitelka et al. 1997; Neilson et al. 2005), and in Chap. 11,
Midgley et al. review our current understanding and the
hurdles that still face ecologists in understanding and
predicting future migrations of plants.

Migration is actually a two-part process, with one
being dispersal and the second successful establishment
and population growth. Disturbance by fire could be one
of the most important mechanisms that would facilitate
and speed up the successful establishment of migrant
species. Because fire occurs across much of the Earth’s
land surface, it also has great significance for the carbon
budget of terrestrial ecosystems. Thus, it is critically im-
portant for ecologists to understand how fire regimes
might change with global change and incorporate this un-
derstanding in models of ecosystem response, especially
to climate change. Keane et al. (Chap. 12) review models of
vegetation dynamics that incorporate fire and describe
our current understanding of global fire dynamics.

A major concern throughout global change science is
the potential for non-linearities in responses of ecosys-
tems or other components of the Earth System (Steffen
et al.2004). Fire is an example of a process that can spread
non-linearly across space and generate cascading effects
(see Chap. 14 by Peters et al.). Unless scientists can iden-
tify where and when non-linear responses are likely, hu-
man society will like be unprepared for their occurrence,
and thus the consequences are likely to be far greater than
if the response had been identified and anticipated. In
Chap. 14, Peters et al. describe a general framework for
understanding and predicting spatially non-linear re-
sponses to global change.

A GCTE activity that built on the understanding de-
veloped in other areas of GCTE research, including the
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efforts referred to above, is the development of Dynamic
Global Vegetation Models or DGVMs. Early in the his-
tory of GCTE entirely different classes of models were
employed to simulate how climate change affects eco-
system structure and composition vs. ecosystem pro-
cesses. These models were equilibrium models that could
not predict how long it would take to reach a future state
or the vegetation dynamics of the process. The next de-
velopment was a simple linking of vegetation and eco-
system models such that the ecosystem models used the
future vegetation distribution predicted by vegetation
models as inputs (VEMAP Members 1995). Meanwhile,
ecosystem modelers recognized the need to fully couple
vegetation and ecosystem models and make them dynamic,
i.e., to develop DGVMs. Prentice et al. (Chap. 15) provide
a review of DGVMs, including their successes in simu-
lating various phenomena, as well as their limitations.

DGVMs and most other types of models described in
this section do not simulate individual plant species but
rather group species into a relatively small number of
plant functional types, or PFTs, with similar morphologi-
cal and physiological traits. Lavorel et al. (Chap. 13) de-
scribe the efforts to develop useful and logical classifica-
tions of plants into PFTs.

1.5 Managing Ecosystem Services

Many of the GCTE activities directly contributed to a
better understanding of the provision of goods and ser-
vices for the well-being of human societies, and how
those goods and services were being altered by changes
in atmospheric composition, climate and land use. How-
ever, the single biggest contribution came from the fo-
cus on “agroecology and production systems” which
dealt with the effects of global change on the produc-
tion of food as a key component in global food security.
A number of networks and consortia were established
to study individual crops including wheat (see Chap. 16
by Porter et al.), rice, potato, pastures, and forest plan-
tations. Key outcomes from this research were a better
understanding of the benefits of increasing atmospheric
CO, on crop production and how warming, nutrients,
and water modulate that response, either by dampening
it or by enhancing it depending on the particular com-
bination. Temperature thresholds for crop failure were
also identified for some of the rice varieties growing
under elevated CO, and warming. This research natu-
rally included the role of agricultural pests in reducing
food production and how climate change is likely to al-
ter pest-plant dynamics (see Chap. 17 by Sutherst et al.).

The work in agroecosystems also extended to the in-
tegration of food/fiber production and biogeochemistry
to fully account for plant-soil feedbacks, and with that
the study of soil carbon sequestration which yielded one
of the important legacies of GCTE, a global soil organic

matter database and a number of carbon sequestration
assessments under different climate and management
scenarios (SOMNET; see Chap. 18 by Smith et al.).

A key development which required higher level inte-
grative research was the one on complex agroecosystems
and farm-level integration of the management of single
units of land with multiple crops, as separate subsystems,
or as a single interconnected complex systems. The lat-
ter are still the systems that much of the world’s popula-
tion relies on for food and fiber despite an overall push
for intensification and simplification.

Two additional chapters complement what is perhaps
one of the most critical trade-offs in managing ecosys-
tem goods and services, that between carbon and water.
Chap. 19 by Jackson et al. focuses on this trade off in con-
versions to forests and shrublands, and Chap. 20 by
Reynolds et al. focuses on a new paradigm to explain the
natural and human dimensions of land degradation in
arid and semi-arid regions.

1.6 Regions under Stress

The GCTE made a substantial effort to initiate research
on the effects of global change on terrestrial ecosystems
in parts of the world where little research or capacity
existed despite playing key roles in the functioning of
the Earth System.

Early in the 1990s the GCTE developed the transect
approach for global change research, establishing
15 transects in critical regions of the world to cover most
environmental conditions and biomes/ecotones with
special attention to highly sensitive regions (e.g., high
latitudes and tropical regions) (Canadell et al. 2002).

The transect approach has evolved over the years to
comprehensive regional studies building upon the ini-
tial research undertaken during the 1990s. In this book
we present research focusing on several key sensitive re-
gions in the world including tropical Asia (see Chap. 21,
Murdiyarso et al.), regions affected by the Monsoon cli-
mate (see Chap. 22 by Zhou, and Chap. 23 by Kohyama
et al.), and high latitude ecosystems (see Chap. 24,
McGuire et al.).

1.7 The Way Forward

As noted earlier, the GCTE has now ended, but clearly
there is still much to do to understand the effects of glo-
bal change on terrestrial ecosystems. Research on ter-
restrial ecosystems will continue under the auspices of
the new Global Land Project (GLP), a joint project of
the IGBP and the International Human Dimensions Pro-
gram (IHDP). The GLP will integrate research elements
from both GCTE and the Land-Use and Land-Cover
Change (LUCC) project, the latter already jointly spon-
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sored by the IGBP and IHDP. A major goal is to treat
human activities and decision-making as an integral
part of the terrestrial system, the so called human-envi-
ronment system. The final chapter of this book, Chap. 25
by Ojima et al., describes the science objectives of the
GLP and the innovative research agenda on land for the
next decade (GLP 2005).

In addition, GCTE has also contributed a great deal
to the development of the scientific agendas of the Glo-
bal Carbon Project (GCP) and the Global Environmen-
tal Change and Food Systems (GECAFS), both joint
projects of the new Earth System Science Partnership
(ESSP). The ESSP has brought together IGBP, IHDP, the
World Climate Research Program, and Diversitas, and
has developed a highly interdisciplinary and integrative
research agenda to support Earth System sustainability.
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Chapter 2

CO, Fertilization: When, Where, How Much?

Christian Korner - Jack Morgan - Richard Norby

2.1 Carbon a Limiting Plant Resource?

Among the certain facets of global change, the steady CO,
enrichment of the atmosphere affects plants directly. CO,
is a substrate for photosynthesis, and for most (C,) plant
species CO, concentrations will remain below saturation
levels of photosynthesis even at twice-current concen-
trations. Thus, the photosynthetic CO, response curve
(a saturation function with a near-linear initial part and
a plateau reached at close to 1000 ppm) became the cor-
ner stone of modeling the biological consequences of ris-
ing of CO,, because it was assumed to represent the de-
gree of CO,-fertilization in plants. In fact, models built
around this response function forecast an approximately
290 Gt carbon sequestration into the terrestrial biosphere
(biomass and soils) within the 21° century (e.g., Cao and
Woodward 1998; IPCC 2001), raising hopes for a signifi-
cant biotic mitigation of atmospheric CO, enrichment,
which currently measures 3-4 Gt Cyr ..

Thirty years of research, the most active part in the
GCTE decade (1993-2003), have produced an estimated
more than 4000 publications (Kérner 2000) in essence
testing this or related hypotheses. It turned out that the
rate of CO, uptake per unit leaf area is a rather unreli-
able predictor of plant growth and the cascade of follow
up ecosystem processes. This limits predictions of fu-
ture plant growth and crop production and it also re-
stricts the credibility of estimates of the amounts of car-
bon that could be sequestered to the biosphere as a re-
sult of ‘CO,-fertilization’.

Still not fully resolved, the discrepancy between pho-
tosynthetic stimulation by elevated CO,, which is almost
always observed, and actual plant growth responses,
which vary considerably, became a central problem in
predicting both the biosphere’s future in a CO,-rich world
and the potential of biological mitigation of atmospheric
CO, enrichment. A related quandary has been the ob-
served stimulation of growth in the less common but
important C, class of plants through elevating CO, above
present ambient levels (Wand et al.1999; Ghannoum et al.
2000), since C, photosynthesis was thought to be satu-
rated at present atmospheric CO, concentrations (Bazzaz

1990; Bowes 1993). A weak quantitative linkage between
photosynthesis and growth (or yield) has long been
known among crop breeders (Evans and Dunstone 1970;
Saugier 1983; Wardlaw 1990), and there are many reasons
for the mismatch between the CO,-stimulation of pho-
tosynthesis and the actual biomass responses, but the
most important ones are:

(1) The photosynthetic uptake of CO, depends on the
total photosynthetically active surface of a plant and its
integrated CO, flux activity over time (not easily quanti-
fied in discontinuous leaf-level gas exchange measure-
ments) relative to its respiratory losses by heterotrophic
tissue, (2) CO, release by respiration, which likewise de-
pends not only on tissue specific rates but on the contri-
bution of various, differentially active tissues to total plant
biomass, and (3) the unknown export of assimilated car-
bon through roots, either directly to the rhizosphere mi-
crobe community or to mycorrhizal fungi.

With these and some other minor components of the
internal carbon housekeeping, plants co-control their
carbon investment in addition to their control over pho-
tosynthesis. The relationship between carbon uptake
(source activity) and carbon investment (sink activity)
drives the net outcome in terms of growth and biomass
production.

It is obvious that these carbon investments also de-
pend on resources other than CO,, in particular min-
eral nutrients. A common effect of short-term plant
exposure to elevated CO, is a reduced consumption of
nutrients, but also water, per unit of biomass produced
(Drake et al. 1997) or a constant consumption at greater
biomass per unit land area (Niklaus and Kérner 2004).
In cases where total nutrient uptake is increased under
elevated CO, (Finzi et al. 2002) this will deplete soil
resources in the long run. In cases where tissue nutri-
ent concentrations are depleted, this will induce cas-
cades of negative ecosystem level feedbacks, which
eventually may also cause initial rates of carbon gain
to diminish. In many cases, it became questionable
whether carbon is a limiting resource at the whole plant
or ecosystem level (Kérner 2003a). It is worth recalling
that all taxa of today’s biosphere grew and reproduced
successfully with only 180-190 ppm, half the current CO,
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concentration, 18 0oo years before present (peak of
last glaciation). Based on this reference period, current
biota operate already in a double CO, atmosphere. In
addition, the observed reduction of water consump-
tion per unit land area is likely to induce climatic feed-
backs (through a drier atmosphere), not yet accounted
for in experiments. Furthermore, any CO, enrichment
effect on plants will depend on their developmental
stage, with younger plants more responsive than older
ones (Loehle 1995). Most of the CO,-enrichment re-
sponses for woody species available to date are - for very
practical reasons - for young, rapidly expanding life
stages, during which carbon is more likely a limiting
resource.

All together these interdependencies are making pre-
dictions of the biosphere’s overall response to elevated
CO, far more difficult than was thought initially in view
of the straightforward photosynthetic CO, response of
leaves. The experimental evidence exemplified here,
points at the need to reconsider the largely source activ-
ity dominated model parameterisation and to account
for the constraints to carbon sink activity. Using current
atmospheric carbon relations, Schimel et al. (2001) find
the biosphere roughly in balance, i.e., deforestation be-
ing balanced by new C-fixation, part of which is due to
forest expansion, hence leaving a much smaller leeway
for CO,-driven C-sequestration compared to what was
anticipated during the 1980s.

In contrast to theoretical models, experiments are
limited in space and time, and manipulations may dis-
rupt ecosystem processes and thus, can create artifacts,
though directions of responses are commonly still iden-
tified correctly in such situations (Norby et al. 1999). A
major limitation, however, is that more than 80% of the
Earth’s life biomass is stored in wood, but trees are too
big to be studied in conventional test systems, and it is
nearly impossible to put a mature forest into an enclo-
sure. Free air CO, enrichment (FACE) at such scales
entails exorbitant costs, so that tests remained restricted
to a few places and mostly fairly young trees. FACE re-
fers to a CO,-release system that does not need any en-
closures, but freely releases (controlled by a computer
in connection with an infrared gas analyser) CO, over
test plots. The situation is far better for grassland and
agricultural crops, where the low stature vegetation per-
mits smaller CO,-enrichment plots and where enclo-
sures create fewer artifacts.

In this summary we will highlight what we think were
major achievements during the last decade and we will
restrict our considerations to the most realistic field tests,
largely but not exclusively, using free air CO, enrichment
in situ. Given the urgent need for forest data, these will
receive particular attention. We will not re-review this
vast field, but will try to illustrate the major lines of evi-
dence and future needs in this arena of global change
research.

2.2 Long-Term Biomass Responses and Carbon Pools

Whether a measured biomass gain under a step increase
of CO, and otherwise unchanged life conditions reflects
a change which might be seen in the real world, depends
on three factors: time, nutrients and water. In addition,
global change factors in the real, future world like tem-
perature change (apart from effects on water, see Norby
et al.2007, Chap. 3 of this volume), light (change in cloudi-
ness), and biotic interactions, will co-determine CO, ef-
fects. There have been few attempts at deciphering such
interactions under realistic test conditions (see e.g., Rawson
1992; Shaw et al. 2002; Vonder et al. 2004; Wan et al. 2004)
and the answers so far are inconclusive, with no clear
interactive effect (Pendall et al. 2004). The general im-
pact of a warming climate on the carbon balance of eco-
systems will be dealt with elsewhere in this volume (Norby
et al. 2007, Chap. 3 of this volume). We will, however, refer
to the significance of interactions between CO, and light
for tree seedlings and lianas in shaded habitats.

22,1  Time Matters
Plants with determinate growth (annuals, many crops)
may grow faster initially at elevated CO,, but end up with
similar biomass accumulation per individual a couple of
days or weeks earlier than controls, except under very
fertile conditions. This was so for most of the 25 species
of semi-desert winter annuals from the Negev desert of
Israel, grown for their full life cycle in elevated CO,, with
only one species,namely one of the five legumes (the most
‘mesic’ one), taking great advantage of CO, enrichment,
causing the whole sward to end up with more biomass
(Griinzweig and Korner 2001, Fig. 1). In seedlings or sap-
lings of woody species, such initial responses (when space
and nutrients are ample and plants are very leafy) will
cause future growth to capitalize on size differences induced
by CO, very early in their life (analogous to compound in-
terest in economics), which has nothing to do with ongo-
ing CO, stimulation. Such initial responses simply shift the
growth curve in time (Norby et al. 1995; Loehle 1995;
Koérner 2000; Spinnler et al. 2002) and cause the date of
harvest to determine the difference in biomass gain.
Among the many other time dependent drivers of
plant and ecosystem CO, responses, changes in commu-
nity composition are important, and soil responses are
particularly critical, given the size and slow turnover of
soil C pools. Most of the humus carbon stored in soil is
of very old age (often >1 000 years) and only a small frac-
tion (commonly <1% in steady state systems) participates
in year to year C-turnover. Mass based assessments of
soil carbon are thus near to impossible. On the other
hand, carbon tracer experiments with true control (also
the ambient CO, system being labeled at the same rate)
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are restricted to small scale, highly disturbed test sys-
tems (e.g., Leavitt et al. 2001; Niklaus et al. 2001). So, ex-
periments provide rather limited access to the long-term
fate of C in soils, but may point at some likely trends.

2.2.2  Nutrients and Water Determine

Biomass Responses at Elevated CO,

Grassland biomass responses to elevated CO, reported
in the literature (K6rner 2002) are clearly related to the
fertility of the test conditions as well as to soil water avail-
ability. In mesic grasslands, CO,-induced biomass in-
creases are greater under more fertile conditions (e.g.,
Hebeisen et al. 1997). Alpine grassland seems to be an
exception, since there was no positive growth response
to elevated CO, even when mineral nutrients were added
(Schéppi and Kérner 1996). In native and semi-natural
grasslands with no fertilizer amendments (Fig. 2.1), the
seasonal biomass response to elevated CO, appears to be
more pronounced in dry years, as a result of the CO,-
induced stomatal reduction of transpiration. This indi-
rect water relations response to CO, enrichment increases
leaf and canopy-level water use efficiency, extends the
effective growing season in drier grasslands, and en-
hances nutrient availability (Morgan et al. 2004a). Most
grasslands are characterized by periods of water short-
age (Stephenson 1990; Campbell et al. 1997) and thus ex-
perience this indirect water relations benefit. A serious
constraint on the usefulness of grassland biomass data
produced under elevated CO, is the extrapolation of these
indirect CO, effects to future environments because such
water relation responses to CO, may not be seen in real-
ity. At the landscape scale, reductions in leaf conductance
to water vapor will lead to a drier and warmer atmo-
sphere, which in turn would increase evaporative losses.
Warmer future ambient temperatures will enhance such

evaporative losses, while predicted higher humidity in
some locations might reduce them (IPCC 2001). The fi-
nal outcome will depend on complicated interactions
between the atmosphere and the biosphere that are dif-
ficult to predict,and will vary geographically. Thus, much
of the presumed direct CO, effects on grassland biomass
(Fig. 2.1) are in fact indirect water relations responses
(Morgan et al. 2004a) that will have to be corrected for
future atmospheric humidity conditions and humidity
driven biosphere/atmosphere feedback - a major forth-
coming challenge for modeling.

With these caveats, the seasonal gain in harvestable
biomass of seven different grassland systems is between
0% and 30%, with the Californian grassland showing the
largest and the alpine the smallest response. Removing
the CO,-induced moisture effect on biomass, the remain-
ing effect will most likely be smaller than +10% for a
doubling of CO, in most cases. Here and in the follow-
ing, it is important to distinguish between net biomass
accretion (what is left for harvest at peak season or after
aseason) and the total biomass which had been produced
during a year, irrespective of whether it was preserved
or had been recycled i.e., lost before harvest. The latter
is called net primary production (NPP), and is much
larger than, and not to be confused with, the standing
stock of biomass.

Mature forest trees have been exposed to elevated CO,
only in a few cases, with the majority of data coming from
young trees in enclosures. A particularly valuable source
of data has come from trees growing around natural
sources of CO, (Miglietta et al. 1993; Amthor 1995). Oak
trees (Quercus ilex) grown around natural CO, springs
in Italy, showed a significant stimulation of tree ring
growth during their years of re-growth after coppicing
(Hattenschwiler et al. 1997), very similar to the responses
seen in scrub-oak after fire (Dijkstra et al. 2002). Such
re-growth situations after complete losses of above
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ground structures represent a life phase for these trees
with unlimited nutrient supply and ample space and light,
conditions where carbon-assimilation may be the prime
limitation of growth. Later, as stands close, the biomass
relationships are re-established and excess nutrients are
used up, the gain would be expected to vanish. Indeed,
the gain in growth of Mediterranean oaks around CO,
springs was greatly diminished compared to controls af-
ter about 25 years of growth under elevated CO, (Hatten-
schwiler et al. 1997).

Trees growing in older stands, which had reached a
closed canopy before the onset of CO, enrichment may
thus show much smaller CO, stimulation or more rapid
re-adjustment to previous growth rates than was found
in seedlings and saplings. Total foliage area (LAI) of fully
developed canopies has not increased in response to CO,
enrichment in any closed canopy system studied so far
(Korner and Arnone 1992; Hittenschwiler and Korner
1996; DeLucia et al. 2002; Norby et al. 2003); hence, any
growth response must derive from an enhancement of
growth per unit leaf area.

Three FACE experiments have been operating in tree
stands starting with fully developed canopies: a pine
(Pinus taeda) stand in the Duke forest in North Caro-
lina, a sweetgum (Liquidambar styraciflua) stand at the
Oak Ridge National Laboratory in Tennessee, and a ma-
ture multi-species deciduous forest near Basel, Switzer-
land. The young monospecific stands have shown a sus-
tained increase in productivity in response to elevated
CO,, but the trajectory of growth response has differed.

Increased productivity in the pine stand has resulted in
more stem growth and more leaf litter production
(Hamilton et al. 2002; DeLucia and Moore 2005, Fig. 2.2a).
Analysis of an additional plot at the Duke FACE site, how-
ever, suggested that an N limitation would cause this
growth stimulation to disappear (Oren et al. 2001). Pro-
ductivity in the deciduous sweetgum stand has been 22%
higher in elevated CO,, but the initial stimulation of
aboveground growth disappeared after the first year
(Norby et al. 2002; Fig. 2.2b). Instead, the additional car-
bon assimilated in elevated CO, has supported a large
increase in fine-root production (Norby et al. 2004). The
inherent difference in fine-root turnover rates in the pine
and sweetgum stands (Matamala et al. 2003) may be an
important determinant of whether a CO, stimulation of
productivity results in increased growth or increased
turnover, and this difference affects the long-term fate
of C in the ecosystem.

The Swiss forest FACE experiment as been run for
4 years only, and the 30 m tall trees belong to several spe-
cies, requiring a careful analysis of long tree ring chro-
nologies to overcome obvious replication problems in
the case of such large ‘experimental units’ and their re-
stricted number. However, accounting for pre-treatment
differences in vigor of individual trees (via tree ring
analysis), the stem growth trajectory is similar to the one
seen in the Oak Ridge FACE, showing a stimulation of
radial growth in 100 year old beech in the first year which
disappeared thereafter (Fig. 2.2¢c; Kérner et al. 2005). Sur-
prisingly, leaf photosynthetic capacity showed no down
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ward adjustment (Zotz et al. 2005), but soil CO,-emission
suggests enhanced carbon throughput in this system as
well (Steinmann et al. 2004), which is in line with earlier
findings for complex model ecosystems (Korner and
Arnone 1992; Hittenschwiler and Korner 1996,1998). The
only case where woody plants showed a near homoeo-
static downward adjustment of photosynthesis under el-
evated CO, is the desert FACE experiment in Nevada
(Hamerlynck et al. 2002). One may speculate that this has
to do with a lack of significant below ground biological
activity (e.g., mycorrhiza). A fourth FACE test established
at the Swiss high elevation climatic treeline in 30 year old
1.5to 2 m tall pines (Pinus uncinata) and larches (Larix
decidua) also revealed an initial pine response, which dis-
appeared by year three, but so far, a positive response in
larch is persisting (Handa et al. 2005, Fig. 2.2d).

In summary, these data suggest a rather limited growth
stimulation in mature trees, after the initial effect of a
step-increase in CO, concentration is surpassed. How-
ever net primary production and the associated carbon
turnover become enhanced in a high CO, environment,
explaining in part the discrepancy between photosyn-
thetic stimulation and biomass responses. The challenge
for the future is to identify the fingerprints of enhanced
carbon flows through undisturbed soils.

The available data for tall, closed canopy forests con-
trast with the significant stimulation often reported for
seedlings or saplings grown under favorable experimental
conditions. However, seedlings growing in deep forest
shade, will take great advantage from the reduced light re-
quirements for photosynthesis under elevated CO, under
natural conditions, as was documented in situ for both a
tropical (Wiirth et al. 1998) and a temperate forest (Hatten-
schwiler and Kérner 2000). Under such conditions, elevated
CO, is likely to affect tree recruitment in favor of particu-
larly responsive species, and likely could affect future for-
est composition (see also the effect on lianas below).

2.2.3  Scaling from Growth to Carbon Pools

Great care is advised when translating such plot-based
data into landscape carbon gains (Amthor 1995). At these
larger scales the mean residence time of carbon per unit
land area influences carbon stocks. If trees would grow
faster and mature earlier, tree turnover would be greater,
but not necessarily the mean C-storage in biomass. In
fact, a faster forest rotation may reduce the forest C-pool.
There is evidence for accelerated maturation in pine trees
grown in elevated CO,: cones were produced earlier and
in greater masses than in controls (LaDeau and Clark
2001). The above described transient nature of tree
growth responses to elevated CO, and the contribution
of CO,-induced water savings, which may in part be ar-
tifacts, because of a lack of atmospheric feedback, set
rather stringent limits to expected growth stimulations

in a CO,-rich world. Accelerated development may re-
duce mean forest carbon stocks (Kérner 2003b, 2004),
but enhanced C-turnover may also feed more carbon into
the humus compartment, a rather uncertain projection,
given the high demand for nitrogen and other minerals
to form the complex humus aggregates.

Thus, an important message to users of experimental
findings is that growth or productivity, i.e., a rate of car-
bon incorporation, as they are documented in some cases,
should not be confused with the amounts of carbon
stocked per unit land area. It is the latter which matters
for sequestering carbon away from the atmosphere. In
terms of carbon storage policy, a high stocking rate (e.g.,
old growth forests) is desirable rather than a faster for-
est rotation, as it may become facilitated by elevated CO,
in plantations on fertile ground. Such growth stimula-
tions, however, can add to the substitution of fossil by
renewable fuels and products.

2.3 Carbon to Nutrient Ratios
and Consumer Responses

23.1 The Cto N Ratio Widens

It has been documented many times that exposure of
plants to elevated CO, causes an increase in non struc-
tural carbohydrate concentrations (NSC; e.g., Kérner and
Miglietta 1994 for natural CO, springs, underlining the
long term nature of this response) and a reduction in
leaf nitrogen concentrations (Cotrufo et al. 1998; King
et al. 2004). However, N-depletion is not a universal ef-
fect and often is a dilution effect caused by NSC accumu-
lation, disappearing on an NSC-free dry matter basis. In
tissues other than leaves, such changes have been
seen less frequently. But seeds have also been found
N-(protein)depleted in plants grown under elevated CO,
under natural growth conditions (Fig. 2.3a),and in wheat
when not heavily fertilized, with far ranging nutritional
consequences (see below). Secondary compounds do re-
spond as well,but in unpredictable direction (Penuelas and
Estiarte 1998). An increase in desired mobile carbon com-
pounds could be an asset. For instance the rubber tree
might be expected to produce more latex and thus channel
excess carbon assimilates in this non-structural biomass
compartment. A growth chamber test with a relative of
the rubber tree, Euphorbia lathyris, one of the so-called
Diesel-plants, from which one hopes for fossil fuel substi-
tutes, ended with a big surprise (Haring and Kérner 2004).
Elevated CO, significantly reduced latex production
(Fig. 2.3b), unless plants received a lot of N-fertilizer. So
far, stem wood produced under elevated CO, has not yet
been found to contain less N or more NSC. Hence the idea
that a widening of the C/N ratio in wood could allow more
wood carbon to accumulate in the landscape with a given
N supply has so far not been supported by data.
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2.3.2 Consequences for Herbivory, Decomposition

and Plant Nutrition

A shift from protein to carbohydrates or more generally
a wider C/N ratio is commonly considered negative for
consumers (herbivores) and litter break down (decom-
position). Some animals feed at equal rates and thus have
reduced protein uptake rates, some feed less when faced
with the N-depleted food, others compensate by feeding
more, and others shift to other host plants. One impor-
tant conclusion is that animals behave differently when
given a choice of food plants (for reviews see Lincoln et al.
1993; Kinney et al. 1997). Reduction in forage quality due
to CO, enrichment is a common theme in grassland CO,
enrichment work (Owensby et al. 1996; Milchunas et al.
2005), and will likely have important consequences for
many grazers. Altered grazing of CO,-enriched forage
may also feed-back on forage quality since re-growth tis-
sue often differs in quality from non-defoliated tissue
(Milchunas et al. 1995), and ultimately interacts with the
environment to determine plant community composition.
The change in seed quality (Fig. 2.3a) propagates effects to
the next generation, but seedling success did not reveal
strong influences when tested. Cereal grains, besides the
nutritional effect as such, had been found to be of re-
duced baking quality in cases where elevated CO, was
applied without extra fertilizer (e.g., Kimball et al. 2001).

Initial thoughts that leaf quality changes may trans-
late into litter quality changes and a slowing of decom-
position have not been supported by the majority of tests
(O’Neill and Norby 1996; Norby et al. 2001; but there are
a few exceptions). Effects may depend on the maturity
of the test system and timing of the trial. Another key
aspect is the export of excess carbohydrates to rhizo-

nutrients (e.g., Zak et al. 1993) and may even draw down
productivity (Diaz et al.1993; Hattenschwiler and K6rner
1996; Shaw et al. 2002).

2.4 Plant Water Relations
and Hydrological Implications

As briefly addressed in the biomass section, elevated CO,
influences plant water relations through its effect on sto-
mata. In turn plant water consumption influences soil
moisture and atmospheric humidity, both feeding back
on plants. Soil moisture feedback can be controlled and
documented, or even simulated experimentally, but at-
mospheric feedback cannot. Hence all assumptions on
influences of atmospheric CO, on hydrology depend on
the nature of this feedback, which needs large-scale cli-
mate models to estimate. We recall, that between 65 and
70% of all vapor loss from vegetated land masses passes
through leaf stomates (Maniak 1988; Gerten et al. 2005),
thus causing any CO,-driven effects to have substantial
impact on the water balance.

Currently available data for natural ecosystems sug-
gest a remarkable balance between stomatal responses
and aerodynamic resistance which operates in a way so
that water savings for a doubling of preindustrial CO,
(ca. 550 ppm) are surprisingly similar for grassland, de-
ciduous forests and conifer forests, despite large differ-
ences in stomatal responsiveness (Fig. 2.4). Although,
signals differ a lot with species, with some responding
strongly and others not at all, average stomatal conduc-
tances in grassland and crops may drop by 30 and 50%
of controls (Knapp et al. 1996; Lauber and Kérner 1997;
Ainsworth et al. 2003; Kimball et al. 2002; LeCain et al.



2.4 - Plant Water Relations and Hydrological Implications 15
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1993; Bunce 2004). In deciduous forest trees, signals av-
erage at around -20% (Saxe et al. 1998; Medlyn et al.
2001). It was a big surprise that none of the adult coni-
fers ever tested produced the theoretically expected sto-
matal signal, which means, if there is a response, it would
be within measurement error,i.e.,smaller than 10% (e.g.,
Barton et al. 1993; Pataki et al. 1998; Ellsworth 1999).
This sequence of responsiveness at the stomata level
is the reverse of atmospheric coupling, with dense grass-
land most strongly decoupled and conifers very well
coupled to air circulation. Actual water flux studies in
non-chambered grassland (e.g., Stocker et al. 1997) and
cereals (e.g., Pinter et al. 1996), in deciduous forest trees
(Wullschleger et al. 2002; Hungate et al. 2002; Cech et al.
2003) and in conifers (Schifer et al. 2002), almost all ar-
rive at seasonal savings between 5 and 10%, more close
to 5%. Such a uniform effect is good news for model pa-

rameterization and is in line with an earlier proposition
of such a balance of stomatal and aerodynamic controls
of transpiration (Meinzer and Gantz 1991; Meinzer et al.
1993). Effects have been larger in some closed or semi-
closed systems in which atmospheric coupling may have
been enhanced, (e.g., Owensby et al. 1997). At the canopy
scale, a best current guess is a reduction of evapotrans-
piration in this range, yet, without accounting for atmo-
spheric feedback, which will reduce the effect. So, a real-
istic signal for hydrological considerations may be a
5% reduction in transpiration for twice pre-industrial
CO, concentrations, irrespective of plant functional type.
It is noteworthy that for plants it matters when these sav-
ings happen. Otherwise small differences in water con-
sumption can improve drought survival. In wet condi-
tions they may also enhance runoff. An important con-
sensus from experimental results is that effects are stron-
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gest under high humidity and decline rapidly as the va-
por pressure deficit exceeds 10-15 hPa (Wullschleger and
Norby 2001; Cech et al. 2003), an observation confirmed
by earlier measurements in trees around natural CO, vents
(Tognetti et al. 1996). Transferred to a landscape or con-
tinental scale, any reduction of vapor loss will change
atmospheric moisture loading, which in turn, would af-
fect (increase) vapor loss from vegetation (Fig. 2.5).

2.5 Stress Resistance under Elevated CO,

Exposing plants to elevated CO, can have beneficial ef-
fects under conditions of stress such as water shortage
and air pollution, but it can also diminish frost resistance.

Since stomates lose less water for a given amount of
CO, absorbed when CO, concentrations are elevated,
plants may do better under drought. More than 100 con-
trolled experiments have explored this field and nearly
all found drought mitigating effects of elevated CO, (e.g.,
Tolley and Strain 1984; Hibbs et al. 1995). However, as
several authors have shown (e.g., Samarkoon and Gifford
1995; Volk et al. 2000) the secondary effects of high CO,
on soil water (as discussed above) exert a strong con-
founding influence, particularly in pot studies with lim-
ited rooting volume. Wullschleger et al. (2002) consider
the actual benefits in the field as minor. In the desert
FACE experiment in Nevada, it was the moist period
which permitted the greatest CO, effect on shrubs and
none during a drought period, somewhat dampening
perspectives for a greening of dry lands in a high CO,
world (Smith et al. 2000). No conclusive benefits for Medi-
terranean shrubs around CO, springs could be detected
during drought (Tognetti et al. 2000), but crops grown
under FACE profited more from elevated CO, (in rela-
tive terms) when passing through a drought (Conley et al.
2001). Future research will have to clearly separate effects
of soil moisture savings from actual drought x CO, effects.

In the light of the greater carbohydrate supply of leaves
grown in elevated CO, (including osmotically active
sugar), it came as a surprise that frost resistance declines
in plants exposed to a CO,-rich atmosphere. This was
found independently in plants as different as a temper-
ate herbfield community (Obrist et al. 2001), Australian
eucalypts (Lutze et al. 1998) and Douglas fir (Guak et al.
1998). The changes may be within the natural safety
margin (Repo et al. 1996) and roughly match predicted
global warming, but nevertheless affect one of the basic
determinants of global plant distribution.

Elevated CO, concentrations have also been shown to
mitigate the impact of ozone and other airborne pollut-
ants, in part by reducing diffusive uptake (stomata) and
in part by compensating damage (reviews by Sullivan
1997; Volin et al. 1998; Poorter and Perez-Soba 2001). A
combined O;x CO, FACE experiment with aspen con-
firmed these earlier findings and showed that certain

realistic ozone levels may offset positive CO, effects
(Isebrands et al. 2001). In summary, CO, enrichment has
the potential to mitigate certain environmental stresses.

2.6 Biodiversity Effects May Outweigh
Physiology Effects

We want to close this brief assessment by highlighting
the key significance of species identity for the long-term
outcome of atmospheric CO, enrichment (see also Potvin
et al. 2007, Chap. 9 of this volume). Beyond the well
known differential influence of elevated CO, on C; and
C, species, recent studies have revealed a far more subtle
differentiation of species that does not relate to any con-
ventional groupings of plants into functional types and
for which we often have no plausible explanation. We will
illustrate this problem with a few examples.

2.6.1 Hydrology Implications of Elevated CO,

Depend on Species Abundance

Imagine a mixed forest in a catchment, with some spe-
cies saving water under elevated CO, and others not. This
had been documented in a pine-sweetgum forest in N-
Carolina (Liquidambar responding, Pinus not; Schifer
et al. 2002) and in a deciduous forest in Switzerland
(Carpinus responding, Fagus not; Cech et al. 2003). The
relative contribution of these species to the total forest
canopy will determine whether the forest is saving water
and how much. Furthermore, if one species saves, their
non-saving neighbors may profit, which will alter the
competitive balance and is most likely to induce a long-
term change in community structure.

2.6.2 Biodiversity Effects on Forest Carbon Stocking

and Grassland Responses

The longest term CO,-enrichment experiments to data,
the one in a wetland ecosystem, a sub-estuary of the
Chesapeak Bay (Maryland; Hymus et al. 2003), all other
grassland CO, studies (some examples in Fig. 2.1), the
two forest FACE experiments in N-Carolina and Tennes-
see, but also two newer tree FACE experiments in Swit-
zerland (Fig. 2.2), clearly demonstrate that CO, exerts
species specific effects. The two US forest FACE studies,
for instance, arrived at similar responses of net primary
production, but in the case of pine, the additional biom-
ass largely ended up in stems, whereas in the case of
sweet-gum, it ended up in fine root turnover.

As mentioned in Sect. 2.2, accelerated growth may
enhance tree turnover and lead to a lower rather than
greater steady state C-pool in the landscape. One func-
tional type of plants, lianas, the life cycle of which often
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commences in deep shade, turned out to be particular
responsive to elevated CO, (Granados and Kérner 2002;
Fig. 2.6). This has to do with a generally greater relative
effect of elevated CO, on photosynthesis in deep shade.
In the case of lianas, however, this stimulation greatly
enhances their chance to reach the top of the forest. Well
known to be the major driver of forest dynamics in the
humid tropics (Schnitzer and Bongers 2002), such a
greater vigor of lianas may cause the whole system to
become more dynamic and store less C because trees do
not live as long (Kérner 2004). Demographic evidence
suggests that such a process may be under way in Ama-
zonia (Phillips et al. 2002) and had recently been reported
for Panama as well (Wright et al. 2004). This example
illustrates that there is no straightforward way to predict
forest responses to elevated CO, from photosynthetic
response curves without accounting for such biodiversi-
ty effects.

Similar examples have been shown in non-forest sys-
tems. For instance in the Mojave desert, an exotic an-
nual Bromus grass species responds more strongly to
CO, than native annuals (Fig. 2.6) enhancing the risk of
fire (Smith et al.2000). In the Negev winter-annuals’ pro-
ductivity (Fig. 2.1), it was a single species’ response,
which drove the whole community response. In the
Colorado shortgrass steppe, recruitment of a single spe-
cies under elevated CO, was largely responsible for a
41% production response (Morgan et al. 2004b). What
if these species had been absent or were studied alone?
Quite clearly species identity and species abundance
have a major influence on the impact of elevated CO,
on ecosystems.

2.7 Summary and Conclusions

Experimental CO, research with plants and whole eco-
systems has made it clear that there is no straightfor-
ward relationship between the generally observed stimu-
lation of leaf photosynthetic rates by elevated CO, con-
centrations and growth or productivity. The large num-
ber of tests with a broad spectrum of species and growth
conditions have made it obvious that the extent to which
greater availability of carbon to plants will translate into
more structural growth depends on nutrient availability,
either directly or via soil moisture conditions. The real-
ism of projections derived from experimental works thus
depends on the realism of nutrient and water regimes pro-
vided during tests (Kérner 2003c). For the vast majority of
non-agricultural ecosystems it seems that resources other
then CO, control growth and productivity to such an
extent that CO, concentrations above current levels exert
little or no long-term stimulation. The major influence
of atmospheric CO, on biota comes in (1) via differential
responses of plant taxa or plant functional groups, (2) ef-
fects on water relations, and (3) soil feed back induced
by greater C-input, the latter least understood.

Biodiversity effects have been found to be significant,
with single species or plant functional types potentially
driving whole system responses, and with no good ex-
planations to date why this is so. The example of enhanced
vigor of tropical lianas illustrates that functional group
responses may in fact reverse the stimulatory effect of
CO, enrichment into a reduction of carbon stocking in
the single greatest biological C-reservoir on the globe.
Water feedback may mimic growth stimulations in ex-
periments, which may not be seen in reality when land-
scape wide feedback by climate and climatic changes are
accounted for - a major future challenge for modelers.
Nevertheless, the hydrological implications of elevated
CO, are still a key global change aspect. Among the great-
est surprises emerging from experimental works is that
the differential responses of leaf stomates seen across taxa
seem to level out to a common ca. 5-10% reduction of
water loss at the ecosystem scale (evapotranspiration), a
signal largely produced during humid periods.

Soil feedbacks other than through moisture include
consequences of greater root turnover and microbial
stimulation, but whether there will be a long term net
input into the recalcitrant humus C pool is still very un-
certain. Humus formation also strongly depends on nu-
trients, N in particular, and thus, competes directly with
plant production and new C-input.

Overall, experimental CO, research has led to a wider
appreciation of feedback constraints at the ecosystem
level and the significance of plant taxa for ecosystem
behavior (Fig. 2.7). At the ecosystem level, shifts in the
presence and abundance of species may outweigh CO,
effects seen at leaf or single species level. Taken together,
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Shift in research emphasis

Focus on C-sequestration
(missing carbon issue)

Focus on secondary effects
(hydrology, biotic interactions, biodiversity)

1992 GCTE > 2002

Fig. 2.7. The shift in research emphasis during the GCTE decade

the experimental findings suggest very cautious projec-
tions of CO, fertilization effects seen in short term tests
with nutrient rich systems. Given that the few tests which
used lower than current CO, (pre-industrial) concentra-
tions as a reference to current or future concentrations
revealed the strongest CO, effects (Fig. 2.6), the world
may have seen or is midway into the most effective phase
of CO, effects on biota, with a further rise perhaps exert-
ing less additional effects. However, it will take many
decades for the past and ongoing CO, effects to materi-
alize, for instance, in the form of new plant assemblages.

Major questions to be explored in future biological
CO, research are:

1. The translation of greater ecosystem carbon through-
flow (growth rate, productivity, soil carbon fluxes) into
steady state carbon pool sizes (biomass carbon, soil
humus). CO, experiments revealed a lot of evidenced
for enhanced carbon flux under elevated CO,, but they
are intrinsically constrained in estimating related
changes in C-stocks. A worthwhile arena to be explored
empirically is ecosystems of varying fertility, which
exhibit contrasting carbon turnover for reasons un-
related to elevated CO,. What are the mechanistic links
between rates of carbon turnover (both at annual and
centennial time scales) and the related pool sizes of
biologically tied up carbon?

2. What are the long term consequences of plant species
or functional type specific responses to elevated CO,?
It was a major outcome of GCTE related experimen-
tal research that biodiversity effects can outweigh
physiology based ‘average’ plant responses at commu-
nity level, and these consequences need to become
focal areas of both further experiments and model-
ing. Based on this insight, it seems imperative, that
future test systems include aspects of biodiversity, also
in the light of the enormous costs involved.

3. There is an urgent need to implement realistic feed-
back between plant and ecosystem water relations
under elevated CO, and atmospheric feedback in
models. This is an arena were regional climate mod-
eling and experimental research have to merge. Given
the extent to which secondary effects of elevated CO,
on water relations affect biomass responses and the

potential hydrological implications, we need to arrive
at a clear separation of direct, photosynthesis driven
CO, effects and indirect, water driven CO, effects,
which reflect certain climatic conditions.

4. Among the many secondary effects of exposing plants
and ecosystems to enhanced availability of carbon,
those on herbivory, mycorrhiza and rhizosphere food
webs and all sorts of other interactions between plants
and other organisms will have to remain focal areas.

A grand vision from an experimental point of view,
would be an international research consortium which
taps resources representing a small fraction of outer
space research funding in order to establish three ma-
jor forest research facilities, one in the boreal zone, one
in the temperate zone and one in the tropics. These fa-
cilities would test complex forest responses to our fu-
ture atmosphere, capitalizing on the experience accu-
mulated over the last decades on simpler test systems.
These large scale tests would employ the latest CO, en-
richment technology, applicable for tall and diverse tree
stands; would gradually elevate CO, concentrations, pro-
vide the needed canopy access technology; take a broad
interdisciplinary approach; and guarantee long test pe-
riods under common protocols. They would represent
international focal points of experimental global change
research and tap resources from national partner agen-
cies, which otherwise may continue to be diluted into
smaller scale enterprises.
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3.1 The Multiple Factor Imperative
in Global Change Research

Increases in atmospheric CO, concentration in the com-
ing decades will be accompanied by other global changes.
Higher air temperatures, altered precipitation patterns,
increased tropospheric ozone concentrations, and N depo-
sition are among the most prominent of the predicted
changes that, along with elevated CO,, have a high po-
tential to affect ecosystem structure and function. Al-
though the effect of elevated atmospheric CO, on eco-
system function was the primary focus of much of the
GCTE effort in ecosystem physiology, each of these ad-
ditional factors presents the possibility of altering the
response of ecosystems to elevated CO, - perhaps negat-
ing the CO, response, enhancing it, or completely chang-
ing the nature of the response. Predictions of future eco-
system metabolism based solely on changes in a single
factor are likely to be misleading. Hence, in addition to
the elevated CO, network, GCTE fostered the develop-
ment of a network to stimulate and coordinate research
on ecosystem responses to climatic warming. Through
all of its activities, GCTE promoted an agenda that em-
braced the mandate for understanding multi-factor in-
teractions.

In the past, many model simulations of ecosystem re-
sponse to global change were based on changes in cli-
mate alone, in part because the effects of elevated CO,
were considered insignificant or too uncertain (Solomon
1986). Now, ecosystem and global models include mul-
tiple factors, particularly climate and CO,, and the pre-
dicted responses can differ significantly from predictions
based on changes in a single factor (Melillo et al. 2003;
Cramer et al. 2001). It is important to the international
global change research agenda that progress in experi-
mental approaches keeps pace with model development.
While many of the fundamental relations between eco-
system processes and temperature are well known, it is
more difficult to have confidence in predictions of the
combined responses to temperature and CO,. Some in-
teractions have a strong theoretical and empirical foun-
dation: the optimum temperature for photosynthesis in-
creases with increasing CO, (Long 1991). Temperature

affects all biological processes, however, and the net re-
sponse of an ecosystem to the combined effects of warm-
ing and elevated CO, are not so simply described (Norby
and Luo 2004). Furthermore, ecosystem responses to CO,
and temperature are likely to be modified by other envi-
ronmental factors, especially the availabilities of water
and nitrogen, which in turn are modified by CO, and
temperature (Medlyn et al. 2000; McGuire et al. 2001).
Here, we explore recent experimental approaches to
understanding ecosystem responses to global change,
focusing on approaches that span an increasing range of
complexity. First we will consider warming as a single
factor, followed by an example of an experiment investi-
gating interactions between warming and elevated CO,
(Sect. 3.3). Temperature is more difficult to manipulate
in field experiments than is CO,, and the difficulties - both
conceptual and operational - increase when temperature
and CO, treatments are combined (Norby and Luo 2004).
Hence, experiments on CO,-temperature interaction have
been at a smaller scale and in less complex biological
systems than larger-scale FACE experiments, particularly
those in forest ecosystems. Smaller stature systems, how-
ever, do permit more ambitious, whole-ecosystem, multi-
factor experiments, such as the Jasper Ridge Global
Change Experiment, which is discussed in the Sect. 3.4.
Results from such studies can be complex and perplex-
ing, and there is a strong need for experimental results
to be linked to ecosystem models so that the responses
can be better understood and projected over longer time
frames, as will be described in the fourth section.

3.2 Ecosystem Responses to Experimental Warming

It is now widely accepted that human-induced increases
in greenhouse gas concentrations have already raised
mean global temperature by ~0.6 °C during the last cen-
tury, and unless these emissions are significantly cur-
tailed, will likely result in a continued increase in mean
global temperature of ~1.4 to 5.8 °C during the next cen-
tury (IPCC 2001). Because temperature is one of the fun-
damental regulators of all chemical and biological pro-
cesses, climatic warming in combination with other glo-
bal change drivers - elevated atmospheric CO,, changes
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in the quantity and timing of precipitation, and alter-
ations in the global N cycle - is likely to have profound
effects on the structure and function of terrestrial eco-
systems (Rustad and Norby 2002). For example, in un-
disturbed systems, temperature is a key factor that regu-
lates many terrestrial biogeochemical processes, such as
soil respiration (Raich and Nadelhoffer 1989; Raich and
Schlesinger 1992; Raich and Potter 1995; Kirschbaum
1995), litter decomposition (Meentemeyer 1978; Jansson
and Berg 1985; Hobbie 1996), N mineralization and ni-
trification (MacDonald et al.1995), denitrification (Malhi
etal.1990), CH, emission (Crill et al. 1988, 1991; Johnson
et al. 1996), fine root dynamics (Boone et al. 1998; Pregitzer
et al. 2000; Gill and Jackson 2000), plant productivity
(Warren-Wilson 1957; Morison and Lawlor 1999), and
plant nutrient uptake (BassiriRad et al. 2000). However,
despite this extensive literature, the longer-term response
of whole ecosystems to warming remains elusive. This is
due, in part, to the complex array of direct and indirect
responses of ecosystem processes to changes in tempera-
ture, the variable time-scale of response of different eco-
system processes and components to changes in tempera-
ture, and the importance of initial conditions (Shaver
et al. 2000).

To help disentangle these complex issues and to es-
tablish cause-and-effect relationships between warming
and ecosystem effects, a growing number of ecosystem
warming experiments have been initiated around the
world over the past few decades. The accumulating evi-
dence from these experiments has greatly increased our
understanding of short-term (i.e., 1-10 yr) responses of
terrestrial ecosystems and their components to experi-
mental warming. In this section we highlight results from
two syntheses of experimental results (the GCTE-NEWS
synthesis, Rustad et al. 2001; and the ITEX synthesis, Arft
et al. 2000) and one longer-term study (the Harvard For-
est soil warming experiment, Melillo et al. 2002).

3.2.1  The GCTE-NEWS Synthesis

Rustad et al. (2001) used meta-analysis to synthesize re-
sults on the response of soil respiration, net organic ho-
rizon N mineralization, and aboveground plant produc-
tivity to experimental warming from 32 ecosystem warm-
ing experiments, representing four broadly defined
biomes - high arctic, low arctic (including a Minnesota
bog and fen and a Colorado alpine dry tundra), forest,
and grassland - associated with the GCTE Network of
Ecosystem Warming Studies (GCTE-NEWS). GCTE-NEWS
was established in 1999 in response to a perceived need
for better synthesis and integration of results from eco-
system warming experiments. The goals of this network
are to integrate and foster research on ecosystem-level
effects of rising temperature, both alone and in combi-
nation with other vectors of global change. Warming

methods used in the studies in the meta-analysis included
electrical heat-resistance ground cables (Peterjohn et al.
1994; Rustad and Fernandez 1998), infrared heaters
(Harte et al. 1995; Bridgham et al. 1999), greenhouses
(Shaver et al. 1998; Jonasson et al. 1999), open-top cham-
bers (Marion et al. 1997; Norby et al. 1997), climate-con-
trolled chambers (Tingey et al. 1996), and passive night-
time warming (Alward et al. 1999). The relative merits
of these different approaches have been discussed (Shaver
et al. 2000). The duration of the experimental studies in
the meta-analysis ranged from 2 to 9 years, and the ex-
perimental increases in soil or air temperature ranged
from 0.3 to 6.0 °C, with a mean increase of 2.4 °C across
all 32 studies.

Results for individual sites showed considerable varia-
tion in response to warming, as illustrated by the range
in effect sizes [d] (Fig. 3.1). However, when all sites were
considered together, results from the meta-analysis showed
that experimental warming significantly increased rates
of soil respiration by a weighted mean average of 20%
(with a 95% confidence interval of 18 to 22%; n =17),
O horizon net N mineralization by a weighted mean av-
erage of 46% (with a 95% confidence interval of
30 to 64%; n =12), and plant productivity by a weighted
mean average of 19% (with a 95% confidence interval of
15 to 23%; n = 20) (Fig. 3.1). Although the number of stud-
ies was limited, the response of soil respiration to warm-
ing was generally greater in forested ecosystems com-
pared to low arctic and grassland ecosystems (P < 0.10),
and the response of plant productivity was generally
greater in low arctic ecosystems than in forest and grass-
land ecosystems (P < 0.01). With the exception of above-
ground plant productivity, which showed a greater posi-
tive response to warming in colder ecosystems, meta-
analysis did not reveal any other significant relationships
between the magnitude of the response of these three
ecosystem processes to experimental warming and the
other geographic (latitude, longitude), climatic (mean
annual and growing season temperature and precipita-
tion, mean frost-free days), or environmental (soil and
foliar chemical properties,dominant vegetation type, soil
classification, successional status) variables evaluated in
this analysis.

These results appear to be consistent with the hypoth-
esis that warming, at least in the short term, directly in-
creases rates of microbial processes including litter de-
composition and N mineralization, thereby increasing
the availability of nutrients, and, particularly in nutri-
ent-limited ecosystems, increasing plant productivity.
Unfortunately, the observations of increased N mineral-
ization and increased plant productivity largely came from
different experiments; few experiments took a whole-eco-
system approach with integrated analysis of both above-
and belowground responses. Hence, available experimen-
tal data cannot be used to evaluate a hypothesis linking
warming, nutrient availability, and productivity.



3.2 - Ecosystem Responses to Experimental Warming 25

o Grland mean (dy)
—O— TLKTUS
AB1150HI
ORNL
TERA
o RIO_MAYO
ABMBLC
+~0O— HARVARD
—O— AB1150LO
O RMBL
O~ AB450LO
—O— HIFS
O~ AB450HI
——O— AB_SHEF
—O— SGS-NW

a Soil moisture

b Soil respiration +—@— Grand mean (d..)

0~ TERA
+—0— TOOLIKDH
—-O0—— NIWOT
O~ HUNT2.5
©O HARVARD
O HIFS
+~0O- HUNT 5.0
+O—~ TOOLIKMT
O RIO_MAYO
—O— AB450HI
H—O—— ORNL
O+ HUNT7.5
——O0—— SGS-DW
TLKSED
'—Oj_l:lY_AL

O~ RMBL
|

¢ N mineralization Grand mean (d..)

+—O— AB1150L0
O HARVARD
1o CLIMEX
+—O—+ AB450HI
—0— NY_AL
———O0——— TLKSED
—O— AB450LO
+——0—— ABMBLG
O HIFS
+—-O— AB_SHEF
-O— AB1150HI
+O- ABMBLO

d Plant productivity +@-+ Grand mean ()

AB1150HI

O FRFFENHH

O FRFFENMH
[————O—— AB450HI
TLKSED

—O— NY_AL
p——-=O———— AB1150LO
—O— FLAK
——O—— AB450LO
—O— SGS-NW
O TLKTUS
O FRFBOGMH
O FRFBOGHH
tO+ ABMBLO
RMBL
WYTHAM
H ORNL
O|BCCIL
— AB_SHEF
——O—— TERA
|

-4 -3 -2 -1 0 1 2 3 4 5 6 7

Effect size (d)

-4 -3 -2 - 0 1 2 3 4 5 6 7
Effect size (d)

Fig. 3.1. Mean effect size, d, and 95% confidence intervals for different experimental sites used in a meta-analysis of responses to ecosys-
tem warming. Measures of response are soil moisture, N mineralization, soil respiration, and plant productivity. If the 95% confidence
interval of the grand mean does not include d = o, the effect is considered statistically significant. The key to the different sites and a full
analysis of the data are presented in Rustad et al. (2001) (reprinted with permission from Fig. 2 in Rustad et al. 2001)

The stimulation of plant productivity may also be a
direct effect of warming on rates of photosynthesis (Lewis
et al. 2001) or a warming-induced extension of the grow-
ing season (Dunne et al. 2002). However, the absence of
strong relationships between the magnitude of the ef-
fect size of warming on the soil respiration, O horizon
net mineralization, and aboveground plant productivity
and the various geographic, climatic, and environmen-
tal variables considered in this analysis underscores the
need to better understand the relative importance of spe-
cific factors (such as temperature, moisture, site quality,
vegetation type, successional status,land-use history, etc.)
at different spatial and temporal scales.

3.22  The ITEX Synthesis

Arftet al. (2000) also used meta-analysis to examine the
response of plant phenology, growth, and reproduction
to 1-4 years of experimental warming at 13 circumpolar
sites associated with the International Tundra Experi-
ment (ITEX). ITEX is a collaborative, multi-site experi-
ment using a common open-top chamber experimental
design to evaluate variability in species response to

warming in tundra ecosystems. Results showed that
(1) key phenological events including leaf bud burst,
flowering, and seed dispersal generally occurred earlier
in warmed plots compared to control plots throughout
the four years of the study; (2) plant productivity was
greater in the warmed plots than the control plots only
during the first 2-3 years of the experiments (probably
due to a depletion of belowground resources); (3) repro-
ductive effort and success increased in later years, par-
ticularly in year 4 (probably due to the fact that flower
buds are typically formed from one to several seasons
before flowering); (4) the vegetative response to warm-
ing differed among plant life forms, with the response
being generally greater in herbaceous than in woody
species; (5) warmer, low arctic sites showed the stron-
gest growth response to warming, and (6) colder, high
arctic sites showed the strongest reproductive response
to warming. Overall, the responses to warming observed
at the ITEX study sites were consistent with those ob-
served in the GCTE-NEWS study sites, and the two syn-
theses reinforce the observation that although terres-
trial ecosystem processes are very sensitive to warm-
ing, the magnitude and even direction of response can
be highly variable in time and space.



26 CHAPTER 3 - Ecosystem Responses to Warming and Interacting Global Change Factors

3.2.3  The Harvard Forest Soil Warming Experiment

Results from the aforementioned syntheses and indi-
vidual warming experiments have greatly increased our
understanding of the short-term responses of terrestrial
ecosystems and their components to experimental warm-
ing. Nevertheless, concern exists that the majority of the
existing or completed ecosystem warming experiments
are of relatively short duration (i.e., <10 years) and that
the initial reported responses may differ in magnitude
and even direction compared to longer-term responses,
thereby invalidating our ability to extrapolate short-term
results to infer longer-term responses. An example of
such a shift in response patterns over time is provided
by the Harvard Forest soil warming experiment. Peterjohn
et al. (1994) initially reported an approximately 40% in-
crease in soil respiration during the first 6 months of the
experiment. However, the magnitude of this initial in-
crease diminished over time such that after 10 years of
warming soils at 5 °C above ambient, soil respiration rates
in the heated plots were not significantly different from
rates in the control plots, probably due to depletion over
time of temperature-sensitive, labile soil C (Fig. 3.2; Melillo
et al. 2002). Net nitrogen mineralization rates, however,
remained elevated for the duration of the experiment,
resulting in a cumulative release of 41 g N m™2. Assum-
ing that 12.7% of this added N would be taken up by woody
tissue (based on results from an associated long-term
nitrogen fertilization experiment) and that C/N ratios of
woody tissue are ~300/1, then warming-induced nitro-
gen mineralization could have resulted in a sequestra-
tion of ~1560 g C m~? during the course of the experi-
ment, thereby off-setting the estimated 944 g m™2 of la-
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Fig. 3.2. Average yearly fluxes of CO, from the heated and distur-
bance control plots of the Harvard Forest soil warming experiment.
Electrical resistance heating cables were buried 20 cm apartat1o cm
depth in the 6 X 6 m plots,and average soil temperature in the heated
plots was maintained at 5°C above ambient. Measurements were
made from April through November for the period from 1991
through 2000. Error bars represent the standard error of the mean
(n= 6 plots) between plots of the same treatment (reprinted with
permission from Melillo et al. 2002)

bile soil C lost from the upper 60 cm of the soil profile.
Results from this study underscore the needs for (1) long-
term (i.e., >10 year) studies to evaluate changes in response
patterns over time, and (2) understanding both direct and
indirect effects of warming on ecosystem processes.

An additional consideration should be how the results
would have differed in the presence of an elevated atmo-
spheric CO, concentration, given that the warming sce-
nario being simulated in this experiment will in reality
be associated with a significantly CO,-enriched atmo-
sphere. CO, enrichment of deciduous forests can signifi-
cantly enhance the flux of C below ground (Norby et al.
2004) and soil respiration (King et al. 2004). Pendall et al.
(2004) speculated that the effects of elevated CO, and
warming on C substrate availability would moderate each
other. In the Harvard Forest soil warming experiment
the depletion of labile soil C and diminution of the soil
respiration response (Melillo et al. 2002) might well not
have occurred under a more realistic scenario combin-
ing warming and elevated CO,.

3.3 Temperature and CO, Interactions in Trees:
the TACIT Experiment

As discussed above, the climatic warming that is pre-
dicted for the future will be associated with increased
atmospheric CO, concentrations, and there are strong
reasons to suggest that CO, will alter the response of
plants to temperature. The response of trees to a warmer,
CO,-enriched atmosphere is an important component
of integrated analyses of forest response to global change
and, therefore, of analyses of the feedbacks between the
terrestrial biosphere, the global carbon cycle, and the cli-
mate system. Hence, it is important to understand not
just the separate effects of elevated CO, and warming,
but their combined effects and interactions as well.

3.3.1 Experimental Design

A 4-year experiment on temperature and CO, interac-
tions in trees (TACIT) was designed to describe the ef-
fects of elevated CO, and temperature on ecosystem-level
processes that control or influence C sequestration in
ecosystems and to test specific hypotheses about the dif-
ferential response of related species in relationship to
their geographic ranges and ecological characteristics.
TACIT explored the responses to a 4 °C increase in air
temperature and a 300 ppm increase in CO, concentra-
tion in young Acer rubrum and A. saccharum trees grow-
ing in open-top chambers.

The experimental trees were grown in small stands
for four growing seasons in open-top field chambers on
the Oak Ridge National Environmental Research Park
in Roane County, Tennessee (35°54' N; 84°20' W). Twelve
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3-meter diameter chambers were modified to control air
temperature to be the same as ambient air or to main-
tain a constant 4 °C elevation in air temperature (Norby
et al. 1997). The temperature treatments were combined
with ambient or elevated (+300 ppm) CO, concentra-
tions. The temperature treatments were maintained
throughout the year, but the CO, treatments were sus-
pended during the winter (November-March) when the
trees were leafless. The four treatments, comprising a
2 X 2 factorial arrangement of the two levels of tempera-
ture and CO, concentration, were replicated three times
in a randomized complete block design. One-year-old
seedlings were planted into the soil within the chambers
in spring, 1994, and additional seedlings were planted in
spring, 1995, for a total of 10 plants per species per cham-
ber. The trees were harvested in September, 1997, ending
the experiment. More details about the research site,
chamber operation, and environmental conditions were
provided by Norby et al. (1997, 2000).

3.3.2  Growth Responses

When the trees were harvested after four growing sea-
sons (3.5 years) in the different combinations of CO, and
temperature, they were in dense stands 4 m tall and with
aleaf area index between 5 and 7 (Fig. 3.3). Elevated CO,
enhanced growth: stem dry mass was increased by CO,
enrichment by 34% in ambient temperature and 88% in
elevated temperature. Warming, however, retarded
growth by 35% in ambient CO, but only 9% in elevated
CO, (Fig. 3.4). The main effects of CO, and temperature
were statistically significant (P =o0.001 and P = 0.025,
respectively), but the interaction between CO, and tem-
perature was not (P = 0.198) (Norby and Luo 2004). Fine
root biomass at the end of the experiment showed a simi-
lar pattern: a 60% reduction caused by the warming treat-
ment in ambient CO, and a 27% reduction in elevated
CO,, but the CO,-temperature interaction was not sta-
tistically significant (Wan et al. 2004).

These biomass values at the end of the experiment
mask a great deal of complexity. The final harvest data
are the net result of both positive and negative effects
that changed through time. Although elevated tempera-
ture suppressed instantaneous rates of photosynthesis
(Gunderson et al. 2000), it also lengthened the growing
season by 2-3 weeks (Norby et al. 2003). Relative growth
rates were depressed in elevated temperature only dur-
ing the second year of treatment when a severe hot pe-
riod caused heat stress, but since the trees were under-
going exponential growth during the course of the ex-
periment, this negative effect on dry matter accumula-
tion during the stress period had a continuing effect on
absolute growth rate for the remainder of the experiment
despite a recovery in relative growth rate. Similarly, ob-
servations of fine root production and mortality during

Fig. 3.3. Acer saccharum and A. rubrum trees in an open-top cham-
ber at the conclusion of the TACIT experiment. The plastic panels
of the chambers and lower portions of the shade cloth, which were
present throughout the four growing seasons of the experiment,
have been removed to facilitate harvesting of the trees
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Fig. 3.4. Aboveground woody dry mass of Acer saccharum and
A. rubrum trees after exposure for four growing seasons in open-
top chambers with ambient or elevated CO, (+300 ppm) in combi-
nation with ambient or elevated (+4 °C) air temperature. The data
are presented as biomass per chamber and are the means of three
chambers per treatment +SE (reprinted from Norby and Luo 2004
with the permission of New Phytologist Trust)

the third year of treatment did not predict fine root bio-
mass at the final harvest. Both production and mortality
were significantly increased by CO, enrichment and
warming. The discrepancy between these observations
of root dynamics and the harvest data are probably as-
sociated with drought-induced differential responses of
productivity and mortality during the latter half of the
growing season (Wan et al. 2004).
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3.3.3 Higher-Order Responses

Higher-order responses also were addressed in this ex-
periment. A premise of the experiment was that the
two species would respond differently based on their
presumed adaptations to temperature. The experimen-
tal site was close to the southern limit of the range of
A. saccharum, whereas the range of A. rubrum extends
much farther to the south. Although temperature ef-
fects were similar in the two species, A. rubrum was
stimulated by CO, enrichment much more than A. saccha-
rum. This observation is consistent with the premise
that when temperatures are close to optimal, the
relative biomass increase caused by increases in CO,
enrichment is greater than when temperatures are
sub- or supra-optimal (Poorter and Pérez-Soba 2001).
The species also differed with regard to biotic inter-
actions. Elevated CO, reduced growth of gypsy moth
larvae feeding on A. rubrum, but not A. saccharum
leaves (Williams et al. 2000). Warming shortened in-
sect development but had no effect on pupal weight
(Williams et al. 2003).

3.34 TACIT Summary

This relatively simple experiment illustrated many of
the issues that must be considered when addressing
multi-factor interactions, as well as many of the diffi-
culties in taking up those issues in experimental stud-
ies (Norby and Luo 2004). Temperature affects many
processes in plants and the net effect of a warmer atmo-
sphere on tree growth will be difficult to predict when
both negative and positive responses can occur together.
Stochastic events, such as a late-spring frost that altered
normal phenology (Norby et al. 2003) and the period of
especially hot and dry weather that altered the growth
trajectory, can play an important role in the integrated
response. The duration of the experiment is an impor-
tant consideration in this regard: the influence of a single
unusual event should decrease with time, but the likeli-
hood of an event occurring at all should increase. The
specific combination of factors that influenced final dry
mass in this experiment are not likely to be reproduced
exactly in another experiment or in the real world, mak-
ing it more difficult to extrapolate these results directly
to an ecosystem scale. Different species - even closely
related ones - may respond differently to global change
factors, although some of those differences may be pre-
dictable based on the species’ characteristics. In this ex-
periment the effects of CO, and warming were additive;
hence, their combined effects were predictable from
knowledge of their single-factor effects. However, as will
be apparent in the next section, unexpected interactions
can also occur.

3.4 More Than Two Factors:
the Jasper Ridge Global Change Experiment

Few ecosystem experiments have examined responses to
more than two global change factors. Results from a four-
factor study, the Jasper Ridge Global Change Experiment
(JRGCE), demonstrate the need for this approach if we
are to develop a comprehensive understanding of com-
munity and ecosystem responses to global environmen-
tal changes.

3.4.1 Experimental Design

Starting in 1998, the JRGCE exposed grassland plots in
the San Francisco Bay Area (California, USA) to a facto-
rial combination of warming, elevated CO,, increased pre-
cipitation, and increased nitrogen deposition (Fig. 3.5).
Circular grassland plots (2 m diameter) experienced ei-
ther ambient conditions, ~1°C of warming from infra-
red heat lamps, CO, enhancement of ~300 ppm via a FACE
system, or warming and CO, enrichment together. Each
plot was divided into four quadrants, which received am-

Fig. 3.5. An experimental plot in the Jasper Ridge Global Change
Experiment. Four infrared heat lamps suspended over the 2-m di-
ameter plot increase the canopy temperature by ~1°C. Pure CO, is
released from a circle of tubing surrounding the plot, enriching the
CO, concentration in the air by about 300 ppm. Subplots comprise
different combinations of precipitation and N deposition
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bient or increased precipitation (+50%, including a 20-day
extension of the growing season) combined with ambient
or increased nitrogen deposition (+7 g N m~2yr~! as
CaNO,). Fiberglass barriers below the soil surface pre-
vented roots and resources from escaping the quadrants.
Because annual grasses and forbs dominate the grass-
land, species composition and standing biomass can re-
spond quickly to the step changes in environmental vari-
ables. In addition, evolutionary responses to the treat-
ments can occur within the course of a relatively short-
term experiment.

342  Net Primary Productivity

Shaw et al. (2002) described responses of grassland net
primary productivity (NPP) to the global change treat-
ments after three years of exposure. At this time, warm-
ing, precipitation, and nitrogen all tended to stimulate
NPP. The authors did not present a direct test of whether
treatment responses were additive, but qualitatively de-
scribed the interactions. NPP responses to some treat-
ment combinations appeared approximately additive
(warming and N deposition), while others were inter-
mediate between treatments (warming and precipita-
tion). The response to elevated CO, was even more com-
plex. CO, enrichment increased aboveground biomass
when all other factors were at ambient levels (paired
t-test, P = 0.0003), but significantly suppressed NPP re-
sponses to other global change factors (paired t-test,
P =0.048). Much of this suppression occurred in the
root biomass, which declined by 22% in response to CO,
across all treatments.

Although this strong interaction appeared in the 2001
season, interactions involving CO, or warming were less
common in other years. Dukes et al. (2005) found that,
over the first five years of the experiment, the only con-
sistent interaction occurred between increased precipi-
tation and N deposition, with each treatment making the
response to the other more positive in annual-dominated
grassland (repeated measures mixed-model ANOVA, pre-
cipitation-N interaction, P < 0.01). NPP and above-
ground biomass increased significantly in response to
N deposition in four of the five years (by 21-42%, mixed-
model ANOVA, P < 0.05). Precipitation tended to in-
crease shoot growth, but decreased root growth, causing
a shift in allocation but no net effect on NPP across the
five years. Effects of CO, and warming were not signifi-
cant, with warming tending to slightly increase NPP on
average and CO, tending to increase NPP in two years
and decrease it in three.

In this Mediterranean-climate system, plants germi-
nate in October or November and senesce during May
and June, after which they no longer use soil moisture.
Zavaleta et al. (2003a) found that warming accelerates this
senescence, leaving wetter soils in late spring and early

summer. Elevated CO, also increased soil moisture dur-
ing late spring,and the individual effects of warming and
CO, were approximately additive over the first two years
of the experiment (CO, effect on volumetric spring soil
moisture: 1.6 £1.0%; warming effect: 1.1 £0.95%; com-
bined warming and CO, effect: 2.7 +1.0%).

3.4.3 Community Composition

Zavaleta et al. (2003b) found that some of these global
changes affected the species richness of the grassland
over the first three years of the JRGCE. Elevated CO, and
nitrogen deposition both decreased species richness by
reducing the number of forb species present in the plots,
while more forb species were present in the plots receiving
increased precipitation. In this case, treatment effects on
species richness were almost perfectly additive, as indicated
by both a lack of significant interactions in the ANCOVA
model and by a “striking” correspondence between ob-
served responses to treatment combinations and pre-
dicted responses based on the effects of single factors.

Global change treatments also affected the production
and relative abundance of grasses and forbs (Zavaleta et al.
2003c¢). Although individual species responses were weak,
responses of these groups could be more clearly charac-
terized. Few responses were consistently strong across
the first three years of the experiment, but a split-plot
ANCOVA model identified some general patterns. Ni-
trogen deposition favored grasses at the expense of forbs.
Forbs benefited from increased precipitation and from
warming, but grass production was unresponsive to these
treatments. Finally, elevated CO, had little effect on pro-
duction of either functional group. Interactions among
the treatment effects were even less consistent than the
main effects. The treatment combination that featured
warming, elevated CO,, and increased precipitation
caused the greatest change in relative abundance of the
functional groups, a 50% increase in forbs.

Because these functional groups differ in their chemi-
cal makeup, shifts in community composition can affect
litter quality. Henry et al. (2005) found that global change
treatments affected lignin and nitrogen concentrations
in litter, but that some of these direct effects were coun-
teracted by the shifts in community composition. Direct
effects included CO,-induced increases in lignin (which
were attenuated by warming in grasses and increased
precipitation in forbs) and increases in litter nitrogen
concentration in response to nitrogen deposition. This lat-
ter effect was dampened by increased precipitation. Al-
though litter quality responded predictably to the global
change treatments, the effects on litter quality did not
markedly affect decomposition rates over the short term.

Litter decomposition and many other ecosystem func-
tions could be altered by shifts in microbial community
structure. Horz et al. (2004) observed shifts in the abun-
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dance and community composition of ammonia-oxidiz-
ing bacteria in response to some global change treat-
ments. In this case, all responses depended on the level
of other factors. Nitrogen deposition affected commu-
nity structure, but only at ambient temperature and pre-
cipitation,and elevated CO, affected bacterial abundance,
but only under increased precipitation.

344 JRGCE Summary

Thus far, results from the JRGCE suggest that treatment
responses of production, community composition, and
other measured variables are not tightly linked. Supple-
mental nitrate deposition has affected more of these vari-
ables than other factors, consistently increasing NPP, de-
creasing species richness by favoring grasses over forbs,
and, under certain background conditions, influencing
litter quality and bacterial community structure. The
modest warming treatment has had few effects, most
notably an acceleration of phenology that led to a small
and unexpected increase in spring soil moisture. The
precipitation treatment caused shifts in biomass alloca-
tion (from belowground to aboveground) and plant spe-
cies composition (increasing forb diversity and abun-
dance), and had interactive effects on litter quality and
bacterial communities. Elevated CO, has had small,
mostly nonsignificant effects on biomass production
(with exceptions in 2001), and positive effects on spring
soil moisture. Responses of plant and microbial commu-
nity composition to elevated CO, have mostly been subtle,
and CO,-driven increases in litter lignin concentration
were sometimes ameliorated by other treatments. Over-
all, the complexity of responses in the JRGCE confirms
that multifactor, multi-year experiments are critical to
forecasting global change responses, and highlights the
challenge of determining the mechanisms behind such
responses.

3.5 Modeling Temperature, CO, and N Interactions
in Trees and Grass

The complexity of the ecosystem- and community-level
responses to multiple changes in environmental condi-
tions as observed in the JRGCE increases the need for a
modeling framework to assist in drawing useful gener-
alizations that are applicable to different ecosystems and
over longer time frames. Models are needed to explore
questions that cannot be addressed in experiments.
Whereas climate-change experiments impose step
changes in CO, concentration and temperature over pe-
riods of several years, models can be used to simulate
either a step change or gradual change on the longer
(decadal) timescales that are of primary relevance to
policy makers.

In one modeling study, six dynamic global vegetation
models were used to simulate future global terrestrial
net primary production (NPP) and net ecosystem pro-
duction (NEP) (Cramer et al. 2001). Under gradual CO,
change alone NPP was predicted to increase by 60% on
average by 2100, and NEP was predicted to increase to
an average value of approximately 6 Pg C yr™! by the end
of the century, with little evidence of terrestrial carbon-
sink saturation. Under rising CO, plus climate change,
the models still predicted a sustained carbon sink, but
with smaller increases in NPP (+50%) and NEP. There
were, however, wide discrepancies among the six mod-
els. Explaining model discrepancies was difficult because
of the models’ complexity and the global scale of simula-
tions with dynamic vegetation distributions and com-
plicated climate-change scenarios. One factor contrib-
uting to discrepancies was that only two of the six mod-
els included soil nutrient feedbacks.

It is more straightforward to interpret results from
models of individual stands that use simplified climate-
change scenarios and simulate ecosystem processes, but
not vegetation dynamics. Two ecosystem models that
have been used in stand-scale simulations of experi-
mental sites are DAYCENT (Del Grosso et al. 2001; Kelly
et al. 2000; Parton et al. 1998) and G’DAY (Comins and
McMurtrie 1993; Medlyn et al. 2000). The responses of
NPP, NEP, and C storage to gradually increasing CO,,
temperature, and nitrogen input have been simulated
for grasslands and forests.

3.5.1 Global Change Simulations

for a California Annual Grassland

The Jasper Ridge experiment provided a unique oppor-
tunity to compare model results with field data for a com-
plex situation with multiple global change drivers. To
have confidence in model projections that are uncon-
strained by data, it is important that the models can ad-
equately recreate observed responses. Here, we describe
how the DAYCENT model was used to simulate responses
to increased atmospheric CO, concentration, N deposition
temperature and precipitation for this site and compare
the simulations with data collected during 1999-2002.

3.5.1.1 DAYCENT Model Description

DAYCENT is the daily time-step version of the CENTURY
model (Parton et al. 1994). DAYCENT simulates ex-
changes of carbon, nutrients, and trace gases among the
atmosphere, soil, and vegetation (Fig. 3.6). The model is
of intermediate complexity and requires relatively simple
inputs. Site-specific model input data include climate
(daily maximum and minimum temperature and precipi-
tation), soil texture and physical properties, vegetation
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cover, and land management. Maximum plant growth
rate is a function of vegetation type and solar radiation,
which is calculated from latitude and day of year. Maxi-
mum NPP is down-regulated to account for nutrient,
water, and temperature limitation. C allocation patterns,
C/N ratios of biomass components, and senescence of
plant components are functions of plant type, phenol-
ogy and nutrient and water stress. Decomposition of
dead plant material and SOM are driven by the amount
of material and C/N ratios of different pools, as well as
water and temperature limitation. Decomposition results
in N mineralization, which makes N available for plant
uptake, NO, leaching,and the processes (nitrification and
denitrification) that result in N gas losses. DAYCENT
includes a fairly complex soil water and temperature
submodel (Parton et al. 1998) and also simulates CH,
uptake in non-saturated soils. The effects of increased
CO, concentration are implemented in three ways in
DAYCENT. Maximum potential NPP rates can increase,
C/N of above ground biomass can increase, and transpi-
ration demand can decrease.

3.5.1.2 DAYCENT Simulations and Results

DAYCENT was used to investigate the effects of changes
in precipitation, temperature, CO, concentration, and
N deposition on plant growth and soil water content at
the Jasper Ridge annual grassland. Model drivers (CO,
concentration, precipitation,air temperature,and N inputs)
were varied to mimic the experiments conducted at this
site. Effects of elevated CO, were operationally defined
for this site as a 10% increase in maximum NPP and C/N
of leaf biomass, and a 50% decrease in transpiration de-
mand. To better match observed NPP data, parameters
had to be adjusted to decrease late-season belowground
C allocation.

These effects capture the major biogeochemical in-
teractions between CO,, rainfall, heat and N fertilization.
The experimental analysis and the model simulations
indicate the role that water use and nitrogen availability
have in affecting the net response to global change fac-
tors. Comparisons between mean simulated and ob-
served changes in ANPP showed that the model did well
for the single factor treatments but not for the interac-
tions (Fig. 3.7a). The data showed a larger positive re-
sponse for CO, alone than when CO, interacted with the
other factors, whereas the model showed an additive re-
sponse between CO, and the other factors.

Both simulated and observed aboveground produc-
tivity at the Jasper Ridge study was more dynamic rela-
tive to belowground productivity. The observed and
simulated interannual and treatment variability tended
to be much higher in the aboveground biomass. How-
ever, model results for mean BNPP did not agree with
the data (Fig. 3.7b). In contrast to the data that showed a
negative BNPP response for some treatments, DAYCENT
showed a positive BNPP effect for all of the treatments
because the model assumes that increased ANPP leads
to higher nutrient and water demand so BNPP is en-
hanced. This indicates that ecosystem responses to glo-
bal change are sensitive to environmental conditions
modifying the belowground allocation, and the model
needs improvement in how it represents allocation. Vari-
ability in observed data also contributes to the difficulty
in modeling this system. Figure 3.7c shows the 4 years of
data points that were averaged to obtain the bars in
Fig. 3.7a along with the standard errors of the observed
data. Both the spatial and temporal variability in the
observed data are large and the model shows substantial
error for some treatments during some years.

Simulation results indicate that environmental con-
ditions and allocation patterns interact and have indi-
rect effects on N mineralization and N-use efficiency,
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which alter root-to-shoot allocation of new production.
This effect has both short-term and long-term impacts
on carbon biogeochemistry of these systems. The long-
term storage of carbon will depend on the amount struc-
tural carbon formed, and changes in N-use efficiency may
favor formation of less labile carbon materials and pro-
mote sequestration of carbon.

3.5.2 Comparing Forest and Grassland with G'DAY

DAYCENT and G’DAY were used to simulate responses
of NPP, NEP, and C storage to gradually increasing CO,,

temperature, and nitrogen input for a short-grass steppe
and a boreal forest site (Pepper et al. 2005). Here we will
discuss NPP and NEP results from the G’DAY model.
G’DAY (Comins and McMurtrie 1993; Medlyn et al. 2000)
is a mechanistic model of C and N cycling and water
balance in plant ecosystems. The model simulates
plant physiological and soil processes: canopy photo-
synthesis, respiration, C and N allocation within the
plant, and soil N feedbacks associated with decomposi-
tion of litter and soil organic matter. Processes included
in the water-balance model are canopy interception and
soil-surface evaporative water loss, drainage, runoff and
transpiration modified by the CO, effect on water-use
efficiency.

The sites considered are a short-grass steppe in Colo-
rado, USA (40°8'N, 104°45' W; 1625 m a.s.l.) where the
perennial C,~-dominant grassland is strongly water- and
N-limited (Uresk et al. 1996), receiving 320 mm mean
annual precipitation with a 4-month growing season.
The forest plantation site is located at Flakaliden, Swe-
den (64°7' N, 19°27' E; 310 m a.s.l.) where stands of
Norway spruce, planted in 1963, are N-limited but not
water-limited (Bergh et al. 1999), receiving approx.
600 mm annual precipitation with a 4-month growing
season. Both ecosystems are the subject of major long-
term (>8 yr) climate-change experiments with CO,-en-
richment treatments at both sites and soil-warming at
Flakaliden.

G’DAY was parameterized for each site and then simu-
lated to equilibrium under current climate. Treatments
simulated at each site were: gradually (linearly) increasing
[CO,] from 350 to 700 ppm over 100 years (Treatment C);
gradually (linearly) increasing daily maximum and mini-
mum air temperatures and soil temperature by 1, 3,
and 2 °C, respectively, over 100 years (T), and nitrogen
addition that increases linearly from o to1 g m2yr~! over
the century. The four treatments shown in Fig. 3.8 are
denoted C, T, CT (rising CO, and temperature),and CTN
(rising CO,, temperature and N input). The CT treatment
approximated the I1Sg2a IPCC scenario (Houghton et al.
1995). Key results from multi-factor simulations are sum-
marized below.

3.5.2.1 Simulations with Rising Temperature and CO,

The NPP-response to treatment CT is similar in percent-
age terms at the grassland and forest, but comprises a
large CO, effect and small negative T-effect at the water-
limited grassland, compared with a small CO, effect and
large temperature effect at the N-limited forest (Fig. 3.8).
The explanation for these differences between grassland
and forest is that the CO,-effect is amplified under water
limitation but diminished under N limitation, whereas
warming enhances water stress at the grassland but
stimulates N availability at the forest. NPP-responses to
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CO, and T are approximately additive for forest, but not
for grassland. The modeled CO,-T interaction is strong
at the grassland because of a synergistic effect whereby
elevated CO, alleviates water-stress that is the major limi-
tation on the grassland’s temperature response.

Simulations of NEP under rising CO, show evidence
of C-sink saturation (NEP declining towards zero) at
both sites, probably because of developing N limitation.
Under rising CO, and temperature, however, the forest
shows little evidence of C-sink saturation because
warming causes a gradual N transfer from soil with low
C/N ratio to wood with high C/N ratio, which promotes
C storage.

3.5.2.2 Simulations with Increased N Input

CTN simulations for both grassland and forest (Fig. 3.8)
show that a relatively modest cumulative N fertilization
(50 g m™2 over 100 years) is sufficient to sustain large
NPP and NEP responses that are comparable in percent-
age terms to results of Cramer et al. (2001). This mod-
est N addition overcomes the negative soil-N feed-
back that otherwise occurs at high CO, when increased
litter input to the soil leads to increased N immobili-
zation and reduced plant N availability. The CTN simu-
lations show no evidence of C-sink saturation for at least
8o years (Fig. 3.8).

3.6 Summary and Conclusions

It is undeniable that ecosystems of the future will be sub-
jected to multiple atmospheric and climatic changes.
Research planning documents recognize this certainty
and strongly promote the understanding of multi-factor
interactions as a research imperative for the future (Com-
mittee on Global Change Research 1999). The research
that we have highlighted here illustrates many of the chal-
lenges of addressing this imperative, but it also shows
the importance of attempting to meet those challenges.

The net response to increased CO, concentration,
warming, altered precipitation, N deposition, and other
changes may be a simple additive effect of the separate
influences, but experimental results also demonstrate the
possibility of complex interactions. Single-factor experi-
ments, such as those in the GCTE Elevated CO, network,
are highly valuable for advancing understanding of the
primary responses and how they are modified by other
environmental factors. However, such experiments can-
not be interpreted as providing predictions for ecosys-
tem responses in a future climate. Single-factor ecosys-
tem warming experiments are especially problematic,
given the temporal and spatial variability of air tempera-
ture and the greater uncertainty (compared to CO,) in
future trajectories. Realistic warming treatments also are
more difficult to carry out in experiments, especially in
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forests, and it has been harder to attain an integrated,
ecosystem-scale understanding of all of the factors that
will influence how ecosystems will respond to a warmer
climate. Coupling the uncertain responses to warming
to the simultaneous changes in other global change fac-
tors would seem to be a daunting task.

The experiments and modeling efforts highlighted in
this chapter do not lead to a clear prediction of how eco-
systems will be affected by various combinations of glo-
bal change factors. They do, however, support several
general principles about responses to climatic warming
and multi-factor interactions:

1. Warming alone affects multiple pools and processes
with different rate constants. Hence, responses are likely
to change over time, as occurred in the response of soil
respiration to soil warming at the Harvard Forest.

2. Whole-ecosystem warming experiments are necessary
to address the complex interactions between below-
ground and aboveground responses. Without a whole-
ecosystem perspective, critical hypotheses such as the
linkage between warming effects on N availability and
aboveground production cannot be evaluated.

3. Stochastic events can strongly alter the trajectory of
response to warming. In the TACIT experiment a se-
vere summer heat spell led to a loss in productivity
after 4 years despite generally positive effects of warm-
ing. Short-term experiments may over emphasize the
importance of such events while under representing
the possibility of their occurrence.

4. Elevated CO, can sometimes ameliorate deleterious ef-
fects of warming, and since higher CO, concentrations
are certain to be associated with future warming sce-
narios, it is imperative that their combined effects be con-
sidered when interpreting data. However, we cannot
assume that the responses to elevated CO, always are
positive, as evidenced by the Jasper Ridge experiment.

5. The responses to combinations of factors often equal
the simple additive effects of the individual factors.
That being the case, single-factor experiments con-
tinue to be very informative and can be the basis for
model simulations. However, complex interactions do
occur, and they may or may not be predictable. Multi-
factor experiments are important for reminding us of
this complexity.

6. Ecosystem models that incorporate our best under-
standing of the modes of actions of the individual fac-
tors will also capture many of the major biogeochemi-
cal interactions. Discrepancies between experimen-
tal data and model projections, such as for below-
ground productivity in the Jasper Ridge experiment,
indicate areas where model improvement is needed.
The influence of stochastic events and unexplained
year-to-year variation in the nature of interactions
suggest that simulations should be expected only to
provide an envelope of possible future responses.

7. Thelong-term net effect of elevated CO, and tempera-
ture may be similar in different ecosystems, but the
relative importance of the two global-change factors
varies with site factors (e.g., water and N availability).
Relatively modest N additions can overcome the soil-
N feedback that can otherwise lead to C-sink satura-
tion and loss of continued stimulation of NEP. These
model results demonstrate why experiments must be
conducted in a range of ecosystems under different
conditions.
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Chapter 4

Insights from Stable Isotopes on the Role of Terrestrial Ecosystems

in the Global Carbon Cycle

DianeE. Pataki - Chun-Ta Lai - Charles D. Keeling - James R. Ehleringer

4.1 Introduction

The use of isotopic tracers in organic matter, water, and
atmospheric gases has become an important component
of the study of ecology and global change. Physiological
and physical processes discriminate against heavy iso-
topes in predictable ways, so that measurements of iso-
topes at natural abundance, i.e., naturally occurring con-
centrations as opposed to artificial labeling experiments,
can provide useful information about biological and
physical processes at various spatial and temporal scales.
Here we review recent progress in the application of natu-
rally occurring stable isotopes in understanding ecosys-
tem physiology and its role in biogeochemistry at eco-
system and global scales, with an emphasis on analyses
of isotopes of carbon and oxygen in atmospheric carbon
dioxide, a key component of the GCTE core project.

First, it is useful to review the basis for the application
of stable isotopes in ecology and to provide some defini-
tions of commonly used terminology. Isotopes of a single
element contain differing numbers of neutrons. Some
isotopes are stable while others are radioactive. We will
focus here on two commonly used stable isotopes in the
biological sciences: carbon-13 and oxygen-18. The most
abundant isotope of carbon is 2C which constitutes
98.9% of terrestrial carbon atoms; 1.1% of carbon is found
as 13C. In oxygen, 99.8% is '°0, and the next most abun-
dant form is 80 constituting 0.2% of oxygen atoms (Fritz
and Fontes 1980).

Isotopes are useful in ecology because they influence
the physical and chemical properties of molecules. Light
isotopes form weaker chemical bonds than heavy iso-
topes, so chemical reactions with substrates containing
light isotopes occur more rapidly than with substrates
containing heavy isotopes. This results in a difference in
the abundance of heavy isotopes between the substrate
and product of the reaction, and is called kinetic frac-
tionation. In an equilibrium reaction, such as equilibra-
tion between liquid and gaseous water, the gaseous phase
contains more of the light isotope and the liquid phase
contains more of the heavy isotope, which results in equi-
librium fractionation. There is also diffusive fraction-
ation, which reflects the observation that molecules con-

taining light isotopes diffuse more quickly than their
heavier counterparts. A mechanistic understanding of
fractionation in biological and physical processes is the
basis of using isotopes as tracers of ecosystem processes
(Fritz and Fontes 1980; Kendall and McDonnell 1998).

Isotopic measurements are generally expressed as the
molar ratios of heavier isotopes to lighter ones (R). Such
ratios are difficult to resolve in an absolute sense, and are
usually expressed as relative ratios in delta () notation:

6= (Rsample/Rstandard - 1) (4'1)
where Rample and R, 4.4 are the heavy-to-light molar
ratios of the sample and of an international standard. If
Rgample < Rytandard then J is negative. For example, plants
utilizing the C; photosynthetic pathway (the majority of
terrestrial plants) typically have values of 6'*C that range
from -21 to -35%o, where the symbol %o denotes per mil
(parts per thousand), while atmospheric CO, is currently
about -8.0%o (Keeling et al. 2005) relative to the com-
mon standard for carbon stable isotopes, a belemnite
from the Pee Dee formation in South Carolina (PDB).

A change in isotopic composition as a result of frac-
tionation can be expressed as a discrimination (A):

A= (5source - 5product) I(1+ 5product) (4.2)

where ;. and 6,54y are the isotope ratios of the
source and product, respectively. With these definitions
as a reference we can explore recent progress in the ap-
plication of stable isotopes to understanding the role of

terrestrial ecosystems in the carbon cycle.

4.2 Ecosystem Carbon Cycles

Measurements of the isotopic composition of air sampled
near soils and plant canopies can provide information
about ecosystem carbon cycles. The isotopic composi-
tion of respiration can be applied toward understanding
physiological and environmental controls on the flow of
carbon through various pools by applying a mechanistic
understanding of carbon isotope fractionation. In addi-
tion, when different ecosystem pools or fluxes have dis-
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tinct isotopic signatures, carbon isotopes can be used as
a tracer to distinguish between components of the eco-
system carbon cycle.

Currently, a common protocol at a number of sites
around the world is to repeatedly sample canopy air at
night to obtain estimates of the isotopic composition of
ecosystem respiration (see http://basinisotopes.org). We
will denote the carbon isotope composition of CO, from
ecosystem respiration as 6'°Cy, and the oxygen isotope
ratio of ecosystem respiration as §'80y. 6'°Cy is esti-
mated by extracting the isotopic composition of plant-
and soil-respired CO, from background air with a nu-
merical method derived by Keeling (1958, 1961).

Consider CO, inside a forest canopy as a mixture of
background CO, (not derived from any local sources)
and CO, released by plant and soil respiration:

C,=C,+Cy (4.3)
where C represents CO, concentration (mole fraction of
dry air),and subscripts a,b and R represent the total CO,,
the background CO, and the ecosystem respired sources,
respectively. Based on conservation of mass, we can write:

8613C,C,= 613C,C, + 61CrCr (4.4)
where §'3C denotes & of carbon-13 relative to carbon-12.
Substituting Cy = C, - C, from Eq. 4.3 to 4.4,

siic = G67C, —87Cy)
‘ C

+6Cy (4.5)

a

Equation 4.5 is a linear function of 1/ C,, allowing us to
estimate 6'°Cy as the intercept of a linear regression with
1/ C, as theindependent variable. A number of studies have
investigated §'*Cy over a wide range of ecosystems
(Buchmann et al. 1997a; Buchmann et al. 1997b; Fessenden
and Ehleringer 2002; Flanagan et al. 1996; Harwood et al.
1999; Quay et al. 1989; Sternberg et al. 1989). Pataki et al.
(2003b) synthesized measurements from 33 sites and dis-
cussed the assumptions inherent in the collection and in-
terpretation of §'*Cy, which include the critical assump-
tion that §°C, and 6'*Cy remain constant during the sam-
pling period. Miller and Tans (2003) also illustrated un-
certainties associated with measurement and analytical
errors regarding the two-source mixing approach.

Advances in isotope ratio mass spectrometry have
increasingly permitted analysis of CO, isotopes in smaller
air volumes with greater automation, allowing for more
frequent sampling (Ehleringer and Cook 1998; Schauer
et al. 2003; Tu et al. 2001). Intensive measurements of
6'3Cy over short time-periods, as well as longer-term moni-
toring on a weekly basis, have led to recent advances in our
understanding of ecosystem carbon cycling. Correlations
between 6'°Cy and environmental variables have pro-
vided evidence that a large proportion of carbon fixed

in photosynthesis cycles rapidly through forested eco-
systems (Bowling et al. 2002; Ekblad and Hogberg 2001;
Lai et al. 2005; Ometto et al. 2002). Ekblad and Hog-
berg (2001) observed a correlation between §'>C of soil-
respired CO, and atmospheric humidity that lagged by
1-4 days, which they interpreted as an indication of the
influence of recent photosynthesis on root respiration.
These results were supported by Bowling et al. (2002),
who observed a correlation between whole ecosystem
6'*Cy and time-lagged atmospheric vapor pressure defi-
cit (VPD) in several ecosystems in Oregon, USA. VPD
strongly influences stomatal conductance, photosynthe-
sis, and the ratio of stomatal conductance to photosyn-
thesis, and therefore §1°C of assimilate through its influ-
ence on C;/C,, the ratio of leaf intercellular to ambient
CO, concentration (see Box 4.1). Scartazza et al. (2004)
and Fessenden and Ehleringer (2003) showed that §*Cy
is also influenced by soil moisture, presumably through
the influence of drought on stomatal closure. Although
changes in the proportion of above- and belowground
respiration and influences of declining soil moisture on
the isotopic composition of soil respiration are alterna-
tive explanations, Scartazza et al. (2004) show that soil
moisture-driven variations in §'>Cy were related to 61°C
of phloem sugar. Notably, the relationship between 6'°Cy
and soil moisture showed a similar slope in two dispar-
ate coniferous forests in the eastern and western coastal
regions of the United States (Fig. 4.1). Integrated over
time, these relationships lead to spatial variability in
8'3Cy as a function of water availability (Fig. 4.2).

In addition to providing a greater mechanistic under-
standing of ecosystem physiology and its influence on
carbon cycling, measurements of the isotopic composi-
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Fig. 4.1. Relationship between the monthly mean carbon isotope
composition of ecosystem respiration (6'°Cy) and average soil
moisture content during the growing season at two coniferous for-
ests: the Wind River Canopy Crane Facility in Washington, USA
(open symbols) and Howland Forest in Maine, USA (closed sym-
bols). Measurements from different years are indicated by different
symbols as squares (2001), circles (2002) and diamonds (2003) (from
Lai et al. 2005, reproduced by permission of Blackwell Publishing)
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tion of CO, can be used to partition ecosystem fluxes
into specific component parts (Bowling et al. 1999; Bowl-
ing et al. 2001; Lai et al. 2003; Lloyd et al. 1996; Ogée et al.
2003; Yakir and Wang 1996). During daylight hours, Net
Ecosystem Exchange (NEE) of CO, reflects the balance
between photosynthesis (A) and respiration (R):
Fygp=Fy + Fy (4.6)
where F represents a flux of CO,. A similar mass balance
can be applied to the isotopes of CO,:
813CppFupp = Fs= 813C,F + 63CyFy (4.7)
where Fj represents an “isoflux”, analogous to net eco-
system exchange of *CO, (pmol m=2s71%o) (Bowling
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Fig. 4.2. The carbon isotope composition of ecosystem respiration
(813Cy) at several sites throughout North and South America in re-
lation to mean annual precipitation. Error bars show the standard
error of all observations for a given site. A correlation is observed
across all sites, with the exception of coniferous forests in the north-
western United States, where rainfall exceeds 2 400 mm yr! (from
Pataki et al. 2003b, reproduced by permission of the American Geo-
physical Union)

Box 4.1. Isotopic discrimination in photosynthesis

Discrimination of 1*C in photosynthesis occurs in two steps. First,
discrimination occurs during diffusion of CO, into the stomatal
pores, followed by enzymatic discrimination in carboxylation by
RuBP carboxylase (Rubisco). For plants utilizing the C; photo-
synthetic pathway, these effects can be represented as:
ABCy=a+(b-a)-C/C, (4.12)

where C;/C, denotes the ratio of intercellular to ambient CO,
partial pressure, a the fractionation in diffusion, and b the net
fractionation of carboxylation (Farquhar et al. 1982). Because a
and b are known (4.4 and 27%o, respectively) photosynthetic
discrimination of C, plants can be predicted with estimates of
C,/ C,, which is affected by photosynthetic rates and stomatal con-
ductance. It should be noted that this approach neglects resis-
tance to CO, transfer from the sub-stomatal cavity to the meso-
phyll, which may be significant in some species (Ethier and Liv-
ingston 2004).

etal. 2001). Values of §*Cygy, 6"°C, and 6°Cy, denote
the carbon isotope ratios associated with NEE, photo-
synthetic and respiratory fluxes, respectively.

Fygg is routinely measured at numerous sites around
the world as part of the FLUXNET suite of networks
(http://daac.ornl.gov/FLUXNET). To apply Eq. 4.6 and
4.7 to solving for F, and Fy, methods to measure or
estimate the isotopic composition of the individual
fluxes are required. Equation 4.5 is commonly used to
determine 6'°Cy as discussed earlier. Quantifying
O13Cygg and 61°C,, however, is more challenging (Bowl-
ing et al. 2003a). Yakir and Wang (1996) used 6'*C and
680 measurements to partition Fyg of agricultural
fields. They estimated §'*Cygg and 6'°C,, by measuring
the isotopic composition of plants and soil samples,
which integrate over seasonal time scales. However, to
partition Fygp at half-hourly intervals, capturing diur-
nal variations in 6"*Cygy, and 6'°C, is necessary (Bowl-
ing et al. 2001). Using an aerodynamic approach to esti-
mate canopy conductance and Fick’s law of diffusion to
estimate C;, Bowling et al. (2001) calculated 6'3C, for the
whole-canopy:

oPC, =0"C, —a—(b— a)% (4.8)

a

which combines Egs. 4.2 and 4.12. An estimate of canopy-
scale 81°C, can also be achieved by coupling biochemi-
cal photosynthesis models with a stomatal conductance
model (Lai et al. 2003). Finally, if another parameter is
known such as Fy, which can be modeled as a function
of temperature, Egs. 4.6 and 4.7 can be used to solve for
613C, (Bowling et al. 2003a).

Carbon isotopes are particularly useful for discern-
ing photosynthetic pathways because there is consider-
able contrast in §'°C ratios between C; and C, plants
(Box 4.1). In the context of ecosystem respiration, mea-
surements of 6'3C can be used to partition contributions

Photosynthetic discrimination by C, plants may also be quan-
tified with estimates of C,/C,. However, the “leakiness” of the
unique C, anatomy must also be considered, as it affects the ex-
tent to which fractionation of Rubisco influences A*Cy, in addi-
tion to the C, enzyme PEP carboxylase. This is represented as:
ABCo=a+ (by+bsp-a)-C/C, (4.13)
where b, denotes the fractionation factor of PEP carboxylase
(~5.7%o0), b is the fractionation factor of Rubisco (30%o),and ¢ is
the leakiness of bundle sheath cells, where C, photosynthesis
takes place (Farquhar 1983). Rubisco has a small influence on
photosynthetic fractionation in most C, plants, and the fraction-
ation of PEP carboxylase is also fairly small. Thus, A’C, in
C, plants is significantly lower than in C; plants, making these
pathways isotopically distinct. Typical values of A'>C; range from
13 to 25%o in C; plants and 2.5 to 5%o in C, plants (Dawson et al.
2002; Farquhar et al. 1989; Lloyd and Farquhar 1994).
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of plants utilizing different photosynthetic pathways in
C,;-C, mixtures (e.g., grassland and savannas), which are
mainly distributed in sub- and tropical regions (Still et al.
2003a; Still et al. 2003b). The fraction of C, (4) contrib-
uting to total ecosystem respiration can be estimated by:
o"Cy = 46°C, + (1 - 2)8°C, (4.9)
where 61°C; and 6°C, denote the §'C ratios of C; and
C, species, respectively. Still et al. (2003b) used this ap-
proach to estimate that C, species contributed 60 to
nearly 100% of the total respiration between May and Sep-
tember in a tallgrass pasture in central Oklahoma, U.S.A.
Laj et al. (2003) found a comparable range of C, contribu-
tions in a tallgrass prairie with similar species composi-
tion and climate. The contribution of C; vs. C, plants is
critical to the application of measurements of °CO, at a
global scale, as we will discuss in the next section.

4.3 The Global Carbon Cycle

There is a high degree of short-term interannual vari-
ability associated with the rate of increase in atmospheric
CO, concentration (Fig. 4.3). We know from statistics of
energy use that CO, emissions from fossil fuel combus-
tion are increasing at a nearly steady rate from year to
year (Andres et al. 2000; IPCC 2001). The principal
sources of interannual variability are therefore ocean
fluxes and terrestrial ecosystem processes. Isotopes of
carbon dioxide are useful to distinguish between these
components on regional and global scales.

We have discussed that photosynthesis of terrestrial
plants discriminates against 3CO, (Box 4.1), leaving
heavier 1°CO, behind in the atmosphere, while the pro-
cess of respiration returns isotopically light carbon to
the atmosphere. In contrast, fractionation of CO, disso-
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Fig. 4.3. The rate of change in atmospheric CO, concentration (bold
line, left axis) and the rate of change in the carbon isotope compo-
sition (8'3C) of atmosphere CO, (right axis) (from Keeling et al.
2005, used by permission)

lution into the ocean is small, on the order of 2%o (Inoue
and Sugimura 1985; Wanninkhof 1985; Zhang et al. 1995).
Therefore, gradients of §°C of CO, in the atmosphere
may be used to distinguish between terrestrial and oce-
anic sinks if the magnitude of photosynthetic discrimi-
nation and the isotopic composition of respiration can
be estimated well enough on a global scale. Because
C; and C, photosynthesis differ greatly in fractionation
of 1*CO,, this requires robust estimates of the propor-
tion of productivity of C, vs. C, plants globally. However,
the information gained from applying these estimates can
be significant. Figure 4.3 shows the rate of change of §°C
of atmospheric CO, in addition to the rate of change of
atmospheric CO, concentration for the last two decades.
The close correlation between the two time-series strongly
suggests that terrestrial processes have dominated the
short-term interannual variability in the growth rate of
atmospheric CO,. By applying mass balance to atmo-
spheric observations of CO, and its isotopic composi-
tion, sources and sinks of CO, can be inferred:

d
;Ca =Fg + Fygg +E, +F, +Ey + K, (4.10)
J g3 13 13
Cagé‘ Co =(6"Crp — 67°Cp)Eee
+(513CDEF - 513CA)FDEF
+&40(Eyo + Eyp) + DFyy (4.11)

+ - Ap(Fab + Fba) + Dbea

where the subscripts ‘FF’ and ‘DEF’ denote the fossil fuel-
and land-use change-derived releases of CO, to the at-
mosphere, subscripts ‘A0’ and ‘OA’ denote the one-
way ocean-atmosphere fluxes, and subscripts ‘AP’ and
‘BA’ denote the one-way biosphere-atmosphere fluxes
(Francey et al. 1995; Fung et al. 1997; Tans et al. 1993). Also
included in order to solve Egs. 4.10 and 4.11 for the oce-
anic and terrestrial fluxes are symbols to denote CO,
emissions from fossil fuel combustion, §*Cgg; CO, emis-
sions from land-use change, 6"*Cpy; fractionation fac-
tors associated with the net oceanic, €,,; and terrestrial
discrimination, Ap; and two “disequilibrium” terms, D,
and Dy. These latter terms express the extent to which
older carbon, dissolved in ocean waters or fixed in pho-
tosynthesis in the past and later released, has a more en-
riched 6°C than current carbon due to the dilution of
atmospheric CO, by fossil fuel combustion in the last
century.

Mass balances expressed in Egs. 4.10 and 4.11 have
been applied in a number of global studies of carbon
sources and sinks that utilized atmospheric measure-
ments to infer regions of carbon uptake (Battle et al. 2000;
Ciais et al. 1995; Francey et al. 1995; Fung et al. 1997; Tans
etal. 1993). A limitation to this approach is that the pa-
rameterization of Ap, the discrimination associated with
net carbon uptake by the terrestrial biosphere, is diffi-
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cult to validate with measurements. Ecosystem studies
commonly measure the isotopic composition of the one-
way, nighttime flux, 6'>Cy, but estimating the signature
of photosynthetic discrimination from direct measure-
ments is difficult at whole ecosystem scales. For lack of
data to the contrary, A, has been generally fixed as a
constant value in global mass balance studies (Battle
et al. 2000; Francey et al. 1995; Tans et al. 1993). However
Randerson et al. (2002) demonstrated that if large-scale
regional changes in A, covary with changes in gross
fluxes, as could occur during climatic anomalies such as
the El Nifio Southern Oscilliation (ENSO), applying con-
stant values of A, to Eq. 4.11 could introduce significant
errors into global mass balance calculations. Modifying
the mass balance approach to explicitly consider gross
fluxes and their time varying anomalies could improve
top-down estimates of carbon sinks from atmospheric
measurements (Randerson et al. 2002).

It has been noted that the peaks in atmospheric CO,
growth rate have generally been associated with the oc-
currence of ENSO events (Francey et al. 1995; Keeling et al.
2005; Keeling et al. 1995), which brings warm, dry condi-
tions to highly productive tropical regions (Dai et al. 1997;
Ropelewski and Halpert 1987). One hypothesis for the
underlying correlation between ENSO conditions and
terrestrial sources and sinks of carbon has been that
drought conditions, and in particular dry atmospheric
conditions, in tropical regions have resulted in reduced
productivity and subsequently smaller terrestrial sinks
in tropical forests during ENSO years. Measurements of
6'3C of atmospheric CO, have generally supported this
hypothesis (Fig. 4.3), which would also be expected based
on the data in Fig. 4.1 and 4.2. However, recent work uti-
lizing carbon monoxide and methane tracers in addition
to measurements of CO, concentration and 6*C of CO,
suggests that an increased occurrence of biomass burn-
ing and wildfire during ENSO years, also associated with
drought, may also be an important mechanism (Van der
Werf et al. 2004).

The oxygen isotopic composition of CO, also has great
potential to distinguish between components of the car-
bon cycle, namely, between assimilation and respiration
of the terrestrial biosphere. The oxygen isotopic signa-
ture of assimilation and respiration are generally very
different — more so than the carbon isotope signatures
in ecosystems that contain only C, plants. However, oxy-
gen isotopes have been applied less frequently in global
carbon studies, largely because of the complexity of mod-
eling oxygen fractionation effects at the global scale.

CO, and water in the liquid phase equilibrate isoto-
pically so that the isotopic composition of CO, is strongly
influenced by the isotopic composition of water where
water is abundant, as in plants and soils (Amundson et al.
1998; Farquhar and Lloyd 1993; Farquhar et al. 1993;
Hesterberg and Siegenthaler 1991). Assimilation and res-
piration have different isotopic signatures because leaf

water is enriched in oxygen-18 relative to soil water due
to the evaporative effects of transpiration. Approxi-
mately two-thirds of the CO, that diffuses into leaves is
not fixed by photosynthesis, but this CO, does equili-
brate with leaf water and diffuses back into the atmo-
sphere with an isotopically enriched signature that is
distinct from that of respired CO, which has equilibrated
with soil water (Farquhar and Lloyd 1993; Flanagan et al.
1997; Francey and Tans 1987). Quantifying these pro-
cesses in global models requires hydrologic models that
predict the isotopic composition of regional precipita-
tion, as well as ecological models and models of atmo-
spheric transport.

Despite this complexity, there has been recent pro-
gress in quantifying the oxygen isotopic composition
of CO, on a global basis for carbon cycle applications.
Ciais et al. (1997a) combined a global biospheric model
with global climate model simulations to estimate
monthly global surface fluxes of '¥0 in CO, from the
terrestrial biosphere. Integrated with an atmospheric
tracer transport model, this approach yielded results that
agreed well with atmospheric observations, and led to
the conclusion that the temporal and spatial patterns of
680 of CO, in the atmosphere were largely attributable
to terrestrial ecosystem processes (Ciais et al. 1997b;
Peylin et al. 1999). Cuntz et al. (2003a,b) expanded glo-
bal simulations of #0 fluxes with a well-integrated suite
of model components that provided estimates on the
diurnal time-scale. These advances will likely provide a
basis for utilizing observations of 6'80 of atmospheric
CO, to constrain carbon sources and sinks and distin-
guish between assimilation and respiration components
of terrestrial fluxes.

Further research is needed on an interesting aspect
of the atmospheric CO, record, which showed a decline
in 8'%0 of CO, of about 0.5%o in the mid-1990s (Gillon
and Yakir 2001; Ishizawa et al. 2002). Gillon and Yakir
(2001) found variations in the activity of the enzyme of
carbonic anhydrase, which catalyzes oxygen isotope ex-
change between CO, and water, suggesting that full equili-
bration is not reached in many species, particularly
C, grasses. The authors concluded that large-scale con-
versions of forested ecosystems to pastures dominated
by C, plants during the 1990s could have led to a global
decline in 680 of atmospheric CO, of 0.02%o yr.
Ishizawa et al. (2002) pointed out that such conversions
can only partially explain the observed decline in §'30
of CO,, and that an additional mechanism could be an
increase in both photosynthesis and respiration of the
terrestrial biosphere. Advances in global modeling of
6180 of CO, and additional observations of mechanisms
of ecosystem fractionation and the isotopic composition
of atmospheric CO, will likely lead to further interpreta-
tion and application of variations in §'*C and §'¥0 of
CO, for understanding the role of the terrestrial bio-
sphere in the carbon cycle.
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4.4 Future Directions

Research on the application of stable isotopes in ecosys-
tem and global carbon cycles was synthesized and coor-
dinated by the Biosphere-Atmosphere Stable Isotope Net-
work (BASIN) of GCTE beginning with an initial work-
shop in1997. The BASIN network (http://basinisotopes.org)
is carrying forward with additional coordination and syn-
thesis of traditional aspects of data collection, such as the
isotopic composition of ecosystem respiration, as well as
other applications of stable isotopes in understanding the
role of terrestrial ecosystems in biogeochemistry. Data are
increasingly available on the isotopic composition of other
gases present in the atmosphere in lower concentrations
than CO,, and therefore more difficult to measure. Stable
isotopes of methane (Snover and Quay 2000), N,O (Perez
etal. 2000; Perez et al. 2001), and hydrogen (Rahn et al.
2002), for example, are providing additional information
on the role of ecosystem physiology in land-atmosphere
interactions. Also promising are new studies on the isoto-
pic composition of non-methane hydrocarbons such as
isoprene (Affek and Yakir 2003; Goldstein and Shaw 2003),
and the highly abundant atmospheric components, water
vapor (Moreira et al. 1997; Yepez et al. 2003) and diatomic
oxygen (Angert et al. 2003; Stern et al. 2001), which are
strongly influenced by terrestrial processes.

Monitoring of a wider variety of ecosystem types will
also provide a broader information base for understand-
ing the influence of the land surface on the atmosphere
and scaling from ecosystems to regional and global scales.
Data from tropical ecosystems, semi-arid systems, and
human-dominated ecosystems have been sparsely rep-
resented in the BASIN network, but new datasets in these
areas are increasingly available (Ometto et al. 2002; Pataki
et al. 2003a; Yepez et al. 2003). New technologies also
promise to increase spatial and temporal coverage of the
isotopic composition of the atmosphere. Automated sam-
plers for collecting atmospheric samples have recently
been deployed in a number of ecosystems and have dem-
onstrated the dynamic influence of ecosystems processes
on the atmosphere and the utility of long-term monitor-
ing (Lai et al. 2005; Lai et al. 2003; Schauer et al. 2003).
These monitoring programs will be greatly extended by
the application of optical measurements of rare isotopes
with instruments such as Tunable Diode Lasers (TDL)
that measure *CO, concentrations in real time. TDL and
similar technologies will increase analytical capabilities
severalfold in terms of sample number, allowing large
numbers of samples to be collected over short time-pe-
riods in a number of locations throughout plant cano-
pies (Bowling et al. 2003b).

Results from atmospheric monitoring programs in
ecosystems are being incorporated into a growing num-
ber of models of isotopic fractionation and its influence
on the atmosphere (Baldocchi and Bowling 2003; Riley

et al. 2003; Suits et al. 2005). These linkages have been
largely indirect, that is, as isotopic measurements im-
proved our basic understanding of fractionation and its
physical and physiological basis, new theoretical and
empirical relationships have been incorporated into eco-
system-atmosphere models. However, direct linkages
between isotopic data-streams and ecological models are
emerging as data assimilation or “data-model fusion”
techniques are becoming common in ecological and bio-
geochemical applications. Similar to approaches already
common in global scale studies of the carbon cycle, these
quantitative methods optimize the solution for a given
set of equations, e.g., a mass balance of ecosystem car-
bon sources and sinks, using available datasets as con-
straints. This method has been used to model ecosys-
tems fluxes (Raupach 2001; Styles et al. 2002), estimate
the mean residence time of carbon pools (Barrett 2002;
Luo et al. 2003), and partition fluxes into their compo-
nent parts (Luo et al. 2004). The increasing temporal and
spatial coverage of isotopic measurements in various
ecosystems will likely be directly incorporated into im-
proved estimates of ecosystem-scale physiological and
biogeochemical parameters with these methods.

Measurements of the isotopic composition of trace
gases in the atmosphere and within and above terres-
trial ecosystems have provided new insights into ecosys-
tem functioning and the role of the terrestrial biosphere
in the carbon cycle. These insights have included parti-
tioning carbon cycle components such as terrestrial and
oceanic carbon sinks, photosynthetic and respiratory
components of NEE, and C; and C, contributions to eco-
system respiration. Improvements in both measurement
techniques and ecosystem- to global-scale models are
rapidly resulting in refined estimates of these aspects of
the carbon cycle and the underlying mechanisms for their
spatiotemporal variations. This is a rapidly evolving area
of research,and one in which the GCTE core project made
an important and lasting contribution through its sup-
port of the BASIN network.
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Chapter 5

Effects of Urban Land-Use Change on Biogeochemical Cycles
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5.1 Introduction

Urban land-use change, the conversion of agricultural
and natural ecosystems to human settlements, has be-
come an important component of global change. Virtu-
ally all of the projected increase in the world’s popula-
tion is expected to occur in cities so that by the year 2007
more than half of the global population is expected to
live in urban areas (United Nations 2004). Yet, urban
settlements and surrounding areas are complex ecologi-
cal systems that have only recently been studied from a
rigorous ecological perspective (Pickett et al. 2001).
Clearly, urban areas represent ecosystems with modified
biogeochemical cycles such that fluxes and pools of mat-
ter, energy, and organisms differ greatly from the previ-
ous ecosystem (Collins et al. 2000). Our knowledge of
the magnitude and extent of these biogeochemical changes
at local, regional, and global scales is a major area of un-
certainty in our understanding of global change.

In the ecological sciences, the ecosystem approach has
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been used successfully in studying the effects of distur-
bance and exogenous inputs of nutrients and pollutants
on biogeochemical cycles (Likens 1992). To study biogeo-
chemical cycles in urban areas, Grimm et al. (2003) rec-
ommended the ecosystem approach where: (1) urban
ecosystems are viewed as spatially homogenous, i.e.,
“well-mixed reactors,” or (2) urban ecosystems are con-
sidered a heterogeneous assemblage of parts or “patches.”
Indeed, cities have been viewed as well-mixed reactors
in answering questions about how they affect biogeo-
chemical cycles at regional and global scales (Fig. 5.1).
In so doing, mass balances have been constructed for
entire cities to assess their “ecological footprint,” that is,
the amount of land resources acquired from other eco-
systems needed to sustain the urban population (Rees
2003). Moreover, the mass balance approach allows in-
vestigations into the movement of nutrients and pollut-
ants across ecosystem boundaries and the cycling of these
materials within the system itself. For example, Baker
et al. (2001) constructed a nitrogen balance for the Phoe-
nix metropolitan area and found that inputs (human and

URBAN ECOSYSTEM
Quality of life
= Health
Social dynamics = Recreation
= Population/demography = Income
= Economics = Social capital
q

= Technology
= Institutions/cultural factors
» Management activities

Waste

= Toxics

= Sewage

= CO,/trace gases
= Waste heat

= Noise

= Pathogens

= Nutrients

Ecological dynamics

= Biogeochemical cycles

= Community (succession)
= Disturbance regimes

= Population cycles




46 CHapTer 5 - Effects of Urban Land-Use Change on Biogeochemical Cycles

natural) to the urban ecosystem were an order of mag-
nitude higher than inputs to the surrounding desert ar-
eas. Furthermore, human hydrologic modifications
within the urban area promoted the accumulation of
N within the ecosystem.

Urban ecosystems maintain a high state of resiliency
due to the socioeconomic influence of their inhabitants.
This enables them to continually obtain resources from
other areas. However, this dependence disconnects ur-
ban populations (and their social systems) from locally
occurring ecological constraints (Luck et al. 2001). As a
result, the ecological impact of cities can extend to regional
and global scales without negative feedbacks directly af-
fecting the system itself (Rees 2003). Moreover, urban ar-
eas can affect adjacent non-urban ecosystems through the
production and transport of waste products and by al-
tering regional weather patterns (e.g., Cerveny and Ball-
ing 1998; Shepherd and Burian 2003; Gregg et al. 2003).

An alternative to the well-mixed reactor approach is
to delineate and recognize the parts or patches of urban
ecosystems (Collins et al. 2000; Pickett et al. 2001). With
this approach, ecosystems and the patches that comprise
them are treated as well-mixed reactors at some scales
and heterogeneous systems at others (Grimm et al. 2003).
In this way input-output budgets can be developed not
only for entire cities but also for individual functional
parts of the urban ecosystem. This allows investigations
of the effects of urban development on biogeochemical
processes of a patch of lawn or remnant forest, which
themselves may have cycling and fluxes of resources that
interact with neighboring patches. Pouyat et al. (in press)
suggested that researchers should exploit the heteroge-
neity of urban landscapes using the diverse array of
patches as surrogates for field manipulations, or “natu-
ral experiments.”

In this chapter we address the question: what is the
net effect of urban land-use change on biogeochemi-
cal cycles at local and metropolitan area scales? Our use
of the term urban is inclusive of landscapes having
>2500 persons km™ or densities at which human popu-
lations cannot be supported by local agricultural pro-
duction (Ellis 2004). We use the phrase urban land-use
change to describe coarse scale conversion of natural or
agricultural ecosystems to urban land uses, as well as fine
scale or local changes in land use that may occur in post-
urban development. We will focus on the local scale be-
cause it is the most relevant one in making mechanistic
assessments of urban biogeochemical processes. Our
discussion relies on data available in the literature (mostly
from temperate systems of North America) and from
current research at the Long Term Ecological Research
(LTER) site in Baltimore, MD USA (Baltimore Ecosys-
tem Study). We devote most of our discussion to carbon
(C) and nitrogen (N) pools and fluxes, both of which are
important at multiple scales (Vitousek et al. 1997;
Schlesinger and Andrews 2000) and may be indicators

of urban stress and disturbance (Carreiro et al. in press).
While heavy metals and organic compounds are impor-
tant constituents in urban environments, their effects on
plants, animals, and human health are beyond the scope
of this chapter. Nor do we discuss the far-reaching ef-
fects of natural resource importation by cities, i.e., the
aforementioned urban ecological footprints. The ability
of urban inhabitants to exploit land resources at great
distances has important anthropogenic impact on bio-
geochemical cycles at regional and global scales. But we
believe that these impacts should be weighed against the
effect of alternative settlement patterns on a per-capita
basis — a comparison that requires extensive discussion.
Excellent discussions of urban ecological footprints are
included in Folke et al. (1997) and Rees (2003).

5.2 Urban Land-Use Change

In developed nations during the last half century, urban
growth has occurred in a dispersed pattern relative to
older and more densely populated cities that developed
before and during the Industrial Revolution. Between
1980 and 2000 alone, land devoted to urban uses grew by
more than 34% in the United States (USDA Natural Re-
source Conservation Service 2001). By contrast, the popu-
lation grew by only 24% during the same period (USDC
Census Bureau 2001). This dispersed growth pattern, or
suburbanization, has occurred at the expense of agricul-
tural and forested land (Imhoff et al. 1997). A recent
analysis based on satellite imagery suggests that the land
area covered by impervious surfaces (such as pavement
and buildings) is larger than the surface area covered by
herbaceous wetlands in the conterminous United States,
or roughly the size of Ohio USA (Elvidge et al. 2004).

Although biogeochemical effects of agricultural land
conversions and their recovery after abandonment have
been relatively well studied, conversions to urban land
uses have received little attention (Pouyat et al.2002). We
know that agricultural uses lead to drastic changes in
biogeochemical cycling (Matson et al. 1997). However,
once these lands are abandoned, many of the biogeo-
chemical functions of the preagricultural ecosystem are
recovered. For example, forest regrowth on agricultur-
ally abandoned land has resulted in a gradual recovery
of above- and below-ground C pools in the eastern and
central United States (Houghton et al. 1999; Caspersen
et al. 2000; Post and Kwon 2000). In fact, what are now
considered “pristine” forest habitats at one time were
some of the most densely populated regions of the world,
for example, the Central American Mayan forests (Turner
et al. 2003) and the Amazon River Basin (Heckenberger
et al. 2003).

Converting agriculture, forest, and grasslands to ur-
ban and suburban land uses entails a complex array of
land and ecosystem alterations. Dense human inhabi-
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Fig. 5.2. Conceptual diagram of the effect of urban land-use conver-
sions on native ecosystems. As landscapes are urbanized, natural
habitats are increasingly fragmented as parcels of land ownership
become smaller. During this process humans introduce novel dis-
turbance and management regimes and flow paths to the landscape
(arrows on right). Concurrently there is a change in the environ-
mental conditions in which the ecosystem functions (arrow on left).
See text for detailed explanation (modified from Pouyat et al. 2003)

tation along with urban land-use change necessitates the
construction of various built structures, e.g., roads,
buildings, civil infrastructure, as well as the introduc-
tion of human activities. The spatial pattern of these
human features and activities are largely the result of
“parcelization,” or the subdivision of land by property
boundaries, as landscapes are developed for human
settlement. Parcelization typically leads to habitat loss
and fragmentation as landscapes are continually subdi-
vided into ever smaller patches, each with an individual
land owner. Overlaid on the patch mosaic are various
environmental factors that typically are associated with
urban areas. The result is a patchwork or landscape mo-
saic of remnant ecosystems, managed parcels, and a built
environment that overlay the preexisting ecosystem’s bio-
physical features (Fig. 5.2).

5.3 Urban Environmental Factors

A complex of environmental factors altered by urban-
ization potentially affects biogeochemical cycling: atmo-
spheric, soil, and water pollution; CO, emissions; micro-
and meso-climates; and introductions of exotic plant and
animal species (Pouyat et al. 1995). In some metropoli-
tan areas, the net effect of such factors is analogous to
predictions of global environmental change (Carreiro
and Tripler 2005), e.g., increased temperatures and ris-
ing atmospheric concentrations of CO, (Ziska et al.2004).
In the following sections we discuss environmental fac-
tors that could affect biogeochemical cycles in urban and
suburban landscapes.

5.3.1 Climate and Atmospheric Composition

Urban environments are characterized by localized in-
creases in temperature known as the “heat island” effect
(Oke 1990). Urban heat islands occur when vegetation
cover is replaced by built structures. This reduces evapo-
transporation rates while the introduction of building
materials increases the absorption and storage of solar
energy that later is released as sensible heat (Oke 1990).
The combined effect of these changes is to increase mini-
mum (and to a lesser degree maximum) temperatures
such that the difference between rural and urban tem-
peratures typically is greatest several hours after sunset.
This difference has been as much as 3 to 5 °C (Brazel et al.
2000). While cities embedded within desert ecosystems
have warmer temperatures during the night, they typi-
cally have lower temperatures during the day,i.e., the “oa-
sis effect” (Brazel et al. 2000).

How higher urban temperatures affect plant growth
depends partly on the interactive effect of other envi-
ronmental factors that may enhance plant growth such
as N deposition and concentrations of atmospheric CO,,
the latter of which can reach 520 ppm in urban areas
(Idso et al. 2002; Korner and Klopatek 2002; Pataki et al.
2003), or nearly double the preindustrial level of
280 ppm. Still other urban environmental factors may
negatively affect plant growth such as tropospheric
ozone (Chappelka and Samuelson 1998; Skérby and Ro-
Poulsen 1998; Gregg et al. 2003).

The interactive effect of these multiple atmospheric
and climate factors on plant productivity is a major
uncertainty in global change research due to the diffi-
culty of implementing controlled, factorial experiments
in most ecosystems (Norby and Luo 2004). Hence, eco-
logical studies in urban ecosystems have been pro-
posed as a means of improving our understanding of
multiple effects of global change (Pouyat et al. 1995;
Grimm et al. 2000; Carreiro and Tripler 2005). Al-
though this work is at an early stage, some results have
been reported. Ziska et al. (2004) found plant produc-
tivity increases of 60 to 115% along an urban-rural gra-
dient in Maryland, USA that corresponded to a 21% in-
crease in CO, and a 3.3 °C temperature increase at the
urban end of the gradient. Gregg et al. (2003) found
that the growth of cottonwood seedlings was highest
in the urban portion of an urban-rural gradient in the
New York City area because of high ozone concentra-
tions in rural areas downwind of urban pollution. Out-
side of the Los Angeles area, a large body of research
in the San Bernardino Mountains Gradient Study has
shown that foliar injury and chlorotic mottling is com-
mon at polluted sites due to ozone exposure, concur-
rent with decreased root biomass and increased above-
ground biomass due to high N deposition (Arbaugh et al.
2003; Grulke et al. 1998; Grulke and Balduman 1999).
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Additional work is necessary to determine whether
these trends are robust in a large number of urban eco-
systems.

Differences in air temperature also have been noted
for soil temperatures. Mean annual temperatures in
highly disturbed soils (0-10 cm depth) on a playground
in New York’s Central Park were more than 3 °C warmer
than in soils in an adjacent wooded area (Mount et al.
1999). In comparing soil heat flux of several urban sur-
faces, Montague and Kjelgren (2004) found that heat
fluxes were greatest beneath asphalt and concrete and
least under pine bark mulch. For woodland soils in the
New York City metropolitan area, surface temperatures
(2 cm depth) differed by as much as 3 °C between urban
and rural forest patches (Pouyat et al. 2003). Assuming
that these soil temperatures are representative of those
in urban areas, the difference between highly disturbed
soils and natural forested soils in a metropolitan region
can be as high as 6 °C. This difference in temperature
can have significant effects on microbial activity and
N availability in soil (Carreiro et al. in press).

Higher air temperatures and heat loading by imper-
vious surfaces in urban areas also can affect the tempera-
ture of streams. First- and second-order streams in ur-
ban areas may have less shade than their rural counter-
parts and receive considerable runoff from impervious
surfaces, which typically store a great amount of heat
energy from solar radiation. In headwater streams, the
major effect of urban-heat loading occurs early in the
storm event as the first flush of runoff reaches the
stream. The amount of temperature change is related to
the percentage of impervious area in the watershed. For

example, stream-temperature monitoring in the Balti-
more Ecosystem Study showed that storm events in
headwater streams resulted in a rapid increase in tem-
perature. The increase was related directly to the hous-
ing density and proportion of impervious cover in the
watershed (Fig. 5.3a). Similarly, in a study of headwater
streams in Wisconsin and Minnesota USA, the percent-
age of impervious area in the watershed had a positive,
linear relationship with water temperature during dry
weather flows (Wang et al. 2003). Stream invertebrates
and leaf breakdown processes are highly sensitive to el-
evated stream temperatures (Wang and Kanehl 2003;
Webster and Benfield 1986).

Besides temperature, soil-moisture regimes can be
modified by urban environments. Disturbed soils in ur-
ban areas typically have limited infiltration capacities due
to hydrophobic surfaces, crust formation, and soil com-
paction (Craul 1992; Pouyat and Effland 1999). Com-
pounding slow infiltration rate is the potential of imper-
vious surfaces to drain concentrated flow into pervious
areas. This can prevent water infiltration even during
small storm events. Soil-moisture levels also can be re-
duced in urban areas due to higher air temperatures,
which generate higher evaporative and transpirative de-
mand on soil water resources. In contrast to factors that
reduce soil moisture levels, soils in urban areas often are
irrigated and have abrupt textural and structural inter-
faces that can restrict drainage resulting in higher soil-
moisture content (Craul 1992). Moreover, below-ground
infrastructures such as pressurized potable water distri-
bution systems can leak water into adjacent soils by as
much as 20 to 30% (Law et al. in press).

Fig.5.3. 25 120

a Stream temperatures, May 25 242 High

to 27, 2004, for high density [®) 23 - density L 100
residential and lower density % residential

residential small headwater 5 221 L 80 _
catchments. Stage at one of ‘é 21 €
watersheds (right axis legend) 2 10 L 60 %
shows two storm events (0.63 £ ()]
and 0.15 inches of rain). b Soil g 191 L 40 g
moisture (% by volume) of g 18

soils sampled at weekly inter- 9 17 Low

vals (depth of o to 10 cm) at A 16 Storm — density r 20
Cub Hill eddy flux tower site events residential A

of Baltimore Ecosystem Study. 15 T J T J T 0

In forest patch, measurements 0:00 12:00 0:00 12:00 0:00 12:00 0:00

taken along three transects

perpendicular to slope (n = 30). 35 -

Lawn measurements taken b

in two parcels along 30-m 30

transects (n=24)

25 4

20 A

15 4

Volumetric water content (%)

10
08/26/03 09/15/03

Forest patch

10/05/03 10/25/03 11/14/03 12/04/03



5.3 - Urban Environmental Factors 49

Currently, we lack long-term continuous data with
which to make comprehensive comparisons of soil mois-
ture between urban and rural forest patches or between
urban forest soils and disturbed soils. In the Baltimore
Ecosystem Study, synoptic measurements of soil mois-
ture (0o-5 cm depth) in a medium-density residential area
and adjacent deciduous woodland indicate that differ-
ences in soil moisture occur between land-use and cover
types in urban landscapes. Residential lawns within a
150 m radius of the forest patch showed that un-irrigated
turf soils had higher moisture levels than forest soils
during the summer. There were no differences between
the two patch types after leaf drop (end of October)
(Fig. 5.3b). Presumably, differences in the summer were
due to higher transpiration rates of the broad-leaved
trees. In late fall and early winter, the moisture level in
turf soil increased more rapidly than in forest soil, pos-
sibly reflecting concentrated runoff from roof gutters or
snow melt (Fig. 5.3b). How these differences affect C and
N cycling is being studied.

5.3.2  Atmospheric and Soil Pollution
Urban environments usually have higher concentrations
and depositional fluxes of atmospheric chemicals than
rural environments (Gatz 1991). Most urban atmospheric
pollutants originate from the combustion of fossil fuels
and industrial emissions. These include nitrogen oxides,
sulfur oxides, heavy metals, and various organic chemi-
cals. The pollutants are emitted locally into a restricted
geographic area, particularly relative to the area from
which the resources were derived, resulting in high at-
mospheric concentrations (Wong et al. 2004). High pol-
lutant concentrations in the atmosphere combined with
numerous temperature inversions increase the deposi-
tional rates of chemicals into urban areas (Seinfeld 1989).
Since the capacity of ecosystems to assimilate atmo-
spheric chemicals is correlated with the amount of leaf
area of plants and soil biological activity, highly altered
urban ecosystems have greatly diminished capacities to
assimilate chemicals, especially when inputs are high.
Not surprisingly, studies of forest ecosystems along
urban-rural gradients suggest that urban forest remnants
receive relatively high amounts of heavy metals, organic
compounds, N, and sulfur (S) in wet and dry atmospheric
deposition (Pouyat and McDonnell 1991; Lovett et al.
2000; Wong et al. 2004). Lovett et al. (2000) quantified
atmospheric N inputs over two growing seasons in oak
forest stands along an urban-rural gradient in the New
York City metropolitan area. They found that N entering
urban forests in throughfall was 50 to 100% greater than
the N flux into rural and suburban forests. These inputs
fell off in the suburban stands 45 km from the city (New
York’s Central Park), which Lovett et al. suggested was
due to the reaction of acidic anions with larger alkaline

dust particles (Ca** and Mg?*) of 2 um or less in diam-
eter that precipitated closer to the city. They hypothesized
these particles (urban dust) originated from construc-
tion and demolition activity within the city. Similar re-
sults were found for the city of Louisville, KY USA and
the San Bernardino Mountains in the Los Angeles met-
ropolitan area where both N and base cation deposition
rates into urban forest patches have been found to be
higher than in rural forest patches (Bytnerowicz et al.
1999; Carreiro et al.in press; Fenn and Bytnerowicz 1993).

Evidence for a similar depositional pattern was found
for heavy metals along the New York City transect. Pouyat
and McDonnell (1991) found two to threefold increase in
contents of lead (Pb), copper (Cu), and nickel (Ni) in ur-
ban than in suburban and rural forest soils. A similar
pattern but with greater differences was found by Inman
and Parker (1978) in the Chicago, IL USA, metropolitan
area, where levels of heavy metals were more than five
times higher in urban than in rural forest patches. Other
urban-rural gradient studies have shown the same pat-
tern though for smaller cities differences between urban
and rural stands were narrower (Carreiro et al. in press;
Pavao-Zuckerman and Coleman in press). Finally, Wong
et al. (2004) found a large gradient of Polycyclic Aromatic
Hydrocarbons (PAH) concentrations in forest soils in the
Toronto (Canada) metropolitan area, with concentrations
decreasing with distance from the urban center to sur-
rounding rural areas by a factor of at least 60.

How these pollutants affect biogeochemical fluxes is
uncertain, but preliminary results suggest that the effects
are variable and depend on various urban environmen-
tal factors (Carreiro et al. in press). For example, Inman
and Parker (1978) found slower leaf litter decay rates in
urban stands that were highly contaminated with Cu
(75.7 mgkg™!) and Pb (399.9 mg kg™!) compared to un-
polluted rural stands. Apparently, the heavy metal con-
tamination negatively affected the activity of decompos-
ers in these urban stands. By contrast, where heavy metal
contamination of soil was moderate to low relative to
other atmospherically deposited pollutants such as N,
rates of decomposition and soil N-transformation in-
creased in forest patches near or within major metro-
politan areas in southern California (Fenn and Dunn
1989; Fenn 1991), Ohio (Kuperman 1999) and southeast-
ern New York (Carreiro et al. in press).

5.3.3 Introductions of Exotic Species

The expansion of urban areas has resulted in some of
the greatest local extinction rates observed in the world
(McKinney 2002). Cities also have become epicenters of
many of introductions of nonnative species (Steinberg
et al. 1997; McKinney 2002), some of which have become
important pathogens or insect pests, e.g., Dutch elm dis-
ease and the Asian long-horned beetle. Local extinctions
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of native species and the invasions by urban-adapted
nonnative species have resulted in a pattern where the
species richness of nonnative species increases from out-
lying rural areas to urban centers while native species
decrease (Blair 2001; Hope et al. 2003).

While native plant and animal species richness may
be depressed, plant species richness apparently is greater
in urban than in rural environments. Urban plant com-
munities tend to have higher species richness and diver-
sity than natural forests because of planting choices of
multiple land owners (Nowak 2000). For instance, Nowak
et al. (2002) found 81 and 57 tree species with Shannon-
Weiner diversity index values of 3.6 and 3.4 in Baltimore
MD and Brooklyn NY, USA, respectively. These values
are higher than those found for eastern deciduous for-
ests (1.9 to 3.1) of the United States (Barbour et al. 1980).
In Phoenix, USA, overall species richness was greater in
the urban area than in the surrounding desert. Within
the urban area, species diversity was positively correlated
to median family income, such that the highest biodiver-
sity was associated with the wealthiest neighborhoods, a
phenomenon termed the “luxury effect” (Hope et al. 2003).

Invasive species can play a disproportionate role in
controlling C and N cycles in terrestrial ecosystems
(Bohlen et al. 2004; Ehrenfeld 2003). Therefore, the rela-
tionship between invasive species abundances and ur-
ban land-use change has important implications for bio-
geochemical cycling of C and N (Pouyat et al. in press).
For example, in the northeastern and mid-Atlantic United
States where native earthworm species are rare or ab-
sent, urban areas are important foci of nonnative earth-
worm introductions, especially Asian species from the
genus Amynthas, which are expanding toward outlying
forested areas (Steinberg et al. 1997; Groffman and Bohlen
1999; Szlavecz et al. 2006). These invasions into forests
have resulted in highly altered C and N cycling processes
(Bohlen et al. 2004; Carreiro et al. in press). Other ex-
amples of species invasions in urban areas that have al-
tered C and N cycles include shrub (Berberis thunbergii),
tree (Rhamnus cathartica), and grass (Microstegium
vimineum) species (Ehrenfeld et al. 2001; Heneghan et al.
2002; Kourtev et al. 2002).

5.4 Disturbance and Management Effects

For most urban landscapes, human-caused disturbance
is more pronounced during rather than after the land-
development process. Urban development of land typi-
cally includes the clearing of existing vegetation, mas-
sive movements of soil, and the building of structures.
The extent and magnitude of these initial disturbances
is dependent on infrastructure requirements (e.g.,storm
water retention ponds), topography, and other site lim-
iting factors. As an example, a topographic change analy-
sis of 30 development projects in Baltimore County USA

showed that the total volumetric change of soil per de-
velopment was positively correlated with mean slope of
the site (r = 0.54, p = 0.002) (McGuire 2004). In addi-
tion, these development projects resulted in massive soil
disturbances with the potential to have large effects on
soil organic C. Using data from this study, we estimated
that the amount of soil organic C that was disturbed
during a development project covering 2 600 m? was
roughly 2.7 X 10* kg. This assumes that the original
soil had a soil organic C density of a deciduous forest
(10.3 kg m2) to a depth of 3 m, i.e., the average depth of
the soil disturbance. How much soil organic C actually
is lost during the development process is unknown and
depends partly on the ultimate fate of the surface soil
layers (topsoil).

The previous development scenario typically predates
residential, institutional, and commercial land uses, for
which turfgrass is the resultant plant-cover type. Nowak
et al. (1996) found that residential, institutional, and com-
mercial land uses made up on the average 39.0, 5.7,
and 13.6% (total 58.3%) of the land cover in the major U.S.
metropolitan areas, respectively. The total estimated lawn
area for the conterminous USA is 16.38 +3.58 million ha
(Milesi et al. 2005). Management of this vast area of
turfgrass typically includes adding pesticides and supple-
ments of water and nutrients as well as being regularly
clipped during the growing season. In the following sec-
tions we discuss how these lawn and horticultural man-
agement practices may affect biogeochemical cycles.

5.4.1 Lawn and Horticultural Management

To manage turfgrasses in lawns, homeowners and institu-
tional land mangers in the USA apply about 16 million kg
of pesticides each year (Aspelin 1997) as well as fertiliz-
ers at rates similar to or exceeding those of cropland sys-
tems (Talbot 1990). In addition, lawns typically are
clipped on a regular basis during the growing season.
This management scenario may or may not result in in-
creases in plant productivity. In comparing results from
studies of mowed lawns in Wisconsin, California, and
Maryland, Falk (1980) estimated that the range for net
primary productivity in temperate climates was about
1.0 to 1.7 kg ha yr™!, most of which is below ground. Al-
though above-ground productivity increased with
N fertilization and irrigation, total productivity (above
and below ground) did not differ. Other studies have
shown somewhat lower productivity rates for lawns
(0.6 to 0.7 kg hayr™!) (Blanco-Montero et al. 1995; Jo and
McPherson 1995). Still others have reported direct rela-
tionships between management and productivity
(Heckman 2000; Kopp and Guillard 2002; Golubiewski
2006). As a comparison, net primary production in
temperate grasslands ranges from 0.1 to 1.5 kg hayr!
(Leith 1975).
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While total turfgrass productivity may or may not
increase with management inputs, soil organic C seques-
tration appears positively related to supplemental inputs
of fertilizer and water. In comparing surface soils of
15 golf courses, Qian and Follett (2002) found that total C
sequestration rates ranged from 0.9 to 1.0 t ha™! yr~L. This
is similar to rates obtained for the recovery of perennial
grasslands following cultivation (1.1 t ha ! yr™!) (Gebhart
et al. 1994),but much higher than unmanaged grasslands
(0.33 tha lyr1) (Post and Kwon 2000). Similarly, Higby
and Bell (1999) found that soil organic matter was higher
in fertilized golf course fairways than in adjacent unfertil-
ized areas. Using long-term simulations of the CENTURY
model for lawn ecosystems, Qian et al. (2003) showed that
N fertilization coupled with a management regime in which
grass clippings were left on site increased soil organic C
accumulations by up to 59% in comparison to sites that
were not fertilized and clippings were removed. How
much C is sequestered in soils under turfgrass depends on
the differential effects of management practices on above-
and below-ground productivity and the rate of decompo-
sition in the surface soil (Qian and Follett 2002).

While lawn care management practices input chemi-
cals at rates comparable to cropland systems, they are
potentially less disruptive of biogeochemical cycles.
Cropland systems have a greater magnitude and fre-
quency of soil disturbances and generally remove a
greater proportion of the standing crop (Asner et al.1997;
Pouyat et al.2003). As a result, cropland systems lose sub-
stantial amounts of soil organic C and N (Matson et al.
1997). The net effect of an initial soil disturbance and
subsequent lawn care management on C and N dynamics
is less certain. In natural ecosystems, C sequestration
increases with N additions until N is no longer limiting
(Asner et al. 1997), i.e., a condition of N saturation (Aber
et al.1989). Nitrogen limitation is determined by biologi-
cal demand and the ability of soil to accumulate N, which,
in turn, is attributed partly to site history, climate, soil
fertility, and vegetation type (Aber et al. 1998). In culti-
vated ecosystems, N additions over the long term can
increase C storage, but due to annual disturbances of soil
and the removal of plant biomass, these gains are less
than those for grassland and forested ecosystems. On the
other hand, turfgrass ecosystems can accumulate soil
organic C at rates similar to those for grasslands and
some forests due to the absence of annual soil distur-
bances (Qian and Follett 2002; Pouyat et al. 2003).

Carbon sequestration is an important regulator of the
net effect of ecosystems on atmospheric carbon dioxide
levels, which influence the atmospheric “greenhouse ef-
fect” This effect is also influenced by other soil-atmo-
sphere gas exchanges, especially nitrous oxide and meth-
ane that are influenced by urban land-use change. Kaye
et al. (2004) found that lawns in Colorado had reduced
methane uptake and increased nitrous oxide fluxes rela-
tive to native shortgrass steppe, with fluxes similar to ir-
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Fig. 5.4. Mean (+S.E.) potential net nitrification rates (mg NO; kg d™!)
of 0-15 cm mineral soil samples after 14-d incubation period of
0.04 ha plots in the Baltimore LTER study. Bars represent compari-
son of forest,lawn, and agriculture land-use types (n = 14,10,and 10,
respectively) (data from C. Williams, unpubl.)

rigated corn. Goldman et al. (1995) found reduced meth-
ane uptake in forests in urban areas. In both cases, these
changes were linked to nitrogen enrichment associated
with urban land-use.

The potential of turfgrass ecosystems to sequester soil
organic C and thus maintain or increase microbial de-
mand for N suggests a high capacity of these systems to
retain N. Preliminary data from comparisons of lawn,
forest, and cultivated patch types in the Baltimore Eco-
system Study suggest that lawns fall between temperate
forests and cultivated land in C sequestration, N cycling,
and N retention (Fig. 5.4). Currently, we are investigat-
ing the interactive effects of high N inputs, C pool dy-
namics, biomass removal, and altered hydrologic path-
ways in lawn ecosystems.

54.2 Management Effort

Perhaps the most distinctive characteristic of urban land-
scapes is the number and diversity of potential land man-
agers on a per area basis. Parcels of land generally tend
to become smaller from rural to suburban and urban
residential areas, with a slight increase at the urban core
(Pouyat et al. in press). This pattern potentially results
in greater variation in management practices in high-
density residential areas than in larger rural parcels be-
cause of the greater number of potential land managers
(Collins et al. 2000). Parcel size also may affect the
amount of effort of individual land owners. For example,
in comparing fertilizer application rates in two small resi-
dential watersheds in Baltimore County, MD USA, Law
et al. (2004) found that the application rate per unit of
lawn area was higher for the watershed with smaller lot
sizes, suggesting that homeowner input is inversely re-
lated to lot size. They also found that soil bulk density,
an indicator of soil compaction, was positively related to
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the average annual application rate of fertilizer. The re-
lationship between human impact and lot size also was
evident at a coarser scale. In Baltimore, mean bulk den-
sities of surface soils (0-5 cm) in high- and medium-den-
sity residential land-uses were 1.30 and 1.17 Mg m~, re-
spectively. Bulk density was inversely related (r = o0.52,
P < 0.001) to soil organic matter (Pouyat et al. 2002).

In addition to parcel size, management effort varies
with socioeconomic factors in residential neighborhoods.
In a survey conducted in the Columbus, OH USA, met-
ropolitan area, Robbins et al. (2001) found that residents
with houses valued at more than $250 0oo were much
more likely to apply chemicals on their lawns than own-
ers of houses valued at less than $80 ooo. However, Law
et al. (2004) and Osmond and Platt (2000) found that
households with intermediate value applied the most
lawn fertilizer. Whatever the relationships between so-
cioeconomic factors and management effort, decisions
involving horticultural management in much of the ur-
ban landscape are largely independent of government
regulations (Robbins et al. 2001).

Management effort also should be related to the mag-
nitude of the natural constraints on the system. For ex-
ample, irrigation rates for lawns in dry land areas should
be higher than for lawns in more temperate climates. The
net result of these relationships is that while natural con-
straints on biological systems in urban landscapes are im-
portant, human desires and efforts to overcome these con-
straints result in vegetation structure and soil characteris-
tics that are remarkably similar across urban settlements
on a global scale (McDonnell et al. in press). Therefore,
urban landscapes might be similar in vegetation structure
and soil characteristics at coarse scales (regional and glo-
bal) but highly variable at finer scales (Pouyat et al. 2003).

5.5 Effects of Built Environment

To fully grasp the effects of urban land-use change on
biogeochemical cycles, we need to understand the ways
the built environment affects energy and material flows
in urban ecosystems. Our conceptual framework of ur-
ban land-use change (Fig. 5.5) incorporates the impor-
tance of built structures and the effect of impervious
surfaces on ecosystem processing by differentiating be-
tween natural and engineered templates, either of which
may constrain ecosystem processes. For example, both
soil drainage and irrigation infrastructure can partially
constrain distributions of plant species and trace gas
fluxes, as well as the movement of nutrients and contami-
nants in urban ecosystems. Perhaps more interestingly,
the natural and engineered templates may intersect; the
proportion and “connectivity” of each determining the
importance of each template in constraining biogeo-
chemical processes. For example, hydrologists use the
concept of “effective imperviousness” to more accurately

model runoff volumes, that is, the connectivity between
the natural and engineered templates. Effective imper-
vious areas (EIA) drain immediately to storm-drain pipes
and are equal to the total impervious area (TIA) minus
the impervious surfaces draining to pervious areas where
infiltration is possible (Sutherland 1995).

If measurements of EIA and TIA were made at the
scale of a small watershed (<100 ha) for a given metro-
politan area we suggest they would form a continuum of
watersheds ranging from totally pervious cover to those
with an almost entirely engineered template. Thus, the
continuum would represent an array of small watersheds
varying in area and connectivity of the engineered and
natural templates, at least for hydrologic flow paths. Mea-
surements of connectivity between engineered and natu-
ral templates also can be made for other flow paths (e.g.,
organic-matter transport or atmospheric deposition onto
built and biological surfaces) and for other ecosystem
delineations at various scales.

These relationships are important in determining the
degree to which the engineered system mediates flows
of energy and material. A totally engineered system has
pathways that entirely separate or disconnect material
flows from natural elements of the ecosystem, though
over time, all human built structures fail to function to
some degree, resulting in exchanges between engineered
and natural templates. This disconnect “short circuits”
the biological system, which diminishes the system’s over-
all ability to buffer changes in water, nutrient, and con-
taminant inputs. As a result, the system’s capacity to re-
tain or process these materials is altered. For totally en-
gineered systems, atmospherically derived contaminant
and nutrient inputs can accumulate on impervious sur-
faces and be washed off repeatedly by small rainfall events
into the engineered system. Thus, there is little chance
of being accumulated in soil or biologically processed in
the terrestrial system. In addition, gaseous exchanges
between the atmosphere and the soil-plant continuum
will be diminished, again short circuiting the ability of
the biological system to assimilate C or gas-phase con-
taminants. We propose that the point in the continuum
at which the constraints of the engineered and natural
templates shift in importance from one to the other may
serve as a useful delineation between urban and non-
urban-dominated ecosystems.

At some point, all engineered pathways flow to natu-
ral systems, for example, sewage treatment outflows,
power plant emissions, storm water runoff, and effluent
from septic systems. All of these systems have important
effects on ecosystems receiving their flows. In most cases,
flows from engineered pathways concentrate materials
collected from a larger area. The functional size of the
area is dependent on the extent and connectivity of the
infrastructure. For example, septic systems collect waste
from a single detached house and release these flows into
a relatively small volume of soil, while sewage treatment
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Ultra I . Native/rural
urban ecosystem
Urban core Residential

Engineered flow paths
TIA=EIA
Human inputs high

Per area plant/soil
cover low

Biologically mediated
processes low

Management input per
area high

TIA>EIA

Per pervious area biological
processes can be high

F

Natural flow paths
Biologically mediated
processes high
Management input per
area high in crop systems

Fig. 5.5. Conceptual framework where anthropogenic and biophysical ecosystem characteristics form a continuum from highly urban
(almost entirely human-made) to native or rural ecosystem types (those with the least human modification). Agricultural ecosystems
also are depicted. The framework incorporates the importance of built structures and the effect of impervious surfaces on ecosystem
processing. At the urban core, engineered flow paths (C and D) disconnect material inputs and flows (A) from natural processing that
occurs in native/rural ecosystems. In these areas, the connectivity between the engineered and biophysical templates is low (B). In resi-
dential areas, the connectivity between engineered and biophysical templates can be relatively high depending on the spatial relationship
of impervious and pervious surfaces. Management and environmental inputs in residential areas can be high (4 and E) on a per-unit
pervious area. However, depending on site history, soil type, and the concentration of flows these areas can have surprisingly high cycling
rates (F) for processing or storing these inputs (adopted from Kay et al. 2006)

plants receive waste flows from tens and hundreds of
thousands of residences and release flows to surface wa-
ters with varying abilities to assimilate the waste. As
mentioned previously, the waste flows in both cases are
byproducts of resources originating outside the urban
ecosystems — often from great distances. Compounding
the concentration of flow is the ability of built surfaces
to accumulate various atmospherically derived contami-
nants through the development of organic films that in-
crease the capture efficiency of impervious surfaces (Law
and Diamond 1998). These films ultimately increase the
movement of contaminants from the atmosphere to sur-
face waters following wash-off (Diamond et al. 2000).
A clear example of the effects of concentrated flows is
the impact of impervious cover on stormwater flows and
the resulting impact on urban-stream ecosystems. Schueler
(1994) and Morse et al. (2003) concluded from reviewing
data in the literature that as little as 6% impervious cover
in a watershed can result in measurable responses in
stream-channel morphology and invertebrate popula-
tions. Moreover, changes in soil-drainage patterns asso-
ciated with urban development and altered stream mor-
phology can have marked effects on soil organic C and

N processing, particularly in riparian soils (e.g., Groff-
man et al. 2002). An important question in urban hydrol-
ogy is whether responses in stream ecology and riparian
function differ between catchments with the same total
impervious area but with different measures of effective
impervious areas (Walsh 2004).

The tendency of the built environment and human
activity to concentrate flow paths and chemical inputs
can result in the development of “hot spots” in the land-
scape. Hotspots are areas or patches that show dispro-
portionately high reaction rates relative to the surround-
ing area or matrix (McClain et al. 2003). The concept of
hotspots developed from studies of N processing in soil
cores (Parkin 1987) and riparian zones that showed that
anoxic microsites with high C content were zones of el-
evated denitrification rates. Generally, hotspots are sites
where reactants for specific biogeochemical reactions
coincide in an environment conducive for the reaction
to take place (McClain et al. 2003). Human activities and
the introduction of built structures provide such condi-
tions in urban landscapes at various scales. Examples
include septic systems, golf greens, stormwater retention
basins, and compost piles.
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The importance of hotspots in the biogeochemistry of
urban ecosystems is largely unknown. In urban fringe ar-
eas, there is concern about nitrate contamination of ground
water from septic systems, which when functioning prop-
erly can be thought of as purposely engineered hot spots
for processing human waste (Band et al. 2004). Hotspots
in urban landscapes also can be sinks for contaminants,
nutrients, or C. For example, the conversion of what was
predominately prairie grassland into an urban landscape
resulted in the development of C sequestration hotspots in
the Boulder, CO USA, metropolitan area (Golubiewski
2003). These hotspots were composed of relatively small
parcels with highly managed turfgrass and woody vegeta-
tion whose productivity rates and C storage were much
higher than in the native grasslands they replaced. Simi-
larly, detention basins designed to capture urban
stormwater and protect streams may be hotspots of deni-
trification, replacing functions that occurred in riparian
areas before urbanization (Groffman and Crawford 2003).

5.6 Assessing Biogeochemical Effects -
the Importance of Scale

A critical task in using the ecosystem approach is the abil-
ity to make practical and meaningful delineations of eco-
system boundaries (Likens 1992). In nonhuman-dominated
ecosystems, this task is challenging since many environ-
mental factors vary as a continuum on the landscape. Ecolo-
gists and biogeochemists have addressed this challenge by
using discontinuities of biophysical processes in the land-
scape as ecosystem boundaries, eg.,a watershed. Deter-
mining boundaries for urban ecosystems is an even greater
challenge as there are no generally accepted ecological defi-
nitions of “urban” (Mcintyre et al. 2000). Nor do we know
how urban environmental factors vary spatially (Pouyat
etal. in press). This is especially problematic in viewing
cities as well-mixed reactors because urban areas often are
expanding in area, forming roughly concentric circles of
development (McDonnell and Pickett 1990). For landscapes
where development patterns are less dispersed, e.g., desert
ecosystems, the boundary of urban expansion is more ap-
parent (e.g., Baker et al. 2001).

To address the difficulty in delineating urban ecosys-
tem boundaries for investigations of biogeochemical
cycles, we propose a two-pronged approach: (1) conduct
investigations for parts or patches of the urban landscape
that have more readily recognizable boundaries, and
(2) assess the interrelationship of these patches at mul-
tiple scales: one at the scale of individual parcels (<km)
each with a distinctive landscape context, site history,land
manager, and natural and engineered template, and the
other at coarser scales, e.g., watershed or well-defined
area of the landscape (e.g., Ellis 2004), to assess the in-
terrelationships among parcels and investigate the net
change in biogeochemical cycles due to urban-land trans-

formations. At coarse scales, we suggest comparisons on
both a per-unit pervious cover and per-unit total area
basis. The latter includes built surfaces and considers
urban landscapes as a whole. To distinguish between the
two approaches, in the first case, productivity on a per-
vious-area basis can be greater than the native ecosys-
tem replaced (or nonurbanized areas at the rural end of
the continuum); in the second case, a city generally would
have lower overall productivity than the native ecosys-
tem it replaced. When human use of fossil fuels are in-
cluded in these calculations, cities would be considered
heterotrophic (primary productivity < total ecosystem
respiration) rather than natural ecosystems, which are
autotrophic (Grimm et al. 2003).

These relationships suggest a paradox of urban ecosys-
tems: the engineered template reduces the ability of an eco-
system to assimilate or process energy and materials on a
per-unit ecosystem basis such that when compared to natu-
ral systems urban ecosystems exhibit less biological activ-
ity. At the same time, the engineered template and human
activity concentrate energy and matter into smaller areas
(volumes) such that fluxes and biological activity will be
higher on a per-unit pervious area basis than in the native
ecosystem replaced. The latter characteristic is significant
since the ability of biological systems to assimilate energy
and material is determined at the scale at which organ-
isms are using the resource. This can occur at very fine
scales, e.g.,hotspots. Thus, assessments at coarse scales that
fail to distinguish between the built and pervious compo-
nent of urban ecosystems will miss the scale at which bio-
logical processes are being constrained.

A comparison of N budgets of residential watersheds
in the Baltimore Ecosystem Study illustrates the impor-
tance of scale. Law et al. (2004) calculated N input from
fertilizer into a low- and medium-density residential
watershed at three spatial aggregations: by the area of
the watershed, subdivision, and residential lawns. For the
more sparsely populated watershed, application rates
were 9.5, 27.8,and 37.1 kg N ha~!yr™! on a watershed, sub-
division, and residential lawn area, respectively. For the
more densely populated watershed, rates were 12.5, 26.7,
and 83.5 kg N ha-lyr~l. Therefore, the greatest distinc-
tion between the two watersheds is on a lawn-area basis,
or the scale at which added N will be processed by the
soil community and management decisions will be made
by individual land owners. In addition, the watershed
with lower housing densities had an aggregated septic
load that was significantly lower than N fertilizer inputs
and roughly equal to atmospheric deposition inputs
(Band et al. 2004). However, this septic load was concen-
trated in 1 to 2% of the watershed area (leach fields), re-
sulting in a loading rate that was an order of magnitude
higher than N loading per unit of watershed area. In-
deed, stream sampling in the Baltimore Ecosystem Study
revealed that nitrate concentrations were higher in wa-
tersheds at the suburban fringe that are septic-serviced
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than in central city streams or sanitary sewer-serviced
suburbs with similar lawn fertilization rates (Band et al.
2004; Groffman et al. 2004).

As another example, Nowak (2000) estimated the
amount of C sequestered by trees in Baltimore to be
0.71t Chalyrl. His estimate was for the entire land
area of the city. Estimates for pervious areas in Bal-
timore are not available, though Jo and McPherson
(1995) measured carbon budgets on a per-pervious-area
basis for two residential neighborhoods in Chicago, IL
USA. They found that C sequestered by woody veg-
etation was as high as 3.29 t Cha-!yr~l. Assuming
that C budgets of residential areas are similar across
urban ecosystems, comparison of these rates to gross
sequestration rates for a 25 yr old loblolly plantation
(2.6 t Chalyr!) and a naturally regenerating spruce-
fir forest (1.0t Cha!lyr™!) (Birdsey 1996) suggests the
urban values are somewhat low when the entire land-
scape is considered (thus the net change from convert-
ing from a natural ecosystem to an urban ecosystem),
but high when only pervious surfaces are considered.
This suggests that on average, urban trees have higher
growth rates than trees growing in nonirrigated and
nonfertilized stands under rural environmental condi-
tions. This finding is consistent with measurements of
the productivity of urban trees (McPherson 2000), ur-
ban-rural comparisons of containerized plants (Gregg
et al. 2003), and eddy flux tower measurements above a
residential area (Hom et al. 2003).

On the basis of these comparisons, we propose that the
net effect of urban land-use change on biogeochemical
cycles depends on the overall constraints of the native eco-
system replaced. For example, converting a temperate de-
ciduous forest ecosystem to an urban landscape results in
a decrease (per land area) in plant productivity, but poten-
tially higher rates on a pervious area basis. By contrast,
converting a desert ecosystem to an urban landscape
should result in both a land-area and per-pervious-area
increase in primary productivity. Differences in the direc-
tion of the ecosystem response are the result of the rela-
tively severe limitations in soil-water availability in desert
vs. temperate environments. Thus, the technical ability and
desire of humans to manage for specific types of plant com-
munities irrespective of natural limiting factors have re-
sulted in a convergence of urban vegetation structure and
ecosystem function on a global basis (Pouyat et al. 2003).

5.7 Summary and Conclusions

Urban areas represent ecosystems with modified biogeo-
chemical cycles such that fluxes and pools of matter, en-
ergy, and organisms differ greatly from the previous un-
altered ecosystem. The conversion of agriculture, forest,
and grasslands to urban and suburban land uses entails
acomplex array of land and ecosystem alterations. These

include the construction of various built structures, e.g.,
roads, buildings, and civil infrastructure, as well as the
introduction of horticultural management practices. In
addition to land altering activities, a complex of urban
environmental factors can potentially affect biogeo-
chemical cycling including atmospheric and soil pollu-
tion, CO, emissions, micro- and meso-climates, and in-
troductions of exotic plant and animal species. In some
metropolitan areas, the net effect of such factors is analo-
gous to predictions of global environmental change,
which we feel represents an opportunity to study eco-
system responses to such factors at a scale not practical
in controlled field experiments.

To fully understand the effects of urban land-use
change on biogeochemical cycles, the effect of the built
environment must be considered. A conceptual frame-
work of urban land-use change was presented that in-
corporates the importance of built structures and the
effect of impervious surfaces on ecosystem processing.
This framework differentiates between natural and en-
gineered systems, either of which may constrain biogeo-
chemical processes. A totally engineered system has path-
ways that entirely separate or disconnect material flows
from natural elements of the ecosystem, though all human
built structures fail to function to some degree, resulting
in exchanges between engineered and natural templates.
This disconnect “short circuits” the biological system,
which diminishes the system’s overall ability to buffer
changes in water, nutrient, and contaminant inputs.

To assess the overall impact of urban land-use change
on biogeochemical cycles, we propose comparisons at:
(1) individual parcels each with a distinctive set of char-
acteristics, and (2) coarser scales to assess the interrela-
tionships among parcels and investigate the net change
in biogeochemical cycles due to urban land transforma-
tions. At coarse scales, we suggest comparisons on both
per-unit pervious cover and per-unit land area (ecosys-
tem) basis. The latter includes built surfaces and consid-
ers urban landscapes as a whole. Preliminary analyses
of the available data suggest that process rates on a per-
vious-area basis can be greater than those of the native
ecosystem replaced, while on an ecosystem basis urban
areas tend to have lower overall process rates than to the
native ecosystem replaced. The former comparison sug-
gests the continued importance of biological processes
in urban areas, which we believe results from human ef-
forts to overcome environmental constraints on biologi-
cal processes and the tendency for horticultural man-
agement activities and urban infrastructure to concen-
trate flows of energy and matter into the remaining bio-
logically active areas in the urban landscape.

We conclude that global and regional comparisons of
urban ecosystems on an ecosystem and pervious-area ba-
sis will provide an analysis of the net effect of urban land
conversion on biogeochemical cycles, e.g., soil C pools and
fluxes, as well as insight into the mechanisms causing those
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changes. We hypothesize that the net effect of urban land-
use conversion will depend partly on the characteristics of
the native or rural ecosystem replaced. For arid regions,
the net overall effect of urbanization may be higher pro-
ductivity rates and thus the potential to actually increase
C sequestration; in more humid environments, the net ef-
fect will be a reduction in C sequestration rates. Therefore,
we suggest that cross-system comparisons on regional and
global scales will be necessary to determine the net effect
of urbanization on biogeochemical cycles.
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6.1 Introduction

There is strong evidence that the terrestrial biosphere
has acted as a net carbon (C) sink over the last two and
half decades. Its strength is highly variable year-to-year
ranging from 0.3 to 5.0 Pg C yr™'; an amount of signifi-
cant magnitude compared to the emission of about
7 Pg C yr™! from fossil fuel burning (Prentice et al. 2001;
Schimel et al. 2001; Sabine et al. 2004). Uncertainties as-
sociated with C emissions from land-use change are large.
On average, the terrestrial C sink is responsible for re-
moving from the atmosphere approximately one third
of the CO, emitted from fossil fuel combustion, thereby
slowing the build-up of atmospheric CO,. The ocean sink
is of similar magnitude (Sabine et al. 2004). Given the
international efforts to stabilize atmospheric CO, con-
centration and climate (i.e., Kyoto Protocol, C trading
markets), the terrestrial C sink can be viewed as a sub-
sidy to our global economy worth trillions of dollars.
Because many aspects of the terrestrial C sink are ame-
nable to purposeful management, its basis and dynam-
ics need to be well understood.

There is a sparse understanding of the multiple pro-
cesses responsible for the terrestrial C sink, the relative
importance of each of them, and their future dynamics.
Such information is needed to predict the future strength
and distribution of biospheric terrestrial sinks, and there-
fore critical for the design of future pathways of decar-
bonization.

Terrestrial biospheric models and fully carbon-
coupled General Circulation Models (GCMs) are pro-
gressively incorporating more C processes thought to
drive significant carbon-climate feedbacks. However,
being limited by poor understanding and the slow pro-
cess of building ever more complex models, they still
represent a partial set of processes. This limits the abil-
ity to produce robust projections of the biosphere’s role
in the future atmospheric CO, growth and its impacts
on climate change.

In this paper we demonstrate that the underlying ecol-
ogy of terrestrial biospheric CO, sinks suggests that, de-
spite having the potential for increased C sink owing to
atmospheric and climate change over the next decades,

most of the biological sinks will eventually level-off and
subsequently declined to zero (hereafter referred as “sink
saturation”) whereby no further C will be removed from
the atmosphere.

Coupled with this sink decline, global warming and
deforestation have the potential to destabilize large bio-
spheric C pools (hereafter referred as “vulnerable C pools”)
which would add CO, to the atmosphere. This C source
component will further diminish the net gains of C sinks
and could even diminish the sink strength beyond zero,
thereby moving from being a C sink to a source during
this century. Such an eventuality would put further pres-
sure on society to select higher targets of CO, emission
reductions from fossil fuel burning.

In this paper, we first introduce briefly the current
understanding of the global distribution of C sources and
sinks. Second, we discuss processes thought to be respon-
sible for the current terrestrial C sink and their likely
future dynamics highlighting their potential contribu-
tion to saturation of the terrestrial C sink. Third, we dis-
cuss the dynamics of the future terrestrial C balance
based on results from stand-alone and fully coupled car-
bon-climate models, and their accuracy in representing
various physiological and ecological sink/source pro-
cesses. Recommendations for future research are made
at the end of the chapter.

6.2 Location of the Current Terrestrial Carbon Sinks

The dual constraint of the measured global atmospheric
CO, concentration growth rate and the relatively weak
north-south CO, concentration gradient indicate a net
sink of about 2 Pg C yr! in the northern extratropics
(Tans et al. 1990). These observations are corroborated
by additional information from §'*C and O,/N,, as well
as increasingly sophisticated inverse modeling with aug-
mented flask data (Rayner et al. 1999; Kaminiski et al.
1999; Gurney et al. 2002).

Despite the robustness of the global and latitudinal
average estimates, inverse modeling calculations are
poorly constrained at the continental scale, particularly
with regard to the longitudinal partition of the sink.
Model intercomparisons suggest that the Northern Hemi-



60 CHAPTER 6 - Saturation of the Terrestrial Carbon Sink

sphere terrestrial sink is relatively evenly distributed
across North America, Europe and Asia, with boreal
North America being C neutral (Gurney et al. 2002; Yuen
etal. 2005). Large uncertainties still remain for north-
ern Africa, tropical America, temperate Asia and boreal
Asia. Interpretations of global distributions of atmo-
spheric O,/N, ratio (Keeling et al. 1996) and inverse
analyses (Rayner et al. 1999; Gurney et al. 2002) conclude
that tropical ecosystems are not a strong net sink, and
most likely they are C neutral. Given that tropical forests
are well documented as current large CO, emitters via
deforestation, this implies that there must be a strong
balancing tropical sink of equivalent magnitude to that
of emissions from tropical deforestation. During the
1980s-1990s this was estimated to be 0.6 to 2.2 Pg C yr™!
(DeFries et al. 2002; Archard et al. 2002; Houghton 2003).
Atmospheric data provides limited information about
the processes driving terrestrial sinks. Such information
requires the addition of ground-based observations, ex-
periments, and modeling (Canadell et al. 2000; Global
Carbon Project 2003). Processes responsible for the sinks
in the tropical, mid-,and high-latitudes need to be equally
understood since the saturation of any one can have large
impacts on the growth rate of atmospheric CO,.

processes are soil respiration in response to warming,
permafrost thawing and subsequent decomposition of
organic matter, fires, deforestation, and peatland drain-
age. Sink saturation occurs when the increase in efflux
becomes equal to the increase in uptake for a given pe-
riod of time producing no increase in net uptake.

When assessing whether and when C sinks might
saturate in the future, there are two types of dynamics
to be considered: (i) Saturation of C uptake processes
which refers to the diminishing sensitivity of a sink pro-
cess to an external forcing or stimulus (e.g., CO, fertili-
zation effect on photosynthesis as atmospheric CO, in-
creases); and (ii) increasing C emission driven by exter-
nal forcing (e.g., warming effects on heterotrophic res-
piration).

We refer to C pool saturation when the annual emis-
sion itself becomes equal to the annual uptake which in-
volves two types of processes: (i) the “fast response”
C uptake (e.g.,net photosynthesis) is matched by the “fast
response” C emission (e.g., heterotrophic respiration), or
(ii) long timescale, “slow response” processes cause pools
to reach maximum size (e.g., tree death rate matches new
tree growth rate or, for soil, the capacity for organic mat-
ter stabilization by clay surfaces is exhausted).

6.3 Dynamics of Processes that Contribute
to Carbon Sink Saturation

A decrease in the long term terrestrial net CO, sink can
arise from a decrease in the C uptake component or in-
crease in the emission component (see Box 6.1). Key sink
processes are CO, fertilization of photosynthesis, N fertili-
zation of net primary production, woody vegetation thick-
ening and encroachment, forest regrowth in abandoned
cropland, and afforestation/resforestation. Key C emission

Box 6.1. Description of GPP, NPP, NEP and NBP

Plants take up carbon dioxide via photosynthesis. The sum of
photosynthesis over a year is termed Gross Primary Produc-
tivity (GPP). The actual C fixed into plants, the Net Primary
Productivity (NPP) of an ecosystem or growth of an individual
plant, is the balance between GPP and the C lost through plant
respiration (i.e., the construction and maintenance cost). It is
not until C losses by microbial respiration (heterotrophic res-
piration, Rh) in litter and soil, and by herbivory are accounted
for that we obtain the net C balance of an ecosystem. This net
balance is termed Net Ecosystem Productivity (NEP). How-
ever, when considering long periods of time and large regions
(or the whole terrestrial biosphere for that matter) we need to
include other processes that contribute to loss of C such as,
fires, harvest, erosion, and export of C in river flow. The eco-
system C balance measured over the full disturbance/recov-
ery cycle is often termed the Net Biome Productivity (NBP)
which for a system in equilibrium is zero. Continuous enrich-
ment of the resource base on which the biome depends by CO,
enrichment or N-deposition could lead to a positive NBP. Con-
tinuous global warming might lead to a positive NBP initially
followed by a negative NBP later.

6.4 Processes Contributing to Terrestrial Carbon
Sink Saturation

Our current understanding of the global net C sinks re-
quires invoking three types of processes (Table 6.1):
(i) processes driven by changes in atmospheric composi-
tion (e.g., CO, fertilization on photosynthesis, nitrogen (N)
deposition fertilization, pollution damage); (ii) processes
driven by climate change (e.g., temperature and precipi-
tation effects on gross primary production and het-
erotrophic respiration); and (iii) processes driven by
land-use change or land management (e.g., deforestation,
forest regrowth, woody encroachment, forest thickening
due to fire suppression, afforestation and reforestation,
changes in soil C pools under cultivation and grazing).
The relative strengths of each of these processes contrib-
uting to the current sink and its spatial distribution re-
main largely to be evaluated (Houghton 2002; Smith 2005).

6.4.1  Processes Driven by Atmospheric

Composition Change
6.4.1.1 CO, Fertilization Effect

Short term responses of leaf net photosynthetic rate to
CO, concentration saturate at around 800-1000 ppm.
The response shows a compensation point (zero net rate)
of about 50 ppm for C; species, followed by a near-linear
increase up to around present ambient atmospheric CO,
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Table 6.1.

Sink and source processes
driving the anthropogenic
perturbation of the net C ex-
change between land and
atmosphere

Processes

Nitrogen deposition fertilization on net primary production

Air pollution effects on net primary production

CO, fertilization of photosynthesis

Sink, source

Processes driven by atmospheric composition change

Sink
Sink

Reduced sink

Processes driven by climate change

Temperature and precipitation effects on net primary production

Temperature and precipitation effects on heterotrophic respiration

Permafrost thawing

Shifts in natural disturbances (wildfires and insect attacks)

Shifts in vegetation types

Sink/reduced sink
Source

Source
Source/sink

Sink/source

Processes driven by land-use change and land management

Afforestation and reforestation

Forest regrowth in abandoned cropland
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concentration which is determined by the abundance of
the CO,-fixing enzyme RuBP carboxlyase (Rubisco)
(Farquhar et al. 1980; Farquhar and Sharkey 1982). That
is, when the activity of this enzyme is limiting, overall
photosynthetic rate rises proportionally with CO, con-
centration. At higher concentrations, the photosynthetic
rate becomes limited by the regeneration capacity of the
CO, acceptor molecule, ribulose-1,5-biphosphate (RuBP),
resulting in a curvilinear response to increasing CO, con-
centration (Fig. 6.1a). From this leaf-level saturation re-
sponse, we can infer that in the absence of any other lim-
iting factor (e.g., light, nutrients, water) net primary pro-
ductivity will not increase with increasing CO, beyond
800-1000 ppm (Fig. 6.1b). When other limiting factors
co-occur with CO,, the response and saturation point is
different. In the short term, water limitation increases
the saturation point with respect to atmospheric CO,
concentration because water stress reduces stomatal con-
ductance thereby decreasing the CO, concentration in-
side of the leaf. Nutrient limitations, however, can sig-
nificantly decrease the saturating concentration.

Plants growing in a CO, richer atmosphere with sub-
optimal resources acclimate to the greater C availability
by lowering photosynthetic capacity below that expected
for a given CO, concentration (Long et al. 2004). This
down regulation of C fixation appears to express an op-
timization of the deployment of limited C and nutrient
resources, particularly N (Xu et al. 1994; Wolfe et al.1998).

Herbaceous species growing in sub-optimal condi-
tions with multiple levels of atmospheric CO, (includ-

Sink

Sink

Sink

Source/reduced source
Source/sink
Source/sink

Source

Source

ing sub-ambient CO, concentrations) showed that the
biomass of C; plants is linearly related to CO, at CO, con-
centrations corresponding to pre-industrial (280 ppm)
to present (380 ppm) (Fig. 6.1c; Polley et al. 1992; Polley
et al. 1993; Polley et al. 1994; Dippery et al. 1995). At fu-
ture CO, concentrations greater than 450-550 ppm most
species enter the saturating responses zone. Woody spe-
cies have similar responses with a consistent linear in-
crease in plant biomass from pre-industrial to ambient
concentrations, and often a saturating growth response in
the same range as for herbaceous species (450-550 ppm)
(Fig. 6.1d). Hittenschwiler and Kérner (2000) found the
same behavior for six European temperate tree species
growing in the low light regime of a forest understory.

It is well established that N limitation prevents the full
expression of the CO, fertilization effect on plant growth,
and that a progressive N limitation is likely to be the prin-
cipal factor driving the above saturation curves (Luo et al.
2004; Reich et al. 2006; Groenigen et al. 2006). That is,
N becomes increasingly limiting (at least in the period
up to a few years typical of elevated CO, experiments) as
both N and C are immobilized in new plant and soil or-
ganic matter fractions. Other nutrients, particularly
phosphorus, also limit plant growth responses to increas-
ing atmospheric CO, (Barrett and Gifford 1995; Dukes
et al. 2005; Edwards et al. 2005).

There are systems that already show saturation at
present CO, concentrations due to nutrient or other envi-
ronmental constraints (Korner et al. 2007, Chap. 3 of this
volume). This is the case for: (i) a mature temperate trees
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Fig. 6.1. Plant responses with saturation dynamics to increasing levels of atmospheric CO,. a Typical A/C; curve: Leaf net C assimilation
at increasing leaf internal CO, concentrations (CO, concentration at the site of carboxylation in the chloroplasts). b Wheat responses to
increasing CO, levels (data from field experiments (open symbols) and pot/glasshouse experiments (solid symbols, Olesen and Bindi
2002). ¢ Data for the herbaceous species Abutilon theophrasti (Dippery et al. 1995), Homogyne alpina (Hattenschwiler and Kérner 1996),
Arabidopsis thaliana (Ward and Strain 1997), and Glycine max (closed symbols, Rogers et al. 1983; open symbols, Allen et al. 1991). d Data
for the woody species Quercus alba (Norby and O’Neill 1989), Liriodendron tulipifera (Norby and O’Neill 1991), Pinus taeda (Rogers et al.
1983), and Liquidambar styraciflua (closed symbols, Rogers et al. 1983; open symbols, Tolley and Strain 1984). For Prosopis glandulosa, data
were available for subambient concentrations only, and the dashed line is a linear regression (R?= 0.55, P = 0.09, Polley et al. 1994)

in Switzerland (100 years, 30-40 m tall) which after three
years of CO, fumigation showed no growth response
(Korner et al. 2005); (ii) trees growing nearby natural CO,
springs (Tognetti et al. 2000); (iii) 30 yr old Pinus spp.
growing at the high elevation tree-line in the Swiss Alps
(Handa et al. 2005); and (iv) grassland in California after
5 years of elevated CO, exposure (Dukes et al. 2005). A
number of other studies showed no responses to increased
atmospheric CO, (Mooney et al. 1999; Luo et al. 2006).
Eleven Free-Air CO, Enrichment (FACE) experiments
encompassing bogs, grasslands, desert, and young tem-
perate tree stands report an average increased NPP of
12% at 550 ppm when compared to ambient CO, (Nowak
et al. 2004). Four FACE studies on forest stands showed
a 23% median increased NPP, an expectedly high re-
sponse for stands made up of young trees and saplings
(Norby et al. 2005). A meta-analysis of over a hundred
studies shows about % of the experiments responding
positively to increased CO, (Luo et al. 2006). This analy-
sis also shows that ecosystems under elevated CO, can
accumulate N, supporting the hypothesis that terrestrial
ecosystems have certain capacity to gradually acquire

additional N required to continue accumulating C under
increasing CO, concentrations (Gifford 1992, 1994; but
see Reich et al. 2006; Groenigen et al. 2006).

Just as increased leaf-level photosynthesis does not
necessarily translate into whole plant growth, increased
NPP does not necessarily translate into increased Net
Ecosystem Productivity (NEP) (i.e.,net C sequestration).
Ecosystem-level net C fixation is constrained by water,
temperature, light, nutrients, and a host of biotic inter-
actions between individuals and species that involve CO,
emissions from ecosystems. There are few elevated CO,
experiments that have been able to measure annual net
C exchange owing to intrinsic methodological difficul-
ties. Over a three-year period, NEP of a nutrient-limited
tundra ecosystem exposed to a step increase in CO, in
Alaska exhibited a pulse-increase producing a temporary
C sink (Oechel 1994). The positive NEP declined over
time and completely disappeared after three years. More
recently a Mojave Desert shrubland that was still accumu-
lating C (i.e., positive NEP) exposed to 8 years of elevated
CO, using FACE technology showed in its 8 year a de-
creased annual net C uptake at elevated CO, compared
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to ambient levels (Jasoni et al. 2005). These examples il-
lustrate that a variety of responses of NEP to CO, can
occur in different ecosystems.

In summary, ecosystem responses to large step increases
of CO, concentration can show a strong saturation behav-
ior driven by resource limitation. Plant growth is most
stimulated under pre-industrial to present atmospheric
CO, concentrations with some systems showing saturation
at present CO, concentrations. For a large portion of sys-
tems studied, CO, exposure to higher CO, concentrations
does stimulate plant growth. In these cases, increasing CO,
concentrations results in a saturation response at around
500-600 ppm, a much lower level than that expected
based on solely leaf-level physiological grounds. It is
unclear to what extent over decades of gradual annually
increasing CO, concentration the acquisition of atmo-
spheric N by symbiotic and free-living N fixation (and by
increased N capture from N deposition and N-cycle turn-
over) will be enhanced by elevated CO, concentration.

The CO, fertilization effect on C accumulation is not
solely the result of photosynthesis fertilization, but also
of increased water use efficiency by plant canopies ow-
ing to increased photosynthesis at lower stomatal con-
ductances (Morison et al. 1985; see review by Mooney et al.
1999). The result can be a slower rate of depletion of soil
moisture, so that higher rates of photosynthesis may be
maintained for longer fractions of soil wetting/drying
cycles under high CO,, particularly in arid and semiarid
ecosystems. This effect has been consistently reported
for water-limited systems such as deserts (Pataki et al.
2000), Mediterranean grassland (Field et al. 1996) and
savanna ecosystems (Owensby et al. 1997). The implica-
tion is that “well-watered” ecosystems, including the most
productive forest regions of the tropics and boreal zone
(likely to play the largest role in C sequestration), take
the least advantage from the beneficial effects of reduced
stomatal conductance. Therefore, they may be the first
systems to approach an upper limit for the physiological
effects of increasing CO,.

6.4.1.2 Fertilization by Nitrogen Deposition

Given that N often limits plant growth in terrestrial eco-
systems, particularly temperate regions (Vitousek and
Howarth 1991),it has long been speculated that increased
plant growth from N deposition is likely to be an impor-
tant C sink process. Much of this reactive atmospheric N
results from N fertilizer use in agriculture and the com-
bustion of fossil fuel in industrial activities. The first
process produces reactive N, predominantly as NH; (and
NO,); the second produces NO,. (NO + NO,),which even-
tually deposit on vegetation and soils as dry and wet
deposition (Galloway and Cowling 2002). However, it is
known from fertilization trials and long term N deposition
studies that there is an upper limit to which additions

of N into the system will results in increased NPP. Past
this threshold, pollutants associated with N deposition
have a negative effect on ecosystems particularly tropo-
spheric ozone (Aber et al. 1998; see Sect. 6.4.1.3).

Early modeling studies showed that N deposition
could have a significant impact on enhancing C seques-
tration in forests, due to their high C/N ratio, particu-
larly at mid-latitude forests in the Northern Hemisphere,
where N deposition is highest and N-limitation is com-
mon (Holland et al. 1997; Townsend et al. 1996). These
models suggested that N deposition could result in in-
creased C sequestration at a rate of 0.1 to 2.3 Pg Cyr ..
At its upper plausible limit, N fertilization could account
for the entire net terrestrial C sink. Subsequent field ex-
perimentation suggests 0.25 Pg C yr™! as the upper real-
istic limit of C stimulation by N deposition (Nadelhoffer
et al. 1999). More recent analyses using the Biome-BGC
model and new N deposition data reinforce this lower
end value with an additional C uptake due to N deposi-
tion of 0.19 Pg Cyr™! and 0.26 Pg C yr™! for the decades
of 1980s and 1990s respectively (Galina Churkina, in
preparation). That analysis attributed 8 Pg C of the ter-
restrial sink during the period 19502000 to fertilization
by N deposition in Northern Hemisphere forests.

Global analyses of N deposition impacts continue to
be poorly constrained by lack of high quality spatially-
explicit datasets of N deposition (but see Holland et al.
2005 for the US and Europe) and an incomplete knowl-
edge of the various pathways by which deposited N is
incorporated into ecosystem components, including
N absorption directly by plant canopies.

Taking into account future projections of increased
N deposition over the next 100 years, largely in tropical
Americas, Southern Africa, and China-India (Galloway
and Cowling 2002; Fig. 6.2), it is unlikely that N deposi-
tion will create any major additional C sinks. Field ex-
periments using N additions in phosphorus-limited
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Fig. 6.2. Current and future projections of reactive nitrogen N cre-
ation rates in different regions of the world (Galloway and Cowling
2002). Left bar indicates the reactive N in 1996 (Tg N yr™1), right
bar indicates maximum reactive N at the time of projected peak
population in 2100
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tropical forest show higher emissions of nitrogen oxides
than in N-limited forests, both after single pulse and
chronic N additions (Hall and Matson 1999). In fact, an-
thropogenic N inputs may reduce productivity due to the
indirect effects on acidity and the availability of phos-
phorus and cations (Matson et al. 1999). In China and
India, most of the N deposition increases in will occur
on agricultural lands with little or no sink potential.
Therefore the fertilization effect of N deposition on
C uptake at present is probably close to the saturation
level if it has not already been reached.

There are, however, two related processes by which N
may be able to stimulate further C uptake. First, N-depo-
sition concurrent with increasing atmospheric CO, con-
centration may be acting synergistically to progressively
increase the standing C pool in terrestrial ecosystems by
partially reducing the limitation that its availability im-
poses on C uptake (Gifford et al. 1996). Second, increased
soil respiration in a warmer world, provided water is not
limiting, will release additional soil N which can stimu-
late C uptake to some degree (see Sect. 6.4.2.2).

6.4.1.3 Air Pollution

Air pollution, particularly tropospheric ozone (O,) back-
ground concentrations, has increased since the begin-
ning of the industrial revolution. Tropospheric O is
formed in photochemical reactions between carbon
monoxide, methane (CH,) and other hydrocarbons, and
NO,. All precursors are largely the result of fossil fuel
combustion (Felzer et al. 2004 and references within).
Unlike other more localized pollutants, tropospheric
ozone is a major regional issue with hot spots in Eastern
US, Eastern Europe and China, and with teleconnections
to other regions making tropospheric O5 a global pol-
lutant (Sanz and Milldn 1999; Derwent et al. 2004).

Plants exposed to tropospheric O, reduce C uptake
because O; damage cellular tissue which in turn reduces
photosynthesis and stomatal conductance. Historical
analyses of the possible negative effects of O; damage on
terrestrial carbon sequestration show a reduced sink
between 0.1 and 0.3 Pg C yr™! for the period 1950-1995
(Felzer et al. 2005). The suppression of the sink although
small is very significant over the 45-year cumulative pe-
riod, and the relative change was several times larger for
hot spot regions such as US, Europe and China.

Physiologically stressed vegetation is often more sus-
ceptible to insect and fungal attacks. Karnosky et al. (2002)
showed that aspen (Populus tremuloides) developed 3-4-
fold increases in levels of rust infection (Melampsora me-
dusae) following long exposures to O,. This further ex-
acerbated the reduction in C update.

Background O, concentrations and peak levels are
predicted to stay high or increase in the future (Fowler

et al. 1999).

6.4.2  Processes Driven by Climate Change

6.4.2.1 Precipitation and Temperature Effects on
Net Primary Production

Increased length of the growing season, increased pre-
cipitation, increased temperature, and decreased cloud
cover are factors thought to be responsible for an esti-
mated 6% increased terrestrial NPP (3.4 Pg C) over the
last two decades of the 20" century (Nemani et al. 2003);
this suggests a possible increase in C sequestration. IPCC
(2001) reported that the net sink in the Northern Hemi-
sphere increased from 0.2 Pg Cyr™! during the decade
of the 1980s to 1.4 Pg C yr™! during the 1990s with asso-
ciated large uncertainties.

These are the processes and trends, along with CO,
fertilization, that support model projections suggesting
a likely increase in the terrestrial C sink over the next
half a century. The same model projections suggest that
soil respiration will surpass levels of C uptake later in
this century, and that the tropical sink will be ultimately
destabilized due to drought (Cao and Woodward 1998;
Cramer et al. 2001; Cox et al. 2000; Fung et al. 2005;
Friedlingstein et al. 2006). This is projected to lead to
an overall decline of the net terrestrial sink which be-
comes a source by the end of the century in some of the
model projections. A key model assumption here is that
soil respiration will be as highly temperature dependent
in the long term as is found in short term experiments
(months to a few years).

Interestingly, new observations are already showing a
dampening of regional C sinks strength due to increased
climate variability (particularly due to hotter droughts),
and thus challenging the expectation of C sink enhance-
ment over the next few decades. An analysis of the entire
Northern Hemisphere shows that since 1994 the well
known acceleration of C uptake during early spring was
offset by decreased uptake during summer, most likely
due to drier summers in mid and high latitudes (Angert
et al. 2005). The heatwave in 2003 alone reduced the gross
primary productivity of European ecosystems by 30%
resulting in a net CO, source to the atmosphere of
0.5 Pg C yr'! (Ciais et al. 2005), equivalent to about 4 years
of Caccumulation in these systems lost in a single ex-
treme event of just a few weeks duration.

In the tropics, drought can enhance NEP in the short
term because it suppresses heterotrophic respiration
(Saleska et al. 2003). However, over the longer term,
drought and associated fire (Werf et al. 2004) are likely
to diminish the Net Biome Productivity (NBP) in regions
that experience an increasingly dry environment.

Thus, increases in intra- and inter-annual variability
(frequency and/or intensity) as predicted by some cli-
mate models under higher greenhouse gas (GHGs) con-
centrations (Giorgi et al. 2004; Meehl and Tebaldi 2004)
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could depress the net C sink of the Northern Hemisphere
and even push it to become a CO, source. If the increase
in climate variability (e.g., frequency of extreme events)
that has occurred in the past decade were to persist as
part of climate change, the net terrestrial C sink could
soon be declining, well before model predictions that
show a possible sink saturation between the middle and
end of this century (Cox et al. 2000; Cramer et al. 2003;
Friedlingstein et al. 2006).

6.4.2.2 Temperature and Water Effects on
Heterotrophic Respiration

The sensitivity of soil C pools to global warming is the
single biggest uncertainty in the C cycle to determine
future growth rates of atmospheric CO,. Terrestrial eco-
system models and coupled C cycle GCMs suggest large
positive feedbacks to climate due to an assumed high
sensitivity of soil heterotrophic respiration to warming
(Cramer et al. 2001; Cox et al. 2000; Friedlingstein et al.
2006). This assumption is supported by some short term
soil warming field experiments and laboratory soil in-
cubations which consistently show an increase in soil
respiration when exposed to elevated temperatures. A
meta-analysis of thirty-two field studies showed a 20%
increase in soil respiration when soils were experimen-
tally heated 0.5°C to 5°C for periods ranging from
2 to 9 years (Rustad et al. 2001; Fig. 6.3). Studies with
laboratory soil incubations at various temperatures have
also shown that temperature sensitivity is usually high
at low temperatures (Q,, as high as 8 close to 0 °C) and
low at higher temperatures (Q,, at around 2 for tempera-
tures above 20 °C) (Kirschbaum 1995).

Other studies show either no correlation between res-
piration fluxes and temperature or enhanced soil respi-
ration that disappears after some time (Giardina and
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Fig. 6.3. Effects of field experimental warming on soil respiration
in 16 studies (Rustad et al. 2001). Mean effect sizes and 95% confi-
dence interval for individual experiments. Soils exposed to elevated
temperatures of 0.3 to 6.0 °C for periods of 2 to 9 years

Ryan 2000; Valentini et al. 2000; Jarvis and Linder 2000;
Luo et al. 2001). The latter experiments suggest that once
the more labile C fraction has been respired, the remain-
ing more recalcitrant and stable pools are not sensitive
to temperature.

More recently, modeling and experimental studies
have shed light on this apparent paradox by showing that
more recalcitrant pools of Soil Organic Carbon (SOC)
do not show lower sensitivity to temperature than labile
pools (Knorr et al. 2005; Fang et al. 2005; Fierer et al.
2005). In fact the studies show that slow turnover pools,
the largest and therefore dominant component, are
equally (Fang et al. 2005) or more (Knorr et al. 2005) sen-
sitive to warming than fast pools.

It is important to note that concurrent with organic C
mineralisation to CO, during heterotrophic respiration,
there is N mineralisation to ammonium and nitrate that
could feedback onto productivity. The meta-analysis of soil
warming experiments found that associated with an aver-
age 20% increase of heterotrophic respiration with warm-
ing there was an average 46% increase in net 