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ABSTRACT

Coupling of the carbon and hydrological cycles, such as the relationship
between photosynthesis and transpiration, are essential global and environmental
change issues, which are interrelated to future water availabilibgrcand water
feedback to climate, and carbon sequestration. The goal of this dissertation is
recapitulate three projects that use independent experimental, analytical, a
modeling approaches to evaluate the influence of climate change on the catbon a
water cycle. In the first study, | used the Terrestrial ECOsySI&@0O) model to
evaluate the ecohydrological and carbon-water coupling response to single and
multiple climate change scenarios — this included combinations of warmingeeleva
CO,, and altered precipitation on runoff, evaporation, transpiration, rooting zone soil
moisture content (RZSM), water use efficiency (WUE), and rain useezfygi
(RUE) - in a North American tallgrass prairie. The 200 different scenartbs, w
gradual change for 100 years, showed strong responses in runoff, evaporation,
transpiration, and RZSM to changes in temperature and precipitation, whils effect
CO, changes were relatively little. For example, runoff decreased by 50¢a 0
°C increase in temperature and increased by 250% with doubled precipitation.
Ecosystem-level RUE increased with £@ecreased with precipitation, and
optimized at 4-6C of warming. In contrast, plant-level WUE was highest at doubled
CO,, doubled precipitation, and ambient temperature. The different response patterns
of RUE and WUE signify that processes at different scales responded unajuely
climate change. Combinations of temperature;,@0d precipitation anomalies

interactively affected response magnitude and/or patterns of ecohydrblogica
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processes. Our results suggest that ecohydrological processes witerablys
affected by global change factors and then likely regulate other emwsysbcesses,
such as carbon and nitrogen cycling.

The second experiment was conducted to assess the effects of warming and
doubled precipitation on soil water dynamics in a tallgrass prairie geosy Using a
one year “pulse” experiment, with 4°C warming and a doubling in precipitation
intensity, an analysis of annual soil moisture, soil moisture frequency, aed lass
was done. There was a decrease in soil moisture frequency from 0-120 cm in both
warming and warming with increased precipitation experiments. Diffe@! depths
had similar patterns of change in soil moisture and soil temperature frequency. A
statistical difference in soil moisture was found among the differenbtesdttypes.

A correlation of evapotranspiration and soil moisture allowed for an estimate of
changes in evapotranspiration from the wilting poinj) & maximum
evapotranspiration (k. These results revealed a shift in the slope and position of
Ew to EnaxWith experimental warming. Our results showed that the soil moisture
dynamics and the ecohydrology were significantly changed by differaalgl

climate change scenarios.

The third study was an investigation the role of experimental warming on
carbon-water coupling across multiple ecosystem types. Here | usstd-amalysis
technique to evaluate the impact of experimental warming on rain useraffici
These results indicate that increases in temperature cause aangmifacease in
RUE. Additionally, we show that experimental warming had the largest impact on

shrubland and tundra sites, while grasslands, receiving the highest amount of

Xiv



precipitation and lowest experimental temperatures, had the second lowesteespons
to experimental warming. Wetland biomes had the lowest response to experimental
warming. This research demonstrates that there are temperatteidimsi that span

multiple ecosystems and these results are beneficial for large-suwdédimy projects.

Keywords: global climate change, carbon-water coupling, ecohydrology, terrestrial
ecosystem ecology, grassland, warming, precipitation, & use efficiency,
runoff, evaporation, transpiration, soil moisture, water use efficiency, ¢eosys

modeling
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Chapter 1

Introduction

1.1 Introduction

The influence of greenhouse gases on atmospheric temperature is a well
understood process. Some of the earliest research on understanding the impact of
greenhouse gases on Earth’s temperature was done in 1820s by the French scientist
Jean Baptiste Joseph Fourier. Subsequent work was done by John Tyndall, a British
scientist, on characterizing the particular gases that cause the greegdgmeffect.
In the 1890s, a Swedish scientist, Svante Arrhenius, mathematically derivad that
increase in carbon dioxide (GQwould increase the Earth’s temperature. However,
it was not until the 1950s that a United States’ scientist, Dr. Charles KeeMggdle
a method of measuring atmospheric @0Oncentrations. Soon afterwards it was
discovered that the average concentration of atmosphegC@ased every year
and many scientists speculated that the increase im@®related to the burning of
fossil fuels (i.e. coal and oil). Since 1990, the Intergovernmental Panelmat€l
Change (IPCC) has released four assessments on the anthropogenic increase i
greenhouse gases (e.g. £&,0, CH,, and CFC) and the subsequent connection of
increases in atmospheric temperatures.

In the next century, climate change is predicted to continue to change due to
various human activities that will increase greenhouse gases (e.g. conticread é
in dependence on fossil fuels, destruction of forests, and the increasing human

population). As a consequence, ®predicted to continue to increase and the



Earth’s surface temperature is expected to rise somewhere between 1.1Ct.4 °
the end of the ZDCentury. In addition, warmer atmospheric temperature is likely to
result in higher moisture demand and cause alterations in hydrological cycle
(Huntington 2006). The IPCC (2007) has indicated that there could be a 0.5 to 1%
change in precipitation per decade for the next century. These changesmte cl
conditions (i.e. temperature, G@nd precipitation) could have an unparalleled
change in ecosystem processes and functions.

Multiple climate change scenarios have shown to alter different hgitralo
processes. Huntington (2006) predicted an exponential increase in specific wumidit
due to an increase in atmospheric temperature. Climate modeling studieteestima
that a 3.4% increase in precipitation should occur per every degree Kelvin (Allen and
Ingram, 2002). Additional analysis indicates that intensity and severity of
precipitation will result from climate change (Easterling et al., 2000)thé&umore,
site specific ecosystem studies have evaluated a multitude of possible dhanges
various hydrological processes under different climate change scenaoios
example, research was conducted on changes in soil moisture (Owensby et al., 1993;
Gerten et al., 2007), runoff (Wetherald and Manabe 2002; Betts et al., 2007),
transpiration (Nijs et al., 1997; Lockwood et al., 1999;Yang et al., 2003), and plant
water use (Allen et al, 2003; Morgan et al., 2004) with different climategeha
scenarios. No studies, to this author’'s knowledge, have investigated all hychblogi
processes under various climate change scenarios or linked these chéngésew

biogeochemical cycles (e.g. carbon).



Interactions of anthropogenic climate change on ecosystem processes have
become a topic of interest to ecologists seeking to scientificallyaeathanges in
the Earth’s biosphere. This includes investigating the changes in biogeaghemic
cycles (e.g. carbon, nitrogen, and water). A biogeochemical cycle is aayatiay
allows a chemical element, or compound, to move through the Earth’s biosphere,
atmosphere, hydrosphere and lithosphere. These cycles have now been changed
because of human activities. For example, the burning of coal and oil is rapidly
releasing stored terrestrial carbon into the atmosphere and storedmitrdige
atmosphere is being manufactured as agricultural fertilizer thrineghuman-
engineered Haber-Bosch process. These unprecedented changes in biogabchemic
cycles and climate make it important to understand ecosystem responseadnildyt
to withstand future perturbation.

Ecologists have used multiple methods to investigate future climate change
scenarios. This research comprises of field experiments that use varrouegva
techniques, precipitation manipulation, and increaseg @dew specific examples
include a continuous warming experiment, using infrared heating apparatuses, for the
past 9 years at The University of Oklahoma (Wan et al. 2002), a precipitation
manipulation experiment, that altered the rainfall frequency and intendityg at
Konza Prairie Biological Station (Harper et al. 2005), and the Duke Foresska
that has increased G@©oncentrations to a loblolly pine forest (Ellsworth et al. 1995).
Furthermore, a few experiments have used combinations of climate chetuge ta
simulate multidimensional future conditions. For example, there wasyeane

“pulse” warming and precipitation experiment at The University of OklahomauZ



et al. 2006) that was designed to evaluate the impacts of an anomalows year (
“pulse”). Although a large amount of research has addressed the interaction of
climate change and ecosystem processes, there are many environmeiitah | theat
remain unanswered.

Ecohydrology is a new discipline that combines both hydrology and ecology
to understand the hydrological cycle. It is well known that multiple ecosystem
processes actively contribute to the terrestrial hydrological ¢gdetranspiration,
plant uptake of water, and rainfall interception). Hence, climate changputaion
experiments on various ecosystems allow for a better understanding of thespsoc
that govern ecohydrology. For example, transpiration increased by exptime
warming (Nijs et al. 1997) was significantly altered either positivelyegatively
based on rainfall manipulation (Fay et al. 2003), and decreased with higher
atmospheric C®(Polly et al. 1999; Ferrestti et al. 2003). Furthermore, various
climate change research has demonstrated that other ecohydrologpesises will
be changed by factors such as soil moisture (Wullschenger et al. 2002; Morgan et a
2004), runoff (Wetherald and Manabe2002; Betts et al. 2007), and evaporation
(Ferretti et al. 2003). Although most of these studies have focused on single facto
experiments or large scale modeling efforts, this research has provedleand
helped in identifying changes in various processes, albeit with some lom#tati
Hence, climate change will occur in combination with multiple factors and could
produce interactions that cannot be accounted for with single factor exparonent
large scale modeling. Therefore, identification of these potential ¢titexrgrocesses

and regional scale patterns become increasingly important.



There is little available research that focuses on the coupling of
biogeochemical cycles. Historically, researchers have ggntralised on specific
biogeochemical cycles. These cycles, however, are not isolated frorotkach
nature and always work in concert. Hence, it is important to understand how
biogeochemical cycles respond in unison with climate change. In order tanexami
multiple interactions of biogeochemical cycles and a variety of combinaifons
climate change scenarios it is sometimes necessary to use modeling

The work in this dissertation addresses the response of the hydrologieal cycl
and carbon-water cycle coupling to global climate change using three apgroache
ecosystem modeling, meta-analysis, and a one year “pulse” experimenesite r
of this research will help scientists, politicians, and the general publer bett
understand the implications of global climate change on ecosystem processes
especially changes in the hydrological and carbon cycle. This endeavelpa
guide future scientific experimental research and, in particular, the mgdeli
component could be very helpful in illustrating which potential climate change
combinations are most beneficial for changing ecosystem processesiorally,
these results could be useful for understanding and implementing local ecosystem
processes and feedbacks into regional and global scale models. Politiciansy reg
planners, and natural resource managers should be interested in the response of

carbon and water to different climate change scenarios.
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Figure 1.1 Schematic illustration of the terrestrial ecosystem carbon and hyahallog

cycle. Red arrows represent the transport of carbon and the blue arrowstepheese

transport of water; each arrow is labeled with the appropriate process. advanaliis

to show the similarities between the two cycles and the atmospheregilant-s

interaction.



In Chapter 2, | use the Terrestrial Ecosystem (TECO) model to analyze
changes in the hydrological cycle and explore the relationship of carbon-wate
coupling at two different scales. This technique focuses on the tallgrass jporair
Oklahoma because of the availability of actual data for validation of the madel. |
Chapter 3, | analyze soil moisture dynamics during a one year “pulsairagpéeat
The University of Oklahoma. This experiment was designed to simulate both single
and multiple scenarios of climate change in a tallgrass prairie. In CHapter
investigate the carbon-water coupling at multiple experimental wgrsiies and
utilized a meta-analysis statistical technique to evaluate resultsridwvidual
experimental studies. Finally, Chapter 5 presents the conclusions of thiatdmser
and discusses future research needs in global climate change. It should beatoted t

Chapter 2, 3, and 4 are developed for peer-review publication.






Chapter 2

Ecohydrological Responses to Multifactor Global Chage in a

Tallgrass Prairie: A Modeling Analysis

This chapter has been submitted for publication in JGR — Biogeoscience (2009)



Abstract

Relative impacts of multiple global change factors on ecohydrological
processes in terrestrial ecosystems have not been carefully studied .shudly, we
used a terrestrial ecosystem (TECO) model to examine effects ofjtbbe¢ change
factors (i.e., climate warming, elevated £@nd altered precipitation) individually
and in combination on runoff, evaporation, transpiration, rooting zone soil moisture
content, water use efficiency (WUE), and rain use efficiency (RUENarth
American tallgrass prairie. We conducted a total of 200 different scematins
gradual changes of the three factors for 100 years. Our modeling rbswitstsong
responses of runoff, evaporation, transpiration, and rooting zone soil moisture to
changes in temperature and precipitation, while effects efdi@nges were
relatively minor. For example, runoff decreased by 50% with % lificrease in
temperature and increased by 250% with doubled precipitation. Ecosystem-level RUE
increased with C@ decreased with precipitation, and optimized at’@-6f
warming. In contrast, plant-level WUE was highest at doubleg Gdaubled
precipitation, and ambient temperature. The different response pattern& arigu
WUE signify that processes at different scales responded uniquely to atinaaige.
Combinations of temperature, g@nd precipitation anomalies interactively affected
response magnitude and/or patterns of ecohydrological processes. Oarsiagydist
that ecohydrological processes were considerably affected by ghavajes factors
and then likely regulate other ecosystem processes, such as carbon and nitroge
cycling. In particular, substantial changes in runoff to different clirtlaéage

scenarios could have policy implications because it is a major component to
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replenishing freshwater. These modeling results should be tested by ahd coul
influence design of field experiments on ecohydrological processes.
Keywords: Temperature, C§ precipitation, ecohydrology, rain use efficiency, water

use efficiency

2.1. Introduction

The atmospheric concentration of carbon dioxideiG1@s increased from
pre-industrial levels of 280 ppm to the present level of around 379 ppm (IPCC, 2007).
Consequently, the Earth surface’s temperature has increased B¢ @7é&r the last
150 years and at a rate of 02C3per decade over the last fifty years (IPCC, 2007). It
was predicted that Earth surface temperature will continue to incredsg twy6.4C
over the next century (IPCC, 2007). This expected increase in temperaturieehill li
result in alterations in the hydrological cycle at regional and globadssddluntington
(2006), for example, predicted an almost exponential increase in the specificthumidi
due to the increase in temperature; whereas, modeling analysis showed a 3.4%
increase in precipitation per degree Kelvin (Allen and Ingram, 2002). This lea
guestion: how will the hydrological cycle in terrestrial ecosystems respond t
multifactor climate change?

Individual ecohydrological processes may differentially respond to global
change, leading to complex patterns and changes in ecosystem water batsigre (G
et al. 2008). Wetherald and Manabe (2002) showed that modeled runoff decreased
globally with an increase in temperature for a thirty year period due to $ecrea

evapotranspiration. However, an increase in precipitation in a given year nesults
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increased runoff due to over-saturation of soil moisture. The two components of
climate change (i.e., warming and altered precipitation) could interpldfetd a
evaporation. In addition, plant transpiration is regulated by atmosphesic CO
concentration (Lockwood, 1999) and length of growing seasons. Sherry et al. (2007)
have showed that an increase in temperature extended the growing seasons. This
extension in the growing season could increase the amount of water transpired, whil
an increase in C{xan decrease the amount of transpiration from a plant due to a
more efficient stomatal opening (Farquhar and Sharkey, 1982). The processes of
evaporation, transpiration, and runoff all influence soil moisture content (Yahg et a
2003), The Lund-Potsdam-Jena model demonstrated varying effects of different
climate change scenarios on soil moisture in different regions (Geén2a07)
and consequently on biomass growth and net primary production (NPP) (Cramer et
al., 2001). To improve our understanding of complex ecohydrological responses to
climate change, we need to systematically examine interactions tblsnédctors in
influencing components of the terrestrial hydrological cycle, such asfysoof
moisture, transpiration, and evaporation.

Additionally, the hydrological cycle in the terrestrial ecosystemasety/
coupled with biogeochemical cycles. The hydrological-biogeochemical coupling may
strongly respond to climate change. For example, plant water use effi(WhiE), a
major index of carbon-water coupling, usually increases with an increase in
atmospheric C@concentration but decreases with an increase in temperature (Allen
et al., 2003) and with an increase in rainfall. It is also essential to understand how

WUE responds to multi-factor global change scenarios. Carbon-waterngpapli
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ecosystem and regional scales is usually indicated by rain-useref§iciehich, to
the best of our knowledge, has not been carefully studied under different climate
change scenarios using experimental approaches.
Comparative studies of ecosystem rain use efficiency (RUE) and plant WUE
is helpful in revealing different processes that influence carbon and eeateiing.
RUE, defined by a ratio of above-ground net primary productivity (ANPP) over
yearly precipitation, measures the amount of biomass production per unit of
precipitation over one year. Plant-level WUE, defined by a ratio of ANPP over
transpiration, measures the amount of water lost via plant transpiration for ppoduct
of one unit of plant biomass. Plant WUE primarily reflects changes in leaf
photosynthesis and transpiration in response to climate change; whereas ecosystem
RUE measures changes in plant growth biomass in association with changes in al
hydrological processes at the ecosystem scale under different atinaaige
scenarios. An increase in precipitation, for example, usually results @ages not
only in plant biomass but also in runoff and soil evaporation. Plant WUE can only
measure the plant-level responses. We need ecosystem RUE, to describe changes in
other ecosystem processes. Similarly, climate warming and rismagpheric CQ
concentration are likely to differentially influence plant WUE and ecosy&EE.
Ecohydrological processes are influenced by climate change factors
individually or in combination. There have been studies on how single-factor climate
change influences ecohydrological processes. For example, Knapp et al. (2002)
showed that an increase in rainfall variability resulted in a reduction of n&dnyri

production and shifts in community composition. Nilsen and Orcutt (1998) showed
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that decreases in soil moisture will reduce the amount of plant water potential
However, responses of ecohydrological processes to one factor arera@ied by
other global change factors. A few experiments have examined ecosgsfEmses
to multifactor global change, primarily on carbon and nutrient processes. How co-
varying multifactor climate change will alter ecohydrologicagasses has not been
carefully examined. Modeling studies have the potential to provide insight on the
effects of multi-factor global change on ecohydrological proce&segpp et al.,

2007).

This study was designed to understand ecohydrological responses to global
change factors (i.e., altered precipitation, warming, and elevated atmosperi
concentration) individually or in combination. We used the Terrestrial ECOsystem
(TECO) model (Weng and Luo 2008) to examine changes in ecohydrological
processes under 150 scenarios from 6 levels of climate warming (i.easesia
temperature by 0, 2, 4, 6, 8, and°Mabove the ambient), 5 levels of £O
concentration from ambient to doubled £th each increment of 25%, and 5 levels
of precipitation from -25 to 75% of the ambient with each increment of 25%. In
addition, we also examined ecosystem responses to combinations of various
temperature and precipitation levels at subambientd@@centration (280 ppm) for
studying three-way interactions. This modeling analysis was focusedmonses of
runoff, evaporation, transpiration, rooting zone soil water content, water use
efficiency (WUE) and rain use efficiency (RUE) to climate warmelgvated CQ

and altered precipitation.
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2.2. Materials and Methods

Model Description

The terrestrial ecosystem (TEC@odel is a process-based ecosystem model
(Weng and Luo. 2008), which evolved from the terrestrial carbon sequestration (TCS)
model developed by Luo and Reynolds (1999). TECO and its precursor, TCS model,
have been applied to study responses of forest ecosystems to elevatedcCa al.

2001, 2003, Xu et al. 2006) and examine nonlinear patterns of grassland responses to
multifactor global changes (Zhou et al. 2008). The TECO model has four

components: a canopy photosynthesis sub-model, a soil water dynamic sub-model, a
plant growth sub-model, and a soil carbon transfer sub-mdde canopy

photosynthesis and soil water dynamic sub-models run at hourly steps while the plant
growth and soil carbon transfer sub-models run at daily steps. The TECO model was
described in detail by Weng and Luo (2008). Here we provide a brief description of
carbon sub-models and a full description of the soil water dynamics sub-model
because the latter is the focus of this study.

The canopy sub-model is from a two-leaf photosynthesis model simulating
canopy conductance, photosynthesis, transpiration, and energy partitioning (Wang
and Leuning, 1998). The sub-model is composed of foliage levels that are divided in
sunlit and shaded leaf area index (LAI). Leaf photosynthesis is estimasztidrathe
Farguhar photosynthesis model (Farquhar et al., 1980) and the Ball and Berry
stomatal conductance model (Ball et al., 1987). The Plant Growth sub-model
simulates allocation of assimilates to plant pools, plant growth, plantagspjrand

carbon transfer to litter and soil carbon pools. Allocation of assimilates depends on
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growth rates of leaves, stems and roots, and varies with phenology based on the
ALFALFA model (Luo et al., 1995) and parameterization of litter fall by Aroré a

Boer (2005). Seasonal dynamics of phenology is represented by the variation of LAI
Commencement of leaf onset is regulated by growing degree days (GDI2pand |

fall is determined by low temperature and dry soil conditions. The end of the growing
season occurs at LAI <0.1. The Carbon Transfer sub-model simulates carbon
movement from plant pools to litter and soil pools in three layers. Carbon releases
from litter and soil carbon pools are based on decomposition rates and pool sizes (Luo
and Reynolds, 1999).

The soil water sub-model divides soil into ten layers as in the ALFALFA
model (Luo et al., 1995) while soil carbon sub-model has three layers for carbon
dynamics. The sub-model simulates dynamics of soil water content based on
precipitation, runoff, evapotranspiration, and the amount of water content in the
previous time step as:

W, =W,

ol oo + P— Runoff—ET (2)

whereWsoil is soil water contentj\soilo is soil water content in the previous time step,
P is precipitation, andT is evapotranspiration equaling the amount of plant
transpiration and soil surface evaporation. Transpiration is calculateddratiesl
canopy model for simulating canopy conductance, photosynthesis and energy
partitioning of sunlit and shade leaves separately. Evapor&ipis controlled by

the amount of water lost from the soil surface based on evaporative demand (Sellers

et al., 1996):

_ e*(TsoiI)_ea pCP 1

ES
Fsoil +1g y A

(2)
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Figure 1. Structural diagram of the TECO model. (A) Canopy model; (B) Soil water
dynamics model; (C) Plant growth model; (D) Carbon transfer model. Boxes
represent the carbon pool, is autotrophic respiratiofR, is heterotrophic

respiration. NSC is non-structure carbohydrates.

17



The soil water sub-model divides soil into ten layers as in the ALFALFA
model (Luo et al., 1995) while soil carbon sub-model has three layers for carbon
dynamics. The sub-model simulates dynamics of soil water content based on
precipitation, runoff, evapotranspiration, and the amount of water content in the
previous time step as:

W, =W,

ol oo + P— Runoff— ET (2)

whereWsoil is soil water contentj\soilo is soil water content in the previous time step,
P is precipitation, andT is evapotranspiration equaling the amount of plant
transpiration and soil surface evaporation. Transpiration is calculateddratiesl
canopy model for simulating canopy conductance, photosynthesis and energy
partitioning of sunlit and shade leaves separately. Evapor&ipis controlled by

the amount of water lost from the soil surface based on evaporative demand (Sellers

et al., 1996):

_ e*(TsoiI)_ea pCP 1

ES
Fsoit +1g y A

(2)

wheree*( Tsoil) is the saturation vapor pressure at temperature of thesisilthe
atmospheric vapor pressurg; is soil resistance, is the aerodynamic resistance
between ground and canopy air spads,the density of ailG, is the specific heat
capacity of airy is the psychrometric constantis the latent heat of evaporation
(Sellers et al., 1996).

When rainfall input into soil is more than water recharge to soil water holding
capacity, runoff occurs and is estimated by the following equation:

Runoff=W.

soil

_Wmax (3)
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where,\Whax is soil water holding capacity. The soil moisture scalar is important in
regulating photosynthesis, plant growth rate, and soil carbon turnover time. We

estimated the scalar by:

f, = min(l.O,S.SS(MD @)
Wmax_Wmin

where,Wmin is the permanent wilting point.

Model input data included air temperature, soil temperature, relative humidity,
precipitation, and photosynthetically active radiation. Vapor pressure dedigit w
estimated from relative humidity and temperature. All of the daily ¢érdata from
2000 to 2005 were from a MESONET station near Washington, Oklahoma. The
model was run to an equilibrium state using 6-year repeated cycles of theclima
data. The spin-up simulations were done for 100 years before we applied different

scenarios.

Validation

We validated the model using data collected from a long-term warming
experiment that has been ongoing at the Kessler's Farm Field Labqifdtly) in
McClain County, Oklahoma (34° 59’ N, 97° 31’ W) since November 1999. The
dominant species at the site werggassesSchiachyrium scoparium, Sorghastrum
nutans andEragrostis curvulaand G forbs Ambrosia psilostachyiand
Xanthocephalum texanurverage annual rainfall is about 915mm and average
annual temperature is 16.3 °C. Data sets that were used in the model validation were
aboveground and belowground biomass, soil moisture, and soil respiration. The

measurements of aboveground biomass were done once a year for 6 years and
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belowground biomass only twice (Wan et al., 2005). Measurements of soil moisture
and respiration were done twice a month (Luo et al., 2001, Wan et al., 2005, Zhou et
al., 2006). All of the model patterns matched closely with the observed data. A full
description and graphical representation of model validation can be seen in Weng and

Luo (2008).

Table 1 Scenarios for one and two factors

Factors Scenarios

Temperature ambient, +2C, +£C, +6°C, +8C, +10C
CO, concentration ambient, +25%, +50%, +100%

Precipitation ambient, -25%, +25%, +50%, +75%

Scenarios

The validated TECO model was used for this study. We developed 6 levels of
climate warming (i.e., increases in temperature by 0, 2, 4, 6, 8, ddalbve the
ambient), 5 levels of C{concentration from ambient at 385 ppm to doubled CO

with each increment of 25%, and 5 levels of precipitation from -25 to 75% of the
ambient with each increment of 25%. We used full combinations of three factors
with their respective levels individually and in combinations and examined a total of

150 scenarios. The two- and three-factorial design allowed us to examiaetiager
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effects of different combinations of climate change. For the simultaneouseshang
three-factors: temperature, g@nd precipitation, we only show modeled results
under four precipitation scenarios (-25%, ambient, 25%, and 50%) and thsee CO
concentrations (280, 385, and 780 ppm), representing preindustrial, current, and
future conditions. All the combinations were run until conditions mimicked present
day and then a gradual change began for the ensuing 100 years. Simulation results
averaged of these 6 years were reported in the paper for comparative study of

ecosystem responses to different climate change scenarios.

2.3. Results

Runoff

Runoff greatly varied with global change scenarios in precipitation, &
temperature (Fig. 2). When precipitation changed from a decrease of 25%e&sa%cr
of 25, 50 and 75% from the control (i.e., ambient precipitation), there was a change in
runoff by a decrease of 64% to the increases of 75, 157 and 245%, respectively (Fig.
2, Al). When temperature increased by 2 2A0runoff decreased by 25 - 73% (Fig.
2, A2). Changes in atmospheric £€ncentration had little impact on runoff as a
single global change factor (Fig. 2, A3).

Two-factor climate change had a varying effect on runoff (Fig. 2, BE3).
example, when temperature increased byCL@ith precipitation changes of -25, 25,
50 and 75%, runoff varied from -90, -35, 21 and 92%, respectively (Fig. 2, B1).
Precipitation was the primary cause for a change in runoff with different

combinations of C@and precipitation scenarios (Fig. 2, B3). Interactive effects of
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CO, and temperature on runoff were minor (Fig. 2, B2). Three-factor climate change
also had varying changes in runoff depending on the scenario (Fig. 2, C1-3).

However, changes in GO

Rooting Zone Soil Moisture

Simulated rooting zone soil moisture had a relatively small change in percent
response to single or multi-factorial global climate change comparedeto oth
ecohydrological variables (Fig. 3). The largest change caused by agloiugé
change factor was an 18% decrease in rooting zone soil moisture due to attempera
increase by 16C (Fig. 3, A2). When precipitation decreased by 25% from ambient,
there was a decrease in rooting zone soil moisture by 3.9% (Fig. 3, Al). A
precipitation increase by 75% resulted in a rooting zone soil moisture increase of
6.4%. An increase in atmospheric £&ncentration had the lowest impact on
rooting zone soil moisture (Fig. 3, A3).

Two-factor climate change scenarios had variations in output; however, most
of the variation occurred with combinations of precipitation and temperature. Hence,
a combination of a 18C increase in temperature and a precipitation decrease of 25%
resulted in a decrease of 22% in rooting zone soil moisture in comparison to that at
ambient conditions (Fig. 3, B1). Interactive effects ok, €ncentration with changes
in either temperature or precipitation on rooting zone soil moisture were rigor (

3, B2-3). The patterns of three-factor changes were similar to the patténwes

factor
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Figure 2. Runoff results from TECO model, (A1-3) single factor climate change
scenarios, (B1-3) two factor combinations of precipitation, temperature and CO
(C1-3) three-way interactions of with multiple combinations of temperature and
precipitation; under 280ppm, 385ppm and 780ppm Gcentrations, respectively.
concentration were miniscule when compared to the changes in precipitation or

temperature. Precipitation was the most influential on changes in runoff ureter thr

factor change.
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Rooting Zone Soil Moisture

Simulated rooting zone soil moisture had a relatively small change in percent
response to single or multi-factorial global climate change compareldeo ot
ecohydrological variables (Fig. 3). The largest change caused by agloiugé
change factor was an 18% decrease in rooting zone soil moisture due to attempera
increase by 16C (Fig. 3, A2). When precipitation decreased by 25% from ambient,
there was a decrease in rooting zone soil moisture by 3.9% (Fig. 3, Al). A
precipitation increase by 75% resulted in a rooting zone soil moisture increase of
6.4%. An increase in atmospheric £&ncentration had the lowest impact on
rooting zone soil moisture (Fig. 3, A3).

Two-factor climate change scenarios had variations in output; however, most
of the variation occurred with combinations of precipitation and temperature. Hence,
a combination of a 18C increase in temperature and a precipitation decrease of 25%
resulted in a decrease of 22% in rooting zone soil moisture in comparison to that at
ambient conditions (Fig. 3, B1). Interactive effects ok €ncentration with changes
in either temperature or precipitation on rooting zone soil moisture were rigor (

3, B2-3). The patterns of three-factor changes were similar to the patténwes
factor changes; however, there was a slight decrease in rooting zone stirenoi

with an increase in C{roncentration (Fig. 3, C1-3).
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Figure 3. Rooting Zone Soil Moisture results from TECO model, (A1-3) single

factor climate change scenarios, (B1-3) two factor combinations of pedicipit

temperature and GO(C1-3) three-way interactions of with multiple combinations of

temperature and precipitation; under 280ppm, 385ppm and 780ppm CO

concentrations, respectively.
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Evaporation and Transpiration

Simulated transpiration from the TECO model responded positively to most
climate change scenarios. Single-factor precipitation change hagshenpact,
whereas an increase in temperature had the greatest impact on trams(tigti4,
Al-2). Transpiration varied from -9 to 11% as precipitation varied from -25 to 75%
from the control, whereas transpiration increased by 57% with an increase in
temperature by PC. Doubled C@concentration caused a minor decrease in
transpiration (Fig. 4, A3).

Two-factor climate change caused some variations under differewarsse
The greatest degree of change in transpiration occurred with different comtsnati
of both precipitation and temperature (Fig. 4, B1). The largest percent change in
transpiration came from combined increases in temperature 6 d10d
precipitation by 75%; which resulted in a simulated increase of transpitati
101%. Two-factor change with G@ad little impact on the rate of transpiration (Fig.
4, B2-3). Three-factor climate change scenarios had little variation Wworfatctor
precipitation and temperature change (Fig. 4, C1-3).

Simulations of the TECO model showed variable responses of evaporation to
different single and multi-factor scenarios of climate change }igSingle-factor
precipitation had the largest impact on evaporation among the three global change
factors. For example, evaporation decreased by 16% from control when prieaipitat
was reduced by 25%, and increased by 27% when precipitation increased by 75%
from the ambient level (Fig. 5, A1l). Temperature caused the next largesttioge

change; a
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Figure 4. Transpiration results from TECO model, (A1-3) single factor climate
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Figure 5. Evaporation results from TECO model, (A1-3) single factor climate
change scenarios, (B1-3) two factor combinations of precipitation, temeeaatr
CO,, (C1-3) three-way interactions of with multiple combinations of temperature and
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10°C increase in temperature resulted in a decrease in evaporation by 20% from that
of the control (Fig. 5, A2). Single-factor G@oncentration had a marginal effect on
evaporation (Fig. 5, A3).

Two-factor change had a linear response with all combinations (Fig. 3). B1-
When temperature increased by’@and precipitation decreased by 25%, simulated
evaporation rate was reduced by 42%. With a b€ease of 100% and a
precipitation increase of 75%, evaporation increased by 29%. Three-factdeclima
change had a response that was most similar to precipitation change. &Evapac
some slight changes under increased temperature and negligible changes under
varying CQ concentrations.
Rain-use Efficiency

Simulated rain-use efficiency (RUE) was calculated from NPP and annual
rainfall (RUE = NPP/rainfall). Single-factor climate changeseal varying changes
in RUE; with precipitation causing the largest percent change. The largest ahange
RUE, by 31%, came with a 75% increase in precipitation from ambient (Fig. 6, Al).
When precipitation decreased by 25%, RUE increased by 14% in comparison to that
of control. Increases in temperature caused nonlinear changes in RUE by 17, 28, 27,
21 and 13%, respectively, with temperature increases of 2, 4, 6, 8 a@drbtn the
ambient (Fig. 6, A2). When Goncentration increased from ambient by 25, 50, and
100%, RUE increased by 11, 18, and 20% (Fig. 6, A3).

Two- and three-factor climate change scenarios had multiple interacti
effects on RUE. For example, a temperature increase’6fcdmbined with multiple

levels of
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precipitation change (decrease by 25% to increases by 25, 50 and 75%) resulted in
corresponding changes in RUE by 16, 9, 0.5, and -9% (Fig. 6, B1). However, at a 10
°C increase in temperature with €i@creases by 25, 50, and 75% there were
increases in RUE by 28, 36, and 38%, respectively (Fig. 6, B2). The optimal RUE
with two-factor climate change occurred with doubled,@0d a 25% decrease in
precipitation (Fig. 6, B3), a%C increase in temperature and a 25% decrease in
precipitation (Fig. 6, B1), and a°€ increase in temperature and doubled (fly. 6,

B2). The responses of RUE to three-factor climate change scenariossgerfg |
influenced by precipitation; when temperature and €@hcentrations also had an

impact on RUE (Fig. 6, C1-3).

Water-use Efficiency

Plant-level water-use efficiency (WUE) was calculated from NRidetl by
the amount of transpiration (WUE=NPP/Transpiration). Nonlinear responses in
WUE were seen with single-factor changes in precipitation (Fig. 7, Al), tataper
(Fig. 7, A2), and CQ(Fig. 7, A3) WUE increased with precipitation and €0
concentration but decreased with an increase in temperature. 10% stimulation in
WUE occurred with a single-factor 75% increase in precipitation (Fig. 7, Al) and
doubled single-factor C{xoncentration caused an increase of 26% (Fig. 7, A3).
However, WUE decreased by 34% when temperature increased’@yfrtdn control
(Fig. 7, A2).

Two-factor scenarios altered WUE in the same nonlinear patteqns/(B1-

3). Simulated optimal WUE occurred under the scenarios of doubledi@iCa 75%
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increase in precipitation (Fig. 7, B3), a 75% increase in precipitation at therdm
temperature (Fig. 7, B1), and doubled G®the ambient temperature (Fig. 7, B2).
However, the highest percent change in WUE, i.e., a 39% increase, occurred with a
doubled CQ concentration and a 75% increase in precipitation. Three-factor
scenarios also caused various nonlinear patterns of change in WUE with different

conditions (Fig. 7, C1-3).

2.4. Discussion

Little is known about how different ecohydrological processes will respond to
varying combinations of CQprecipitation and temperature in the future (Knapp et
al, 2008). Our modeling results show that all components of the terrestrial
hydrological cycle are changed under different scenarios of climatgeh@hese
results are important in explaining potential ways in which the ecosystém wi
respond given future alterations. Hopefully, our modeling results can be tested by a
help in the design of future multi-factor experiments. To further illustrateesults,
we will first explain how climate change altered ecosystem rainngelant level
water use, and then further explain effects of single- and multiple-fdictate

change on the rest components of the water cycle.
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Figure 7. Water-use efficiency results from TECO model, (A1-3) single factor

climate change scenarios, (B1-3) two factor combinations of preapitati

temperature and GO(C1-3) three-way interactions of with multiple combinations of

temperature and precipitation; under 280ppm, 385ppm and 780ppm CO

concentrations, respectively.
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Effects of Global Change on Rain- and Water-Use Efficiency

Our simulations showed that ecosystem rain use efficiency (RUE) was
dramatically different from plant water use efficiency (WUE) isp@nse to global
change. A decrease in precipitation, for example, caused an increase in RUE but a
decrease in WUE (Figs. 6 and 7). Our modeled increase in RUE was consistent wit
the experimental results of Huxmanal (2004), which showed an increase in RUE
with decreased precipitation across different biomes, due to an increase iatile rel
amount of water used for plant production in water limited ecosystems. Our sdhulat
responses of plant-level WUE due to changes in precipitation were simihar to t
modeling results by Coughenour and Chen (1997). Their results showed that WUE
increased with increases in precipitation from 80 to 120% in all studied grasslands
which included Kenya, Colorado, and Kansas. It should be noted that both our
modeling results and the results of Coughenour and Chen (1997) are dealing with a
system level response in WUE and not leaf level responses. Meanwhile, RUE and
WUE differentially responded to warming. RUE optimized at°G@emperature
increase whereas WUE decreased with temperature (Fig. 6 and 7). IgiDiar
Boecket al. (2006) showed that plant WUE in Belgium grasslands decreased with
warming. Modeled positive responses of both RUE and WUE to an increase in CO
(Fig. 8 and 9) were consistent with experimental results in many studigs-(a.et
al. 2001, Owensbgt al. 1993, Morgaret al. 2004).

Contrasting responses of RUE and WUE to various scenarios of global change
resulted from different effects of environmental factors on processeseaediff

scales. Increased precipitation resulted in dramatic increases in runstgraizb
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increases in evaporation, and little changes in transpiration. As a consequelice, WU
increased as NPP increased in response to increased precipitation. However,
increased precipitation resulted in water loss by evaporation and runoff at a
magnitude larger than the magnitude of changes in NPP, resulting in decrefised R
Warming caused an increase in transpiration in a larger magnitude than thaPfor NP
leading to decreased plant WUE. Warming increased RUE because NPP was
stimulated by warming without a change in precipitation. The stimulation of NPP
due to warming was partially caused by increased partitioning of pegmpito
transpiration as shown by a modeling study by Weng and Luo (2008). Our modeling
analysis demonstrated that plant-level processes to global climatgeatamnot

simply be scaled up to predict ecosystem-level responses, which is dgpecabf

the hydrological cycle. Our results show that the plant level WUE is a poor
determinate in explaining the total water budget for an ecosystem. However
ecosystem level RUE is more likely to illustrate changes in the rest ofdtiee

budget from alterations based on climate change.

Effects of single global change factor on ecohydrological processes

Simulated effects of single factor global change on hydrological meséas
ecosystems with the TECO model were generally consistent with risuitsield
experiments and other modeling studies. For example, our simulated runoff increased
with precipitation (Fig. 2A) and rising atmospheric £t decreased with warming.
At the global scale, Betet al. (2007) showed that runoff increased by 6% with

doubled CQ. This increase in runoff was due to decreased stomatal conductance and
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transpiration under elevated @®egional modeling analysis by Crane¢mal. (2001)
showed that increased G@auses an increase in WUE that will result in more runoff.
These results are similar to our results, which showed that with an inare2€g i

there was a slight increase in runoff and a large increase in WUE. Undergllee s
factor simulation of increased temperature there was a decrease in rugak ).
There has been little research done on how single factor climate chahajéewil
runoff. A modeling study by Wetherald and Manabe (2002) showed that with an
increase in global temperatures there will be an increase in runoff. dgvaéhof

these global or regional scale modeling results do not just take warmingagotmg

but also show that warming stimulates precipitation. This comparison of global and
regional modeling efforts should be valuable in validating our ecosystem modeling
results. Additionally, our ecosystem level results could illustrate posstblactions
that may be overlooked by larger scale modeling analysis.

Our modeling results also showed that with a change in temperature alone has
the largest impact on transpiration and evaporation. With°& liGcrease in
temperature there was a 20% decrease in evaporation and a 57% increase in
transpiration. The simulation results on transpiration are consistent with fthevkda
study by Nijset al. (1997) which showed that transpiration rates increased with
warming, although it should be noted that in the same document the canopy level
transpiration ot.olium perennealecreased with warming. An increase in transpiration
due to higher temperatures could be responsible for absorbing more biologically
available water and decreasing the amount of soil evaporation. The next largest

percent change in evaporation and transpiration was due to precipitation, followed by
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CO,. With an increase in precipitation there was a gradual increase in alatsich
results for both evaporation and transpiration. These results correspond to éterretti
al.’s (2003) data that an 11.90% increase in rainfall, from 2000 to 2001, over in a
Colorado grassland caused a 73% increase in transpiration and a 100% increase in
evaporation. They also showed that with an increase ptl@&e was a slight

increase in transpiration and a decrease or an increase in evaporation fran contr
under different precipitation amounts (Ferrettal. 2003). They attributed the

increase in transpiration to an increase in total biomass in the elevaietb@GO Our
model results of COchange were not as responsive to changes in ET as other results
that have been reported. For example, Ka@. (1995) showed that open-topped
chambers with 2x CQenrichment caused a 22% decrease in ET. However, this
study was only conducted over a 34 day period during peak biomass; whereas our
study was over the entire growing season. Studies over a larger speatishaw that
minimal reduction in ET is due to increased leaf area under elevate(K€@oatet

al. 2002; Schafeet al. 2002).

TECO model results showed that increased temperature had the greatest
impact on rooting-zone soil moisture (Figure 3). Reduced rooting zone soil moisture
at increased air temperature was probably a response to an increasspiratian
and an increase in the growing season. Precipitation caused the second greatest
change in percentage with an increase in rooting zone soil moisture. An inorease
precipitation resulted in a strong increase in rooting zone soil moisture. , GGy
had the least and most variable influence on rooting zone soil moisture. A doubling of

CO, caused a slight increase in soil moisture relative to that at control. Othks res
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have shown a similar pattern of soil moisture under elevated \Wallschlegeret al
2002 and Morgaet al.2004).

Some of the modeled results, however, have not yet been carefully explored
by field research. This is due to the fact that not all ecohydrological comijsdree/e
been fully evaluated in response to climate change. Most of the experimenta studie
did not examine all of the ecohydrological components under climate change. Thi

lack of data leaves a large void to be filled by future research.

Interactive effects of multifactor global change on ecohydrological processe
Multi-factor climate change resulted in both linear and nonlinear ini@nac

of individual factors in influencing ecohydrological processes (&ial. 2008).

These results are of importance when evaluating how multifactor glodoadietwill

alter ecohydrological processes. Hence, the results are likely teeefield

researchers to consider the importance of multifactor global change amesqgal

design. The two largest influences on runoff were temperature and precipitation,

while CG, had only a marginal effect. There were some interactive effects on runoff

with simultaneous changes in precipitation and temperature. Increases in runoff, due

to increased precipitation, were dampened with increases in tempeFaguire ).

Most other results have shown that future climate change will tend to incoeasge r

(Wetherald and Manabe 2002) but our results indicate that if there is a decrease in

precipitation, or if the increase in temperature goes past the point at which

precipitation can compensate, there will be a decrease in ecosysténmHheie

(Figure 2 B1).
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Our model simulations showed that the interactive effect of temperature and
precipitation had the most varying results on transpiration and evaporatiare(Eig
& 5). All other combinations of CQtemperature and precipitation varied less from
control under differing conditions. However, a decrease in precipitation seemed to
cause more change in ecosystem response. Katap1993) explained that the
impact of CQ will probably be more detectable during drought conditions. Their
results correspond with our results of less transpiration under elevategh@O
decreased precipitation. The response of evaporation and transpiration aral essent
for understanding the potential of terrestrial hydrological feedbacks ohaveat
patterns. Raddatt al. (2003) demonstrated that regional transpiration has a positive
effect on the potential energy needed to increase the probability of occuarehce
intensity of severe thunderstorms. Hence, these hydrological feedbacksa
significant in regional climate modeling efforts.

Multi-factor responses produced varying alterations in rooting zone soil
moisture from control. The largest percentage change in rooting zone soil moistur
was the interactive effect of temperature and precipitation. Rooting zonecsstilira
was highest with low temperatures and high precipitation, which was probably due to
greater infiltration and decreased water loss via evapotranspiration. Howblea
temperatures increased and precipitation stayed constant there was sedacrea
rooting zone soil moisture. This decrease was associated with higher
evapotranspiration. Other combinations of climate change scenarios showed linear
changes from control. Owensbyal (1993) suggest that an increase in soil moisture

with higher CQ concentrations are likely attributed to higher water use efficiency
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and lower rates of evapotranspiration. Our results showed similar patternfieout w
compared to the effects of temperature and precipitation these chamgexhas
significant. These changes in soil moisture control many additional eaosyste
processes. Rodriguez-lturbeal (1999), for example, illustrated that changes in soil
moisture dynamics could influence nutrient cycling, plant species composition,
vegetation stress, and productivity.

Three-factor modeling with TECO was performed to show potential
interactive effects of multifactor climate change on WUE and RUE. Both &d
WUE were lower at 280ppm GQ@Figures 6 C1 and 7 C1) than at the othep CO
levels (Figures 6 C2 and C3; Figure 7 C2 and C3) for each of the temperature and
precipitation scenarios. At 785 ppm &kbth RUE (Figure 6 C3) and WUE (Figure
7 C3) had greater variability among the various climate change scenanas 280
and 380 ppm, suggesting that £&ncentration amplified responses of RUE and
WUE to changes in temperature and precipitation. In addition, values of WUE
themselves were larger than RUE for all the temperature, precipitation, and CO
scenarios.

Our results set a precedent for research on how different interactivéeclima
change scenarios influence ecohydrological components. To our knowledge, no other
modeling study has divided up specific components of ecohydrology and performed a
full evaluation of how each specific component responded to different global climate
change scenarios. Our study has applications for field researchersgtsjgcific
interactions in different ecosystem types under dual climate changeissembhese

results have helped identify which ecohydrological components have the greates
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priority for further research. For example, combinations of temperature and
precipitation had the largest interactive impacts on evaporation, runoff, tegrpir

and rooting zone soil moisture. Our research also has the possibility of being
applicable to regional and global climate modelers, since we have shown that two
major contributing factors, transpiration and evaporation, of hydrological fdeslbac

to the atmosphere change under different climate change scenarios. Thiskeedba
could have some importance in understanding climatic changes (Betts 2006), Las
our runoff component has the potential, but should be approached with great care, in
helping government agencies determine how climate change could alter the amount

of freshwater in local streams and rivers.

2.5 Conclusions

Using the TECO model, we were able to distinguish ecosystem-level
ecohydrological responses from that at the plant level. The model showed that
combinations of precipitation and temperature had the largest impact on etesyste
level variables (e.g., runoff, evaporation, and soil moisture), whereaart@O
temperature had the largest impact on plant-level variables (e.qg., tranaprad
WUE). We also explored how each ecohydrological process responded to different
climate change scenarios. All of our results showed that the interactiaritigfien
climate change factors could lead to an assortment of changes in theiaémweaser
cycle. Additionally, we found ecosystem-level RUE to be a better indicator of

potential changes in the water cycle than plant-level WUE.
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To evaluate regional evapotranspiration feedbacks to climate change under
different climate change scenarios, we need to use coupled water-carbon egdels (
TECO) in a wide variety of ecosystem types to examine if some modelexhpatte
this paper can be extrapolated across multiple landscapes. Lastlyesearch
needs to evaluate if the patterns of runoff change are widespreadt(@u2008);
because these simulations may have a socioeconomic impact on replenishing
freshwater supplies for agricultural and human use due to potential changes in the

amount of runoff from different climate change scenarios.

2.6. Acknowledgements

This research was supported by the National Science Foundation, under DEB
0743778 and DBI 0850290, EPS 0919446; by the Terrestrial Carbon Program at the
Office of Science, United States Department of Energy, from Grant Né-@&E-
006ER64317; United States Department of Energy through the Midwestern Regional
Center of the National Institute for Climatic Change Research at Michig
Technological University, under award number DE-FC02-06ER64158. We wish to

thank Xuhui Zhou for his editorial comments.

42



Appendix A.

We graphed the two-factor modeled combinations of different climate change
scenarios. This information should be used for determining estimated interactions
between scenarios and the data could derive predictions for future experiments. All
combinations are representative of percent change from control.
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Appendix Figure 1 Model simulations of Runoff (%) in response to different
multifactor co-varying scenarios of temperature,@@d precipitation change. A)
Precipitation change and the increase in carbon dioxide B) Temperatussearel

precipitation change C) Temperature increase and carbon dioxide increasel Cont
was set at 0.5457 mm d-1.
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Evaporation
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Appendix Figure 2 Model simulations of Evaporation (%) under different
multifactor co-varying scenarios of temperature,@@d precipitation change. A)
Precipitation change and the increase in carbon dioxide B) Temperatussearel
precipitation change C) Temperature increase and carbon dioxide increasel Cont

was 0.7060 mm d-1.
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Transpiration
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Appendix Figure 3 Model simulations of Transpiration (%) under different
multifactor co-varying scenarios of temperature,@@d precipitation change. A)
Precipitation change and the increase in carbon dioxide B) Temperatusséearel
precipitation change C) Temperature increase and carbon dioxide increasel Cont

was 0.9435 mm d-1.
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Rooting Zone Soil Moisture
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Appendix Figure 4 Modeled rooting zone soil moisture (%) under different
multifactor co-varying scenarios of temperature,@@d precipitation change. A)
Precipitation change and the increase in carbon dioxide B) Temperatusséearel
precipitation change C) Temperature increase and carbon dioxide increasel Cont

was 29.25 % d-1.
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Appendix Figure 5 Net primary production (NPP) (%) under different multifactor
co-varying scenarios of temperature, {0d precipitation change. A) Precipitation
change and the increase in carbon dioxide B) Temperature increase andapitipit
change C) Temperature increase and carbon dioxide increase. Control was 413.33g C

m-2 yr-1.
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Rain Use Efficiency
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Appendix Figure 6 Modeled rain use efficiency (%) under different multifactor co-
varying scenarios of temperature, £40d precipitation change. A) Precipitation
change and the increase in carbon dioxide B) Temperature increase and pogcipita

change C) Temperature increase and carbon dioxide increase. Control was 0.5159

g/mm d-1 yr-1.
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Water Use Efficiency
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Appendix Figure 7 Modeled water use efficiency (%) under different multifactor co-
varying scenarios of temperature, £40d precipitation change. A) Precipitation

change and the increase in carbon dioxide B) Temperature increase and pogcipita
change C) Temperature increase and carbon dioxide increase. Control was 1.20 g/mm

d-1 yr-1.
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Chapter 3

Changes in soil water dynamics due to variation iprecipitation and
temperature: an ecohydrological analysis

in a tallgrass prairie

This chapter has been accepted for publication in Water Resource Research (2009)
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Abstract

There is considerable evidence that future global climate changeswdbse
temperature and alter precipitation regime. To better understand how tttese fa
will influence soil water dynamics, it is imperative to use multidaat experiments.
A one year “pulse” experiment, with 4°C warming and a doubling in precipitation,
was performed to evaluate the changes in soil moisture dynamics. Frequency
distribution analyses of soil moisture and soil temperature were used to explore the
consequences of climate change on ecohydrological processes at dsibdrdapths.
There was a decrease in soil moisture frequency from 0-120 cm in both warming and
warming with increased precipitation experiments. Different soil depthsihalar
patterns of change in soil moisture and soil temperature frequency. Additjavally
correlated evapotranspiration and soil moisture to look at changes in
evapotranspiration from the wilting point )0 maximum evapotranspiration(§).
These results revealed a shift in the slope and positiop @f Enaxwith
experimental warming. Our results showed that the soil moisture dynanddbe
ecohydrology were changed by different global climate change sagnari
Understanding the effects of global warming on soil moisture dynamics will be
critical for predicting changes in ecosystem level processes.
Key words: soil moisture dynamics, climate change, ecohydrology, tallgrasgepra

warming, precipitation
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3.1 Introduction

Over the past century the global mean temperature has increased by about 0.6
°C and is predicted to increase 1.1-6.4 °C in thiec2htury (IPCC, 2007). With this
warming there is a predicted acceleration in the water cycle due to an et@one
increase in specific humidity (Huntington 2006) and an associated increase in the
intensity and severity of precipitation events (Easterling et al., 2000hgEfan
temperature and alterations in the precipitation patterns have been shown to cause
multiple changes to ecosystem processes (e.g. net primary production, rooshiomas
and soil respiration) Knapp et al., 2008. A central component controlling ecosystem
processes is soil water balance. However, our understanding of the response to
climate change on ecosystem water balance is largely limited.

A National Ecological Observatory Network (NEON) report (2004) stated that
is important to understand how biologically available water in terresttadystems
will respond to climate change. Evidence has shown that changes in climate sariable
(e.g. rainfall) will cause shifts in net primary production and community coitiggs
which will likely impact soil water balance (Knapp 2002; Sherry et al. 2008
et al. unpublished data). Other plant responses (e.g. photosynthesis) and
biogeochemical cycling (e.g. carbon and nitrogen) are also closely limlobdhges
in soil water balance (Knapp et al., 2008). For example, a change in plant-level
response can be seen when there is a reduction in biologically available stilrenoi
that causes a loss in turgor, xylem cavitation, stomatal closure and a déectrease

photosynthesis (Nilsen and Orcutt 1998; Porporato et al. 2001; Porporato et al. 2004).
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A multitude of factors can influence soil water loss due to climate change. The
most explicit cause of reduced soil moisture is higher rates of soil wapsratian
due to increased thermal radiation. Further decrease in soil moisture couldcalso oc
as increased temperatures influence plant-level processes (Mellaaldet094),
although this may vary in specific circumstances (Jones 1992; Daly et al. 2004).
However, greater amounts of precipitation as a result of climatic chaagklsn
general increase the amount of soil moisture present. This contradictioroleads t
interesting and perplexing questions about how multiple climate change faitkors w
contribute to changes in soil moisture dynamics.

It is important to understand how climate change will alter soil moistuengi
its importance for vegetation growth, plant physiological processes and
biogeochemical cycles (Stephenson et al., 1990). One global modeling study
suggested a decrease in soil moisture in semiarid regions under futute claage
(Wetherald and Manabe, 2002). Whereas, a modeling study by Gerten et al. (2007)
found varying soil moisture changes in different regions, with a predominant pattern
of decreased soil moisture with increased temperatures. However, diffe@eit m
scenarios have shown vast differences in soil water balance (Crame2@d 3.,
Gordon and Famiglietti 2004). According to actual long-term soil moisture
measurements from the Global Soil Moisture Data Bank, soil moisture hasattrea
over the last half-century (Robock et al., 2000).

A copious amount of research has looked at different ways of manipulating an
ecosystems’ climate (Harte et al., 1995, Marion et al., 1997, Hobbie & Chapin, 1998,

Melillo et al, 2002, and Wan et al., 2002). Warming has had different magnitudes of
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effect on soil moisture with each of these experiments. For example, Wan et al.
(2002) saw little to no change in soil moisture witl@ hcrease in temperature
alone; but with clipping and warming there was an 11% decrease in soil moisture
Whereas, an experimental warming site in a montane meadow showed a reduction in
soil moisture as a result of an increased physiological response of theivagetat
(Saleska et al., 1999). This large amount of variability in soil moisture resfmonse
climate change among individual ecosystem makes it important to understand how
different systems will respond if predictions are to be made at regional andl globa
scales.

In this study, we examine the effects of two different climate changablesi
including increased temperature and precipitation intensity, and their corabjrati
the soil water balance of a prairie ecosystem. Not only do we consider ¢in¢igdot
change in soil moisture, but also, the change in soil temperature. This is one of the
first studies focusing on the extent to which biologically available soil moisture
altered under single and multi-factor scenarios of climate change.Als
evaluation is one of the first to analyze the response of soil temperature and soil
moisture to different climate scenarios in multiple soil-layers. Indud@ur
analyses is an evaluation of the effects of experimental climate change on
evapotranspiration/leakage (water loss) at wilting poigj @ad at maximum
evapotranspiration/leakagen (£ (Rodriguez-lturbe 2000). Shifts in,And Eax
provide insight on the impact climate conditions have on an ecosystem’s abiligy to us

and conserve water (Rodriguez-lturbe 2000).
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Our study used a multifactor experiment with levels of change in warming and
precipitation consistent with those predicted for the region (Wan et al. 2002). We
hypothesized (1) increase in temperature would decrease soil moisture,g23énicr
precipitation would increase soil moisture (3) treatment of increased taton@eand
doubled precipitation would have an intermediate effect. The experiment was-a short
term, one year “pulse” experiment using a probabilistic/frequency appmach t
evaluate changes in soil moisture dynamics and fully incorporate thestoctature

of soil moisture dynamics.

3.2 Methods
Study Site

The experiment was located at the Kessler's Farm Field Laboratory in
McClain County, Oklahoma (34 59’ N, 97 31’ W), approximately 40km southwest of
the University of Oklahoma. The area is a 137.6-ha field station positioned in the
Central Redbed Plains (Tarr et al., 1980). The study site is predominaaétyrast
prairie mix ofPanicum virgatum, Schizchyrium scoparium, Andropogon gerardii,
Sorgastrum nutans, Ambrosia psilostachywadBromus japonicusMean annual
temperature is 16.3 °C, with monthly air temperature ranging from 3.3 °C in January
to 28.1 °C in July. Mean annual precipitation is 915 mm, with monthly precipitation
ranging from 30 mm in January to 135 mm in May (average values from 1948 to
1998, via the Oklahoma Climatological Survey) (Figure 1). The soil is part of the
Nash-Lucian complex with a neutral pH, a high available water capactyg deep,

moderately penetrable root zone (USDA, 1979).
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2.2 Experimental Design

The one year pulse experiment was set at a target treatment of a 4.0 °C
increase in soil temperature at a depth of 2cm. Twenty plots were placed in two rows
that were separated by approximately 3m and each plot was 3 x 2 m. The distance

between plots
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Figure 1. Daily precipitation amount during the experimental season from February

2003 to February 2004. (Mesonet, Oklahoma Climatological Survey)
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within one row was 1.5 m. Ten out of the twenty plots were randomly selected to
receive warming treatments and had 2 infrared heaters suspended in the middle of the
plots at the height of 1.5m above the ground. The other 10 plots had “dummy”
heaters made of metal flashing suspended at the same height as in the platsne
Five of both the warmed and unwarmed plots were randomly selected to receive
doubled precipitation using a “rain-catchment” device, which is an angled @tthm
the same size as the plot. The “rain-catchment” device was designed tovaterel
onto these plots to provide an additional amount of precipitation that would normally
fall on the control. Piping was used to evenly distribute the rainwater across the plots
Several variations were tested before the final design was selectkd éxperiment
based on the most even distribution of precipitation. It should be noted that this
experiment was designed to increase rainfall intensity and had no impact on the
frequency of rainfall. There were four treatments of control (C), wai(w,
precipitation doubling (PPT), and warmed plus precipitation doubling (W+PPT), and
each treatment had five replicates. The duration of the experiment was from 20
February 2003 to 20 February 2004.
Soil Moisture and Temperature Measurements

Soil Moisture was measured using automatic TDR probes (time domain
reflectometry; E.S.l. EQuipment, Environmental Sensors Inc. Sidney, Canadh). E
probe recorded hourly measurements at 5 different depths 0-15 cm, 15-30 cm, 30-60
cm, 60—90 cm, and 90-120 cm (Figure 2a). Data were logged through a CR10X

measurement and control system (Campbell Scientific, Inc., Logan, Dliale)of
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the TDR probes experienced damage or malfunction during the study. Complete data
sets were available for only 11 of the 20 plots.
Soil Temperature was measured hourly at six depths using thermocouple
wires attached to a 25 channel solid state multiplexor (AM25T) (CampbetitEcie
Inc., Logan, Utah). Each measurement was automatically measuredieptiz
starting at the soil surface, 7.5 cm, 22.5 cm, 45 cm, 75 cm, and 105 cm (Figure 2b).
To show changes in soil moisture and temperature at different depths, we
constructed graphs of yearly average soil moisture and temperature td neada
collected from the entire experimental period. Additionally, similapgs were
configured for seasonal variation. The four seasons of winter (Decembeviaih
19), spring (March 20 — June 20), summer (June 21 — September 20), and fall
(September 21 — December 21) were based on the standard division of a temperate

zone in the Northern Hemisphere.
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Soil Moisture (%)

Soil Temperature (°C)

Figure 2. a) Soil moisture responses to different climate change treatmemBP{C
W+PPT, and W). Depth of soil is divided into different segments. Each treatment
was statistically compared with other treatment types (mean + SE n=8&bistical
difference was shown with, b, ¢ andd. b) Soil temperature responses to different
climate change treatments (C, PPT, W+PPT, and W). Depth of soil is divided into
different segments. Each treatment was statistically compatiedther treatment
types (mean = SE n=365). Statistical difference was showrawith¢ andd.
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Water loss (Evapotranspiration and Leakage)

Water loss\V)), an estimate of evapotranspiration and leakage, was
calculated using the daily average of bulk soil moisture at a giverSgagiqus the
daily average of bulk soil moisture from the following d&y4). Rainfall R) was
then added as a water input:

Wi =(§-5+) +R

Soil moisture measurements were taken from the TDR probes and rainfall
data were collected from the Oklahoma Mesonet. Our analysis used bulk soil
moisture to account for the entire root profile.

Points were collected between an estimatgdrifl E,.xto analyze changes in
the different experiment conditions on water loss. Estimationg ah# E,.xwere
derived from the calculations df{)) during the longest dry period in the summer of
the experiment year. This rainless period occurred during a twenty-oneataly st
from day 139 to day 160 after the beginning of the experimé&htwvas then
correlated with daily average bulk soil moisture for days 139 to 160. From the data, a
graphical representation was made of the correlation between the points within E
and E,axWith the sequential bulk soil moisture to show changes in the four climate
change scenarios. Rodriguez-lturbe (2000) gave an illustrative diagram of the
relationship between soil moisture and water loss.

Statistical Analysis
The analysis of variance (ANOVA) was conducted using the Statistical

Analysis System (SAS) software (SAS Institute Inc., Cary, NC, JUSAe One-way
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ANOVAs were performed for a comparison of soil moisture and temperatuvedret
the four treatments (C, PPT, W, and W+PPT) for the entire experimental period
(Table 1 and 2). A post hoc of multiple comparisons was done using the least
significant difference (LSD) method for both moisture and temperature aheoss
four different treatment types (Figure 2). Additionally, soil moisture ampéerature
dynamics, at multiple depths, were evaluated by analyzing frequencutishs
using histograms in Statistical Analysis System (SAS, SAS InsthitateCary, NC,
USA) (Figure 3 and 4). The bins for the histograms were designated by 5°C

segments for temperature and 5% segments for soil moisture.

Table L ANOVA of soil moisture content at different depths

Source df SS F-ratio P-value
Surface 3 6965.799 27.36 <.0001
7.5cm 3 5322.511 35.99 <.0001
22.5cm 3 3267.211 25.55 <.0001
45cm 3 2166.116 19.33 <.0001
75cm 3 846.8216 9.14 <.0001
105cm 3 389.741 4.98 0.0019

(o0 = 0.05)

3.3 Results

Soil Moisture

We found that soil moisture varied between different experimental conditions

for the investigational period. Within each treatment (C, PPT, W, and W+PPT), a
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statistically significant difference in soil moisture was found ataallldepths (0-15,
15-30, 30-60, 60-90, and 90-120 cm) (Table 1) (Figure 2). PPT and C plots had the
wettest soil moisture conditions at all depths; furthermore, C plots had sliglttéy we
soil moisture values in 0-30cm while PPT plots had higher values in 30-120cm.
W+PPT and W plots had the driest soil moisture values in all levels, with W
consistently having the lowest value. Furthermore, an increase in soil moigture w
depth was also seen under all experimental conditions (Figure 5a). Likewise, the
same patterns were observed when soil moisture was analyzed over seasoms (Figur
5b-e).

Frequency distributions of soil moisture were constructed at multiple soil
depths to demonstrate the probabilistic changes in available soil moisture among the
different experiment treatment types (Figure 3). Patterns of charige frequency
distributions closely resembled the mean soil moisture results in Figuidakeever,
frequency distributions allow for a better illustration of the actual probabitiature
of soil moisture dynamics with each experimental treatment type. C anbdeRfe
wettest soil moisture frequency distributions at all depths while W+PPT amadw
the driest soil moisture frequencies. Overall, the driest soil moisture frgquenc

distributions were found in the W plots.
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Soil Temperature

Both experimental warming treatments (W and W+PPT) showed signijicantl
higher temperatures at all depths (Soil Surface, 7.5, 22.5, 45, 75, and 105cm)
compared to non-warming treatments (C and PPT) (Table 2). No significant
difference was found on soil temperature between C and PPT at any depth and a
similar non-significant pattern was also established between W and WFRjeife
2b). PPT and C plots had little to no change in temperature with depth; however, W
and W+PPT had nearly a 3°C decrease in temperature from the soil surface to 105cm.
W+PPT and W plots had the lowest soil temperature values in all levels, with W
having consistently the lowest value. This is further illustrated with Figure 6a
showing the average yearly soil temperature for the different traatypes.

Additionally, there were similar patterns when the treatments were diintte
seasons (Figure 6b-e).

Frequency distributions of soil temperature were plotted at multiple soil
depths to illustrate the probabilistic nature of soil temperature within theedhitfe
experimental treatment types (Figure 4). Frequency distributioressimailar to the
mean soil temperature patterns seen in Table 2. Furthermore, C and PPT had the
lowest temperature frequencies distributions at all depths while W+PPT and W ha

the highest temperature frequencies distributions.
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Table 2 ANOVA of soil temperature content at different depths

Source df SS F-ratio P-value
Segment 0-15cm 3 6834.217 54.35 <0.0001
Segment 15-30cm 3 9343.574 62.24 <0.0001
Segment 30-60cm 3 8578.948 77.34 <0.0001
Segment 60-90cm 3 14132.709 281.56 <0.0001
Segment 90-120cm 3 13371.408 186.74 <0.0001
(«=0.05)
Ew and Enax

We found that the points between the estimatgdriel E,.xshowed changes
in both slope and position, based on the different experimental conditions (Figure 7).
The experimental warming plots had the greatest change, of any esipiadim
treatment, with E to Enaxoccurring in the driest soil moisture conditions (Figure 7).
Thus, the wilting point in the experimental warming plots occurred at a soilureist
percentage around 7%. However, little to no change occurred in the soil moisture
between E to EnaxWith the PPT plots and C plots and the wilting point was
occurring in soil moisture conditions of around 10%. There was also a change in the
position of the points between, Eo Enaxfor the W+PPT plots, resulting in the area
between the wilting point and maximum evaporation to occur in wetter soil moisture

conditions (around 12%).
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3.4 Discussion

To our knowledge, this is the first study conducted with the goal to understand
the impacts of different climate change scenarios on soil conditions at sultipl
depths. Furthermore, the data presented here clearly show that warming and
precipitation change alters soil moisture dynamics and change soil moisture
frequency in a tallgrass prairie ecosystem. The changes in soil morsture a
temperature are particularly significant for understanding the conseguaidanate
change for belowground plant and soil processes. For example, Day et al. (1991)
showed that changes in soil temperature alter the ability of roots to uptakemte
nutrients; furthermore, increase in soil water, or lack there of, direétgtatheir
ability to access water. Other studies also coincide with changes in roatsisiamd
function with changes in temperature (Bowen 1991; Li et al. 1994; Majdi & Ohrvik
2004)
Observed patters of change in soil moisture and temperature

Our results confirm earlier experimental findings that climatagéavill
have an impact on belowground soil hydrological conditions (Harte et al, 1995,
Saleska et al, 1999, Melillo et al 2002, Wan et al, 2002). However, these previous
studies have not explained the extent to which different climate change ssenari
would alter soil hydrological conditions at multiple depths. Our study focused on the
impacts on soil moisture dynamics and changes in temperature in deep soil, with
different climate change scenarios (warming, warming and increasapifatson,

increased precipitation). There were significant changes in soil tempgeaatlir
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moisture with all experimental conditions. Soil moisture measuremengshiggrest

in both the C and PPT plots followed by the PPT+W plots and then W plots.
Therefore, more biologically available water is accessible by plant®iC and PPT

plots and compared to both of the warming plots. The deeper layers of the PPT plots
showed the highest amount of soil moisture. This could be attributed to increased
movement of water to deeper layers as a result of the higher precipitatiorssand le
evaporative demand because of the lower temperatures. Both W and W+PPT had the
lowest soil moisture at all depths, and this could be a response mechanism of plants to
higher temperatures. Two factors could interplay to cause more moisture mptake i

the warming plots. First, more water could be lost to the atmosphere from asencrea
in transpiration and evaporation. Plants could then increase the amount of water
uptake to compensate for the additional transpirational loss. Second, there is a
significant increase in temperature at the lower soil depths due to waandrtgis

should increase root activity (Bowen 1991). Previously, experimental evidence
showed that there was an increase in root biomass under warming in the expériment
plots (Fei, Zhou, Sherry, and Luo, unpublished data). Both of these factors could
together explain the decrease in soil moisture with an increase in tempémartur

experimental warming.
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Increase in deep soil temperature from higher atmospheric tempercatules
result in unexpected changes. Changes in temperature around deep roots have been
shown to change moisture uptake (Day et al, 1991) and there is evidence that higher
soil temperatures can increase transpiration (Mellander et al. 2004). Additiona
evapotranspiration is a driving force for changing atmospheric weathemsadind
has been cited in causing changes in storm severity (Raddatz and Cummine 2003).
Questions on how climate change alters soil moisture in different systems and how
these feedbacks impact ET’s ability to change boundary layer conditions, need to be

addressed.
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Our results also indicated that this experimental system was af@acti
influencing climatic change among all treatment types. Similaitteesere obtained
in a congruent experiment using similar methods (Wan et al., 2002). In addition, our
results further explain how experimental warming, from infrared heattsss al
temperature along a soil profile. Other infrared warming studies havdigbbnt
changes in soil temperature and moisture (Harte et al., 1995; Bridghanl 808t
Wan et al., 2002); whereas, our study identifies that there are significaigtesha
temperature and moisture at multiple depths.
Change in probability distribution and the environment

Changes that occur in soil moisture frequency distribution also affect the
overall climate-vegetation-soil interaction. Our study used frequestybditions to
understand potential climate change impacts on soil moisture dynamicsehdse r
could be helpful for future probabilistic modeling studies (Porporato et al., 2004).
Both W and W+PPT plots had changes in frequency distributions to lower soil
moisture conditions. These results indicate that there is a higher likelihood of
changes in other ecosystem processes due to lower soil moisture availability

Soil moisture dynamics are directly linked to both the carbon and nitrogen
cycle (Porporato et al. 2003); hence, the change in soil moisture frequenckehll li
alter other nutrient cycles. Furthermore, earlier articles have dingbdl that our
experiment should expect a decrease in litter quality and lower rates of orgai@ic m
decomposition in W and W+PPT plots (Rodriguez-lturbe et al., 2001; Porporato et al.
2003). Thus, there would be less microbial activity and enzymatic oxidation of

organic matter to produce soil respiration (Howard and Howard, 1979; Davidson et
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al., 1998). However, Zhou et al. (2006) showed the opposite results with an increase
in soil CO2 efflux with experimental warming; additionally, increase®insoisture
content caused greater soil CO2 efflux, but the change was smaller thaiseaicre
temperature. This suggests that increases in temperature will have anfgr@etron
microbial activity than moisture availability. Furthermore, the chang#sei carbon

cycle should cause an associated change in the nitrogen cycle (i.e. aationifi

and nitrification).

Additionally, drier soil moisture frequency distributions, in the W and
W+PPT plots, could also cause plant water stress. Change in water stigssrhas
shown to cause an associated change in the ecosystem vegetative community
composition. For example, Porporato et al., (2003) showed how varying amounts of
water stress across a precipitation gradient in the Kalaharteaffboth the plant
community type and ecohydrological processes. Other experiments alsedshow
similar results (Rodriguez-Iturbe et al., 1999; Laio et al., 2001). Plant viegss,s
caused by changes in the soil moisture dynamics, can in turn cause varying
transpiration rates in plant, thus impacting the total amount of evapotranspiration
(Rodriguez-lturbe 2000). These responses will then cause overall changes in
ecohydrological processes.

Other changes in the grassland ecosystem could occur with effects that are
consistent with our study but occur on a much larger scale. For example, a change in
the frequency distribution of soil moisture could impact the amount of plant biomass
(Sherry et al. 2008); hence, having a direct affect on the nitrogen and carbon cycle

(Rodriguez-lturbe et al. 2001). Our results hopefully demonstrate the important
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effects of climate change on soil moisture dynamics, and the possibleatipltcon
biogeochemical cycling. In addition, we observed that warming, even comhithed w
increased precipitation, had a drying effect on the soil moisture frequency. This
suggests that warming may have a greater impact on soil moisture amthian
increased precipitation.

Changes in E, and Enax

To understand the full impact of the four climate change scenarios on
ecohydrological processes we analyzed the changes in wilting pg)rib(tBe
maximum evaporation rate {&). These results showed the conditions betwgen E
and E,axchanged with each climate change scenario. We were able to make some
predictions on how belowground processes of water uptake were changing with
different climate conditions.

W+PPT treatment showed a slight changejiidE,ax to wetter soil moisture
conditions than the control; additionally, there was a shift to drier soil moisture
conditions in the warming plots and little change in the PPT plots. Shifts in the W
plots E, to Enaxare likely a plant level response to environmental stress. Less soil
moisture would cause the plants to increase belowground activity and root growth i
search of water (Turner and Kramer, 1980). This increased belowground activity
would allow for more soil water to be available for plant use and the plants would be
able to withstand lower soil moisture percentages, causing shiffsanceg, to
drier soil moisture conditions.

Plant level stress response would also be an explanation of why both C and PPT

showed similar Eto Enax Hence, the availability of water will cause no stress to the
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plant. However, this could also be the reason W+PPT hag #&nBga,shift to

wetter soil moisture conditions. W+PPT could have lower stress due to higher
temperature with the addition of doubled precipitation. Hence, there would be more
photosynthesis and increased available water to meet the plant’'s demand. Thus,
W+PPT would show a slight shift inyEo Eynaxto higher soil moisture conditions,

than those of C.
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These results suggest that different climate change conditions will possibl
shift an ecosystem’s ability to use and acquire water, which is critical in
understanding the soil-plant-climate interface (Rodriguez-lturbe 2000).

Additionally, it should be noted, that the warming experiment is not increasing
overall atmospheric water demand and that this might change with futuréeclima
change (Huntington 2006); hence, there could be even greater evapotranspiration in

actual future scenarios.

3.5 Conclusions

A complete understanding of the effects of climate change on soil moisture
dynamics is increasingly important. Particular focus needs to be madeognireag
how changes in available moisture will affect the entire ecosystemifddtor
experiments must be performed to fully understand the climate-vegetation-s
interaction under different climate change scenarios (Shaw et al., 2002; Mdrby a
Luo, 2004). Experiments similar to this one will help explain changes in nutrient
cycles, vegetation and biomass, and numerous other ecosystem components that are
influenced by soil moisture changes. This will then enable better predictions of the

future alterations to the environment and ecohydrology of natural systems.
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Appendix A. Demonstrates that precipitation intensity has increased over the last 50
years in Oklahoma. a-c Ten year averages of rainfall intensity8%@-2000 across

a precipitation gradient encompassing much of the state of Oklahoma (USA) a)
Southeastern Oklahoma where the average yearly rainfall was 270 mm.ra) Cent
Oklahoma where the average yearly rainfall was 970 mm. c) Western panbfandle

Oklahoma where the average yearly rainfall was 480mm.
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Chapter 4

Changes in rain use efficiency across multiple l@snvith increased
temperature: a meta-analysis approach
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Abstract

Terrestrial ecosystem processes (e.g. biogeochemical cyatmbinited by
the availability of water. Recently, a maximum rain-use effici§RyE =
ANPP/precipitation) across multiple biomes was established for yéarow
average precipitation (Huxman et al. 2004). However, little is known about the
impact of temperature on the limitation of water to ecosystem processeswel
show that RUE varies across different biomes with different mean annual
precipitation and analyzed the impact of temperature change on RUE within biomes.
Our results show that increases in temperature cause an increase in RUE.
Additionally, we show that experimental warming had the largest impact on
shrubland and tundra sites. Grassland, receiving the highest amount of precipitation
and lowest experimental temperatures, had the second lowest response to
experimental warming. Wetland biomes had the lowest response to experimental
warming. Increase in temperature allows for ecosystems to reddk g, Rlespite
variations in area specific sensitivities to physical and biologicadrdifices. This
research demonstrates that there are temperature limitations one&oogystesses.

These results should be considered for future large-scale modeling projects.

Keywords: rain-use efficiency, warming, carbon, water, global climate change
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4.1 Introduction

Anthropogenic climate change, over thé 2&ntury, is predicted to increase
global atmospheric temperatures from 1.1-6.4 °C (IPCC 2007). Temperature is
known to be a factor in regulating ecosystem processes and biogeochemesl cycl
For example, atmospheric warming has been shown to be responsible formggulati
most terrestrial plant processes; including aboveground net primary productivity
(ANPP) (Rustad et al. 2001), plant productivity (Warren-Wilson 1957),
photosynthesis (Coughenour and Chen 1997), root dynamics (Boone et al. 1998;
Pregitzer et al. 2000; Gill and Jackson 2000), and plant nutrient uptake (BassiriRad et
al. 2000; Rustad et al. 2001). Furthermore, water is the primary resource that can
limit these various biological activities; this is especially true ieth @and semi-arid
areas (Knapp et a2008). Despite the connection of temperature and water on
ecosystem processes, there has been little research conducted on the imghet of hi
atmospheric temperature on carbon — water coupling at the ecosystem level.

Recently, Huxman et al. (2004) established a relationship between ANPP,
precipitation, and rain-use efficiency (RUE) among different biomes. Additjona
they found that there was a common RUE with the driest years in each biome
(RUEnay. Furthermore, there was evidence that increases in resource awailabili
would shift an ecosystem’s rain-use efficiency closer to aRIJEor example, the
addition of resources (nitrogen and carbon dioxide) to a grassland in Jasper Ridge,
California, caused RUE to increase near a predicted,RUHEhese results
demonstrate that there are common constraints on ANPP across a largplaealgra

scale, and changes in resource availability in varying geographievditaow for
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the maximization of carbon uptake. However, the Huxman et al., (2004) study did
not investigate how increases in temperature would alter rain-userefficie

Over the last 10-15 years, multiple active research projects have address
ecosystem responses to changing temperature in the form of temperature-
manipulation experiments (Rustad et al. 2001). These experiments have shown a
wide array of ecosystem responses (e.g. plant productivity, soil respifdtion
mineralization and soil moisture) to warmer temperatures; including ditiagent
trends in ecosystem responses with each individual site (Arft et al. 1999 Ruata
2001). However, no study has tried to evaluate how rain-use efficiency changes i
different ecosystem types with experimental warming. This leads to teeajqye
“How is experimental warming altering rain-use efficiency acrosrent
ecosystems?”

In this paper, we use meta-analysis to analyze different ecosystem'sea
efficiency in four ecosystem types and 48 site years of data. Theréowelzoadly
categorized ecosystem types, including tundra, grassland, shrubland, and wetland.
Additionally, a variety of warming apparatuses were used in the analyse €ohfr
lamp, greenhouses, cables, etc.). Meta-analysis allows us to synthesimerain
efficiency data from multiple sites and make comparisons based on changes i
different geographic locations. Due to the lack of continuous measurements and site
locations, there were some limitations to the analytical abilities of the amalysis.

We hypothesized that rain-use efficiency will increase with exetiah
warming in all sites. We also hypothesized that tundra would receive thstlarge

amount of change in RUE with higher temperature because tundra is moed lwit
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temperature than other systems. Grassland sites were hypothesized to have the
second largest change in rain-use efficiency with increased temperb&gause

these systems regularly experience large fluctuations in tempesatithe known

ability of this biome to physically adapt to climate change (Knapp et al. 2092t Fa

al. 2003; Porporato et al. 2004; Sherry et al. 2008). Meanwhile, shrublands and
wetlands would be less apt to change because of slow growth and being controlled by
water availability, respectively. For example, the shrubland systernsavé slower

growth because the primary vegetation component was woody biomass and should
take longer to growth. Wetland sites should have more limitations based on nutrient

availability and water availability instead of temperature.

4.2 Material and Methods
Experimental sites

The data for this study came from 48 years of experimental ecosystem
warming across various biomes in the Northern Hemisphere. Mean annual
precipitation for all of the experimental warming sites ranged from 301 to 1741 mm.
Increased experimental warming at the individual experiments variedlff®to 5
°C. Individual characteristics of each site are given in Appendix 1. A variety of
heating apparatuses were used in the various experiments, including ground cables
greenhouses, infrared lamps, and night time warming. Most sites were selatted f
a thorough literature review and additional data were obtained from accesd to loca
experimental sites. All data from published papers were extractedifforad and
tables. A complete list of experimental sites and citations can be found in Appendix

1.
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Each site year was characterized into tundra (n=7), shrubland (n=11),
grassland (n=16), or wetland (n=4) based on the dominant vegetation types. In our
study, unlike Rustad et al (2001), bogs were incorporated into the wetland sites
because they also have the ability of accessing non-precipitation arageodvth.

All sites were selected on the condition that ANPP (or peak biomass) alkbng w
measurements of mean annual precipitation were available in the study. Nexdfores
sites were included in our analysis because of a lack of ANPP or peak biomass data
from warming studies.

Meta-analysis

Rain-use efficiency was calculated using the ANPP and the mean annual
precipitation for each site (RUE = ANPP/Precipitation). For each expeaaingar
we retrieved the mean, sample size, and the standard error, in order to ctdieulate
standard deviation. In cases where no standard errors or standard deviations are
reported, a standard deviation was assigned by using 10% of the mean.

The means in the treatment group and control group were then used to
calculate the response ratio. A weighted response ratio was calcubated fr
individual response ratios to give greater statistical weight to sitedigher
precision and low variance. The 95% confidence interval is derived from the log
response ratio. If the confidence limits do not overlap zero, the response ratio is
significantly different.

Additionally, a frequency distribution was used to show the variability of the
response ratio in the experimental warming studies. Frequency distribution was

derived using SPSS software. Luo et al. (2006) provides a full description of the
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meta-analysis procedure followed in this study. Meta-analyses wewith

MetaWin 2.0 (Rosenberg et al. 1997).

4.3 Results
Temperature and Precipitation

The mean temperature increase for all experimental warming site2.92
°C, with shrublands having the highest average temperature increase ,3.76
tundra having an average increase of 8Gavetlands having an average increase of
2.85°C, and grasslands having an average increase of@.&dgure 1A).

Average yearly precipitation across all sites was 582.70mm. The highest
average yearly precipitation was found at all grassland biome sites (777.67mm),
followed by all wetland sites (634mm), then by shrubland sites (560.86mm), and then
by tundra sites (358.26mm) with the lowest average precipitation among the biomes
(Figure 1B).

Rain-use efficiency

Rain-use efficiency response to warming at individual experimergal\sas
slightly variable. There was an increase in RUE with experimentahivwg in most
of the site years; however, some sites experienced negative to no changevntfiRUE
warming. Experimental warming increased RUE at 37 of the 48 sites peal
decreased RUE at 11 of the 48 sites, for which data were available. Histogram was
constructed to demonstrate the variation in RUE among individual sites (Figure 2).
Additionally, there was an increase in the total mean value of experimemntainga

RUE (0.475, +SE = 0.044) from control RUE (0.424, £SE = 0.045).
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Meta-analysis was preformed to compare RUE responses to warming acros
all biomes and within individual biomes (Table 1). M&R++ for RUE in all of the
experimental site years, across all biomes, significantly increasedadulgonal
warming (RR++ = 0.1489, with a 95% confidence interval of 0.1648 — 0.1329).
Individual biomes had diverse variations in RUE due to experimental warming;
however, all biomes (wetland, shrubland, grassland, and tundra) had a positive

increase in RUE in response to
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used for the meta-analysis.
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experimental warming (Figure 3). Wetland biomes had the lowest significant
response to warming with a RR++ of 0.1089 (95% confidence interval of 0.1963 —
0.0214); whereas, shrubland biomes had the greatest significant response to
experimental warming (with a RR++ of 0.1840 and a 95% confidence interval of
0.2240 - 0.1440). Tundra biomes also experienced a large change in RUE with
experimental warming (RR++ of 0.1446, 95% confidence interval = 0.1988 —
0.0903). As for the grassland biome, there was a significant increase in RUE with
warming of 0.1278 RR++ (95% confidence interval of 0.1460 — 0.1096).

Overall, experimental warming was found to increase the amount of carbon
uptake per unit of rainfall received in all biomes and under varied experimental
warming techniques. An analysis of Rglikwas not preformed due to a lack of
sufficient data. In order to do an analysis of RlJEmMultiple years of ANPP data
must be present at each site to locate the minimum annual yearly prexipitati
However, an estimate of RWE was obtained from Huxman et al. (2004). The
estimated RUEaxWwas not stated in these results, but is used in the discussion section
of this paper for a comparison to our observed RLEEstimated RUEax can be

obtained from Huxman et al. (2004).

Biome RR++ SE(RR++) n
Tundra 14.46 0.0277 7
Grassland 12.78 0.0093 16
Shrubland 18.4 0.0204 11
Wetland 10.89 0.0446 4

Table 1. Response ratios (x100) of the rain-use efficiency and standard error for
warming treatments in the four biome types.
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4.4 Discussion

Experimental warming of ecosystems significantly increaseduse
efficiency across all treatment sites for which data were availglgare 3).
Generally, the response was greater in the ecosystems that wereem cold
environments and had lower annual precipitation with the strongest responses found
in the shrubland and tundra sites. The increase in rain-use efficiency mayfteztn e
of either higher rates of photosynthesis due to higher atmospheric temggeratur
(Coughenour & Chen 1997), or sufficiently longer growing seasons (Sherry et al.
2007). Changes in soil water availability, resulting from increased ratestof
production and root growth (Boone et al. 1998; Pregitzer et al. 2000; Gill and Jackson
2000), is also a potential explanation. These effects of experimental wauidg c
be particularly important in colder ecosystems and in water-limiteslystems
because both tend to be limited by temperature and resources (Arft &3l. 19

Experimental warming has been shown to increase plant productivity in
multiple reports from individual subarctic tundra sites (Chapin et al. 1995; Jonasson
et al. 1996; Press et al. 1998; Hartley et al. 1999, Rustad et al. 2001). Incredsed leve
of plant production would result in a greater uptake of @@l increase the available
carbon in roots and leaves for transfer into soils. However, our study is the first to
address changes in carbon uptake per unit of precipitation from experimental
warming.

Huxman et al. (2004) reported changes in rain-use efficiency with theoadditi
and subtraction of resources, but no significant research has focused on large scale

changes in RUE with changes in resources. Additionally, Huxman et al. (2004)
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performed an analysis of different temporal and precipitation trendssagifferent
biome types. This study tried to replicate their results and focus on the vamation i
RUEqaxacross different biomes. A lack of sufficient long term data made the
analysis incomplete, and we were not able to determine a, Rt the
experimental study sites. However, based on the increase in RUE at eathaite, i
be determined that RUE individual sites will approach RYI&ith higher
temperatures. This is illustrated in Huxman et al. (2004), where an addition of
resources (carbon dioxide and nitrogen) caused RUE to increase neaRUE
Additionally, our meta-analysis concluded that all biomes will increase RUE w
increases in temperature, demonstrating that RUE is increasing toradRUEnder
these conditions there is a greater utilization of water resources for tecosys
processes with a moderate increase in temperature. Our study is not abtesedypr
estimate how close RUE is to RiJ& or what the response of RUE will be with
temperature increases that surpass RWEThere is modeling evidence that RUE in
a tallgrass prairie will decrease with temperatures past a 4 °Csadfgeall et alin
review.

There was some inconsistency with our original hypotheses on the patterns of
RUE in different biome types. Foremost, we predicted that shrubland systends woul
have the lowest amount of change with experimental warming based on tthafact
shrubland sites are composed of woody vegetation and should have a less dramatic
response to short-term warming experiments. Rustad et al (2001) found that woody

vegetation sites had no significant difference in plant production with
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experimental warming. However, our analysis found that shrubland biomes had the
largest change in RUE. Some factors can contribute to large increases at RUE
shrubland sites. First, data for our study were predominantly available for sigkrubla
ecosystems in colder, higher latitude areas. Secondly, shrubland sites had the highes
average experimental warming among all sites. Combined, these factorslicould a

for higher rates of photosynthesis and greater increases in rain-usmeffiArft et

al. 1999).

Furthermore, our results differed from our original hypothesis thaslgrats
systems would have larger variations due to increased temperatures. This was due
most of the grassland sites being located in temperate areas which aszldgpos
dramatic fluctuations in temperature. These areas seasonally expétenaions
in climate and are less likely to respond to slight temperature increasaddition,
the grassland sites had the lowest average temperature incredstdedites and
the highest average yearly precipitation. Our analysis suggestsdretemperate
ecosystems may not be as limited by temperature, in regard to carbon uptake per unit
of rainfall, when compared to colder regions.

Overall, our analysis suggests that temperature can act as adimaatrain-
use efficiency across a variety of biomes and that an increase in tampeviit
allow for ecosystems to near a Rkl These trends are evident despite variations
that occur among biomes based on soil properties, plant species composition and
climate differences. In addition, no information has been acquired on how these
biomes will respond to additional increases in temperature and how RUE will respond

to temperature increases past the point of RiJE-urther warming experiments
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must address the possibility of ecosystem “tipping points” (Knapp et al. 2008).
Lastly, the responses of ecosystems to changes in temperature coulieh result
additional ecological constraints and should be incorporated into ecosystem modeling

for future predictions on the global carbon balance.
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Appendix 1. List of all the sites and manuscripts used for the analysis of RUE.

Site Location Year Biome Citation
Alaska,

Toolik Lake (tussock) USA 1997 Tundra Grogan & Chapin, 2000
Alaska,

Toolik Lake (inter-tussock) USA 1997 Tundra Grogan & Chapin, 2000
Alaska,

Alaska (LTER-Brook Range) USA 1983 Tundra Chapin et al. 1996
Alaska,

Alaska (LTER-Brook Range) USA 1989 Tundra Chapin et al. 1996
Alaska,

Alaska (LTER-Brook Range) USA 2000 Tundra Gough & Hobbie, 2003
Alaska,

Toolik Lake USA 1983 Tundra Chapin, 1995
Alaska,

Toolik Lake USA 1989 Tundra Chapin, 1995

Taisetsu Mountains Japan 1995-1999  Shrubland Kudo & Suzuki, 2003

Abisko Scientific Research

Station Sweden 1993 Shrubland Hartley et al. 1999

Abisko Scientific Research

Station Sweden 1994 Shrubland Hartley et al. 2000

Abisko Scientific Research

Station Sweden 1995 Shrubland Hartley et al. 2001

Abisko Scientific Research

Station Sweden 1994 Shrubland Hartley et al. 2002

Abisko Scientific Research

Station Sweden 1995 Shrubland Hartley et al. 2003

Abisko Scientific Research

Station Sweden 1997 Shrubland Hartley et al. 2004

Abisko Scientific Research

Station Sweden 1998 Shrubland Press et al. 1998

Ericacea Site UK 2000 Shrubland Penuelas et al. 2004

Ericacea Site Netherlands 2000 Shrubland Penuelas et al. 2004

Ericacea Site Spain 2000 Shrubland Penuelas et al. 2004

Toivola and Alborn USA 1994-1997 Wetland Weltzin et al. 2000

Toivola and Alborn USA 1994-1997  Wetland Weltzin et al. 2000

Toivola and Alborn USA 1994-1997 Wetland Weltzin et al. 2000

Toivola and Alborn USA 1994-1997  Wetland Weltzin et al. 2000

Jasper Ridge Bio Station USA 1999 Grassland Zaveleta et al. 2003

Jasper Ridge Bio Station USA 2000 Grassland Zaveleta et al. 2003

Jasper Ridge Bio Station USA 2001 Grassland Zaveleta et al. 2003

Jasper Ridge Bio Station USA 2001 Grassland Zaveleta et al. 2003

Rocky Mountain Biological Lab USA 1996 Grassland Valpine & Harte, 2001

Rocky Mountain Biological Lab USA 1997 Grassland Valpine & Harte, 2002

Buxton Site UK 1994-1998 Grassland Grime et al. 2000

Wytham Site UK 1994-1998 Grassland Grime et al. 2000

Gunnison Site USA 1992 Grassland Harte et al. 1995

Gunnison Site USA 1992 Grassland Harte et al. 1995

One-year Warming Site

Oklahoma USA 2003 Grassland Not cited

Multi-year Warming Site

Oklahoma USA 2000-2006  Grassland Not cited
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Chapter 5

Conclusions
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5.1. Conclusions

The analysis presented in this thesis proposes several important conclusions
regarding the response of ecosystems to climate change. As illugtr@eapter 1,
there is a relatively large amount of data on how global climate changetingma
ecosystem processes. However, there is little known about ecosystem wpaidires
to different combinations of climate change scenarios with carbon-waterreupli
associated with future changes. Understanding these responses is ekceeding
important for developing a conceptual framework of possible future environmental
change.

In this thesis, a direct investigation of multifactor (both with modeling and
field experiments) climate change was done on understanding the response of
ecosystem processes (i.e. carbon and water cycles). Additionally, artienabdia
climate change’s impact on carbon-water coupling was done. Some of the major

findings are below:

The terrestrial ecosystem modeling showed that ecohydrological pecess
varied in a tallgrass prairie with different combinations of alteredyypeagcipitation,
CO,, and temperature. Temperature and precipitation had the greatest impact on most
components of the hydrological cycle; however,,@@d a greater impact on rain use
efficiency and water use efficiency. Three-factor combinationsOaf @mperature,
and precipitation produce slight variations from two-factor responses. Théimgode
results show that rain use efficiency increases with temperatureuiadad°C, but

any additional temperature increase past 4-5°C causes a decrease ifiR$JE
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pattern with RUE peaking at 4-5°C is more prominent with combinations of
precipitation and C® Furthermore, there was no similar pattern of peaking with
water use efficiency. It should also be noted that runoff had a considerablesdecrea

with temperature.

The experimental warming and doubled precipitation experiment gave
multiple insights on changes to soil moisture dynamics under different clitraatge
scenarios. Warming caused a significant decrease in soil moisture ipteadil
depths and precipitation caused a significant increase in soil moisture at |ptvey. de
Under the combination of warming and doubled precipitation, the soil moisture
content was significantly decreased from control. This suggests that wdrasirag
larger impact on soil moisture dynamics than increased precipitation. Fustkerm
the probabilistic analysis of soil moisture dynamics under different cliowateitions
is very important for modeling.

Based on the analysis of evapotranspiration vs. soil moisture, there was an
overall change in the ecosystem’s ability to use water. The estimated) \widint
shifted to drier soil moisture conditions with higher atmospheric temperaturg, alon
with the maximum evapotranspiration point. Other shifts in wilting point and
maximum evapotranspiration were found in the other treatment types, suggesting that
internal ecosystem mechanisms can change with different climatgecbanditions

and cause changes to the hydrological cycle.
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The meta-analysis study examined the patterns of rain use efficierass
multiple biomes (tundra, grassland, shrubland, and wetland) with experimental
warming. The results show that warming causes an increase in rain cigaeyfior
every biome in the analysis. This suggests that warming is increasingeain us
efficiency to near maximum rain use efficiency (Huxman et al. 2004). In@udit
the ratio of carbon uptake per unit of precipitation increases with an increase in
temperature, suggesting that there are large scale ecosystem patiecreted with

global climate change.

5.2 Implications for future work

The results from the TECO model demonstrated that runoff changed with
varying scenarios of climate change in a grassland ecosystem.yéthase
examined whether these results are represented in field experimentssistead
across multiple ecosystem types. To clearly understand the response of runoff to
climate change, it is imperative to elicit new experiments to detenménetes of
runoff change from the actual field, which can examine both single and multifactor
experiments. Additionally, new modeling runs should be done on multiple ecosystem
types to examine if the pattern holds and what are some of the possible alterations

that could cause any incongruity.

The interactive effects of climate change on the hydrological syggest

that multifactor experiments are important for understanding the potespainges
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of ecosystem processes. Few experiments have tried to analyze albgipaiol
processes with different climate change scenarios. However, this does rest sugg
that single factor experiments are insubstantial, these studies ailty aptita
important for isolating ecosystem responses to climate change. ldeab/ réiselts
will be important for understanding the availability of water resouncds a
qguantifying different plant-atmosphere water “feedbacks” that drivehgeand are

important for future climate modeling.

The apparent increase in rain use efficiency across multiple biomes with
experimental warming suggests that other large-scale ecosystempakist in the
presence of climate change. To clearly evaluate the underlying commesndlis
essential to assemble long-term data and use inventive exploratory psotceskcit
patterns. This could include the utilization of other data (e.g. climate$¢ssakarge-
scale processes. For example, a great deal of information could be dgrived b
combining precipitation intensity and frequency with ecosystem properigs¢H.).
These results will be important for understanding the response of the biosphere to
external drivers and allow for forecasting of anthropogenic and natural climate

change.
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Patterns of aboveground net primary production with precipitation were
evaluated at local and large-scale patterns. An entire evaluation of totalsisio
across sites has yet to be performed. Inclusion of root biomass would be important
for understanding whole plant response to climate change and give furthatiamdic
of carbon uptake. Limited information is available on root response to climate

change, mostly due to accuracy and difficulty of the measurements.

Global Climate Models are used to predict future climate in response to
anthropogenic atmospheric change. Within the GCMs there is a component that
includes the land-surface feedbacks (i.e. evapotranspiration aneffi®). Based
on the effective response of the TECO model to climate change, it would prove
beneficial to incorporate the TECO model into the GCMs. The mechanistic model
will provide for a more realistic terrestrial feedback to the GCMs and &tlomore

accurate prediction of future climate change.

Many countries and regions have developed a regulatory means of reducing
CO, emissions to combat anthropogenic climate change. There are, however, no
emission control mechanisms in place that will effectively curb the total pgroduxt
greenhouse gases. Based on the possibility of potential outcomes and the wide range
of variance in future climate response, a more scientific approach needs to be
implemented on understanding climate change impacts on ecosystem processes.
Because of the large number of possible outcomes for future climate, theréoneeds

be more research on various climate scenarios and gradients to deteoaystesc
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response and potential tipping points. Hence, future climate experiments should
include multiple scenarios and give a wider array of possible combinationmateli
change. This information will be highly valuable for validating future ecesyst
models and making predictions on areas that will be most vulnerable to stress

thresholds that cause alteration in ecosystem type.

Science has been closely woven into policy in the United States since before
the formation of the National Science Foundation. Based on some of the ecological
problems that we face currently and in the coming decades, the sciencegfecol
can be used as an effective way for guiding policy decisions (Clark et al., 2001)
Advancements in modeling and analytical techniques along with greater augilabili
of temporal and spatial data, allows for a better ability to predict densyssponses
in the threat of an ever-changing environment. Connections need to be made between
ecology and policy that will allow for a relevant decision-making procéhsse
connections will most likely be formed with the advent of scientists exterfing t
expertise to policy specialists. All fields have some contribution to policyeweny
here are a few fields that standout as highly important for future intgichscy
interaction: global climate change/disturbance, species invasion, dissasaission,

and the production of biofuels.
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