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Abstract Changing climate could affect the functioning
of grassland ecosystems through variation in climate
forcings and by altering the interactions of forcings
with ecological processes. Both the short and long-
term effects of changing forcings and ecosystem inter-
actions are a critical part of future impacts to ecosystem
ecology and hydrology. To explore these interac-
tions and identify possible characteristics of climate
change impacts to mesic grasslands, we employ a low-
dimensional modeling framework to assess the IPCC
A1B scenario projections for the Central Plains of the
United States; forcings include increased precipitation
variability, increased potential evaporation, and earlier
growing season onset. These forcings are also evaluated
by simulations of vegetation photosynthetic capacity to
explore the seasonal characteristics of the vegetation
carbon assimilation response for species at the Konza
Prairie in North Central Kansas, USA. The climate
change simulations show decreases in mean annual soil
moisture and and carbon assimilation and increased
variation in water and carbon fluxes during the growing
season. Simulations of the vegetation response show
increased variation at the species-level instead of at
a larger class scale, with important heterogeneity in

M. D. Petrie · N. A. Brunsell (B)
Department of Geography, University of Kansas,
Lawrence, KS, USA
e-mail: brunsell@ku.edu

M. D. Petrie
e-mail: matt@sevilleta.unm.edu

J. B. Nippert
Division of Biology, Kansas State University,
Manhattan, KS, USA
e-mail: nippert@ksu.edu

how individual species respond to climate forcings. Un-
derstanding the drivers and relationships behind these
ecosystem responses is important for understanding the
likely scale of climate change impacts and for exploring
the mechanisms shaping growing season dynamics in
grassland ecosystems.
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1 Introduction

Climate change may have profound impacts on the
ecology and hydrology of grassland ecosystems. In-
creased variability and long-term change to the proper-
ties of climate forcings may alter mass and energy flux
dynamics and induce change at many scales of ecosys-
tem functioning (Suyker et al. 2003; Fay et al. 2008).
Driving variables shape ecosystem dynamics; forcings
such as precipitation and solar radiation play critical
roles in creating the spatial and temporal heterogeneity
of landscapes and are affected by diverse influences
such as feedbacks and biotic processes (Claussen et al.
2001; Ivanov et al. 2008). These interactions are not
stable and the response of mass and energy fluxes
to driving variables differs across levels of support
(Brunsell and Gillies 2003; Riley et al. 2009). Under-
standing the way changing climate alters ecosystem
interactions may provide insight on the possible intri-
cacies of future ecosystem functioning.

The interplay between driving variables and ecosys-
tem responses is often evaluated at long timescales,
which provides a useful time step but can also overlook
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critical information that exists at shorter scales. Ecosys-
tem variables are also less likely to show statistically-
significant change at longer scales, delaying iden-
tification of the direction and rate of the ecosystem
response. Relating processes at different timescales
and sensitivities, therefore, is of particular impor-
tance for identifying the nature of ecosystem responses
(D’Odorico et al. 2000; Laio et al. 2002; Daly and
Porporato 2006). Studies outlining the probability of
extreme events (Fay et al. 2008), moisture allocation
during drydown periods (Teuling et al. 2006a, b; Milly
1994), plant-scale analyses of C3 and C4 photosynthesis
(Vico and Porporato 2008), and water flux coupling to
surface processes (Ridolfi et al. 2000a) are examples
of the diversity of topics within this focus. Represen-
tation of feedbacks and atmospheric coupling extend
this further (Brunsell and Gillies 2003); defining the
scales of ecosystem functioning aids in more-directed
application of processes and variability. We suggest
this background knowledge provides substantial back-
ground information on the critical spatial and temporal
scales of ecosystem change.

The relationships governing nonlinear surface pro-
cesses may be assessed using low-dimensional modeling
techniques. The strength of these approaches is their
ability to simulate climate forcings as the framework of
ecosystem flux dynamics at small and large scales. Low-
dimensional models have been applied to precipitation
and water flux variability (Daly and Porporato 2005,
2006; Koster and Suarez 1999) and also to spatiotempo-
ral water-limitation and flux depression (Ridolfi et al.
2000b; Porporato et al. 2001). They have been used
to identify how relationships between vegetation and
environment govern spatial vegetation patterns in the
Kalahari grassland in Southwest Africa (Porporato
et al. 2003) and hydrology of the Konza prairie in North
Central Kansas (Porporato et al. 2004). Recently, the
authors used a similar low-dimensional technique to
assess seasonal sensitivities of mass and energy fluxes to
climate forcings as a way of characterizing differences
in ecosystem processes across the Kansas River Basin
precipitation gradient (Petrie and Brunsell 2011).

Mesic grasslands exhibit dynamic responses to cli-
mate forcings at short timescales. Variation and dis-
turbance are, in many ways, normal for grasslands and
resulting heterogeneity is an important component of
how these ecosystems function (Knapp et al. 1998;
Collins et al. 2002). Local ecology also feeds back
at differing scales, producing specialized function and
niche development (Collins et al. 2002). The ecologic
role of vegetation, for example, is one of many parts. It
is affected by forcings, feeds back on them, and changes

in response over time. Water and carbon fluxes are both
drivers and products of these processes and are often
upscaled to represent large-scale ecosystem responses
(Betts et al. 1997). Photosynthesis, for example, varies
in sensitivity to precipitation at different states of wa-
ter limitation (Petrie and Brunsell 2011) and provides
information on how ecosystems are shaped over long
timescales. Determining which variables are likely to
show elastic responses to future climate scenarios is
a necessary extension of this earlier analysis and may
offer insight on the effect climate change will have on
mesic grasslands.

Global Climate Model (GCM) projections for the
Central United States were evaluated by Brunsell et al.
(2010) for the Intergovernmental Panel on Climate
Change (IPCC) A1B climate change scenario. Central
Plains ecosystems are projected to experience an in-
crease in mean surface temperature and higher precip-
itation variability (fewer events of higher magnitude),
slightly decreased mean annual precipitation, and ear-
lier growing season onset (Brunsell et al. 2010). These
compliment other projections for the Central Plains
(Houghton 2001). Studies by Richardson et al. (2009)
and Monson et al. (2005) have explored earlier onset
conditions for temperate Harvard and arid Colorado
forests; their results suggest differing water availabil-
ity and ecosystem flux responses to altered seasonal
conditions and earlier growing season onset. How an
altered growing season could affect mesic grasslands, an
intermediate between the temperate east and arid west,
is unknown. We expect simulations for the Central
United States to reflect increased short-term variability
of soil moisture and also increased average amplitude
between productive early-season and summer drydown
periods within individual years, similar to the results of
Angert et al. (2005).

To explore potential states of mesic grasslands under
changing climate, we focus on the effects of increased
precipitation variability, earlier growing season onset,
and heightened potential evaporation as climate drivers
of seasonal water flux dynamics, growing season length,
and carbon assimilation for semiarid forb and grass
species. Specific goals are: (1) To characterize the indi-
vidual and aggregate effects of decreased precipitation
timing and increased magnitude, heightened potential
evaporation, and earlier growing season onset on sea-
sonal carbon assimilation and soil moisture availabil-
ity; (2) to determine how seasonality in photosynthetic
capacity might act as a critical variable that illustrates
variation in the vegetation response to changing cli-
mate; and (3) to explore carbon assimilation responses
of Konza Prairie vegetation to changing forcings
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and earlier growing season onset. This furthers prior
analysis of climatic and ecologic variability across the
Central Plains in Petrie and Brunsell (2011) by charac-
terizing how driving mechanisms and responses interact
at short to long timescales within the Konza Prairie
region and assessing the possible effects of changing
climate on mesic grassland ecology.

2 Site

This study simulates precipitation dynamics of the
Konza Prairie mesic grassland in the Central Plains
of the United States (40◦ N, 99.5◦ W). Precipita-
tion timing (λ: events day−1) and magnitude ( 1

α
:

depth event−1), along with seasonal potential evapo-
ration, drives the ecology and hydrology of this region
(Petrie and Brunsell 2011). Low annual rainfall (84 cm
year−1 at Konza; 70 cm year−1 for the larger region)
promotes dry-mesic grasslands of C4 grasses and C3

grass and forb species (Fay et al. 2000). These areas are
heavily influenced by soil moisture dynamics and fire
suppression (Harpole and Tilman 2006; Nippert and
Knapp 2007). Annual Net Primary Production (ANPP)
in the Konza Prairie is dominated by relatively few,
abundant species while spatially-small microclimates
have higher species diversity (Knapp et al. 1998). Soils
in the region tend to have mollic properties that vary
with topography and composition, often with active
depths of 1 m or more.

Historical climate change in the Central Plains pro-
duced greater overall effects on grassland ecology
than is expected for contemporary climate change
(Woodhouse and Overpeck 1998), but the rapid onset
and direction suggested by current projections may still
have disruptive effects (Brunsell et al. 2010). Variation
in the distribution of precipitation, for example, may
result in increased frequency of extreme hydrologic
events, disrupting vegetation functioning and soil sta-
bility in agricultural regions (Fay et al. 2008; Rosenberg
et al. 1999). More intensive irrigation requirements
may be realized for sustaining agriculture in some
cases and hasten the depletion of aquifer resources
(Rosenberg et al. 1999). Land class compositions may
also be affected; drier conditions could limit current
woody vegetation encroachment, which increased by
154% from 1939–1985 at Konza (Briggs et al. 2005). At
present, native and invasive species both constitute a
sizable portion of the land area of the Central Plains.
Elevated atmospheric CO2 concentrations may be an-
other driving variable in the climate change problem,
with effects that are difficult to generalize and are

highly species-specific (Drake et al. 1997; Geeske et al.
2001). Understanding the primary drivers and scales of
the ecosystem response is an important part of plan-
ning for the future use and management of grassland
resources.

3 Methods

To assess the effects of climate change on mesic grass-
lands, we focus on identifying the effects of changing
climate drivers of less frequent precipitation event tim-
ing (λ) and higher magnitude ( 1

α
), increased potential

evaporation (Ep), and earlier growing season onset
identified from Brunsell et al. (2010)’s simulations for
the Central Great Plains. In the first part of this study,
we focus on changing precipitation timing and magni-
tude, potential evaporation, and growing season onset
as the major drivers of ecosystem flux dynamics and
the effect their estimated variation has on simulated
water and carbon fluxes. In the second, we implement
measurements of photosynthetic capacity as a critical
parameter that governs the vegetation response to al-
tered soil moisture and potential evaporation in the
model, and apply this framework to explore the relation
of potential carbon assimilation and climate forcings in
Konza Prairie vegetation.

3.1 Precipitation simulation and model framework

The basis for the simulation of precipitation and water
fluxes in are based on D’Odorico et al. (2000) and Laio
et al. (2001), respectively. The model is implemented
at the daily timestep, where soil moisture and potential
evaporation are the main variables used to simulate
daily evaporation and transpiration. Soil moisture is
influenced by precipitation inputs at the beginning of
the time step and is reduced at the end of the time
step from the magnitude of the mass fluxes and from
a soil moisture leakage function that incorporates the
soil properties included in Table 1 (Ridolfi et al. 2000a).
The soil moisture value is then implemented within the
next time step.

Precipitation was used to force the model using
a Poisson process of event timing and magnitude,
with daily Monte Carlo generation of precipitation
(D’Odorico et al. 2000). Timing and magnitude val-
ues for Central Plains grasslands were calculated in
the same manner as Petrie and Brunsell (2011), us-
ing United States Historical Climatology Network
(USHCN) daily precipitation data averages from sta-
tions within 1.5◦ latitude and longitude from the Konza
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Table 1 Model
parameterizations

Name Parameter Value Units

Soil matric potential ψ −.00034 MPa
n/a b 4.05 n/a
n/a c 11.1 n/a
Hydraulic conductivity Ks 175 cm d−1

Soil porosity n 0.4 n/a
n/a β 12.1 n/a
Hygroscopic point θh 0.12 m3 m−3

Reduction point θ∗ 0.37 m3 m−3

Field capacity θ f c 0.42 m3 m−3

Wilting point θw 0.17 m3 m−3

Soil evaporation at θw Sw 0.08 cm d−1

Soil active depth Zr 100 cm
Potential evaporation curve amplitude δet 0.75 n/a
Potential evaporation phase shift ψet 2.62 d−1

Potential evaporation sinusoid frequency ωet 0.02 d−1

Control event timing λ 0.225 events d−1

Scenario event timing λ 0.185 events d−1

Control event magnitude
1

α
0.95 cm event−1

Scenario event magnitude
1

α
1.14 cm event−1

Control mean evapotranspiration Ep0 0.280 cm d−1

Scenario mean evapotranspiration Ep0 0.308 cm d−1

Control growing season onset n/a 90 d−1

Scenario growing season onset n/a 75 d−1

Early and late peak mean WUE WUE0 0.12 μmol C mmol H2O −1

Early and late peak curve amplitude δWU E 0.13 n/a
Early and late peak sinusoid frequency ωWU E 0.03 d−1

Early peak phase shift ψWU E 5.0 d−1

Late peak phase shift ψWU E 2.3 d−1

Prairie (Williams et al. 2006) [http://cdiac.ornl.gov/
epubs/ndp/ushcn/usa.html]. Simulations of 500 years
output daily values of soil evaporation, transpiration,
carbon assimilation, and soil moisture (Fig. 1). Values
used for control and climate change simulations are
shown in Table 1.

In climate change simulations, precipitation was var-
ied by timing (λ) and magnitude ( 1

α
) with negligible

change to mean annual values. Calculated Konza λ =
0.225 and α = 1.05 for control simulation ‘A’ were
varied by 9 and 8.25% (λ = 0.205; α = 0.966) for the
‘B’ simulation and 18 and 16% (λ = 0.185; α = 0.877)
for the ‘C’ simulation. These simulations produced
mean annual precipitation of 70.0 cm, 70.2 cm, and
70.2 cm, respectively, with slightly varying yearly to-
tals. As discussed in Petrie and Brunsell (2011), soil
moisture feeds back on its sensitivity to λ and α within
the temporal unit of analysis; dry conditions are most-
affected by event timing and wet conditions are most-
affected by event magnitude. It is unclear how sensitive
mesic grassland water and carbon fluxes are to small
variations in precipitation such as those expected from
the IPCC A1B scenario.

3.2 Water and carbon flux simulation

To simulate vegetation growth, we scale potential car-
bon and water fluxes by a metric that resembles the
temporal evolution of vegetation functioning through
the growing season. This vegetation functioning ( fv)
metric increases from 0.0% to 100% for 30 days at
the start of the growing season, reaches a maximum of
100% during the growing season, and is depleted for
20 days up to the date of senescence, where it falls to
0.0% until the following growing season begins. Water
stress events, defined in the model as sustained soil
moisture below the vegetation wilting point (θ ≤ θw),
reduce the vegetation functioning metric to 0% and
negate all vegetation fluxes for the remainder of the
simulated growing season. This represents the impact
of extreme drydown conditions on local ecology, which
may become more frequent and intense in future cli-
mate scenarios (Brunsell et al. 2010).

Daily maximum carbon assimilation (Ap) is calcu-
lated as:

Ap = Ep · WUE (1)

http://cdiac.ornl.gov/epubs/ndp/ushcn/usa.html
http://cdiac.ornl.gov/epubs/ndp/ushcn/usa.html
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Fig. 1 One year of modeled
precipitation (top) and
resulting volumetric soil
moisture, water, and carbon
fluxes (bottom). Water fluxes
are partitioned between
transpiration and soil
evaporation
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where daily Ep [cm d−1] is calculated from Milly (1994)
as:

Ep = (
Ep0/nZr

) · [1 + δet · sin
(
ωet · hday + φet

)]
(2)

where Ep0 is mean annual Ep, nZr is the active soil
depth [cm], δet is the amplitude about Ep0

nZr , ωet is the
frequency of the sinusoid [d−1], hday is the hydro-
logic day, and φet is the phase shift. The vegetation
functioning metric induces seasonality in maximum
assimilation at the beginning and end of the grow-
ing season. Transpiration is calculated from carbon
assimilation as:

Tr = A · 1

WUE
(3)

where WUE is the water-use efficiency of vegetation
[μmol C mmol H2O −1] calculated from photosyn-
thetic capacity simulations and A is carbon assimilation
[μmol m−2 d−1] calculated in a piecewise manner from
(Laio et al. 2001) as:

if θ ≤ θw; A = 0.0

if θw ≤ θ < θ∗; A =
(

θ − θw

θ∗ − θw

)
· Ap

if θ ≥ θ∗; A = Ap

(4)

where Ap is potential assimilation [μmol m−2 d−1], θ is
volumetric soil moisture [m3 m−3], θh is the hygroscopic
point, θw is the wilting point of vegetation, and θ∗ is
the soil moisture at which plant fluxes begin to be
reduced. Evaporation is decoupled from transpiration
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and is calculated in a piecewise manner from Laio et al.
(2001) as:

if 0 < θ ≤ θh; Es = 0

if θh < θ ≤ θw; Es = Sw · ((θ − θh)/(θw − θh))

if θw < θ ≤ θ∗; Es = Sw + (Ep − Ew)

· ((
θ − θh

)/(
θw − θh

))

if θ > θ∗; Es = Ep (5)

where Sw is soil evaporation at the wilting point of veg-
etation. These values are theoretical parameterizations
for model simulation of fluxes. Total evaporation (E,
cm d−1) is the sum of Es and Tr, weighted by vegetation
functioning:

E = Es · (1 − fv) + Tr · fv (6)

where fv is the vegetation functioning. Each of these
model outputs are simulated at the daily time step.

3.3 Photosynthetic capacity and water-use efficiency

An important variable shaping vegetation water and
carbon fluxes in the model is water-use efficiency
(WUE, δA

δE ). Water-use efficiency is the slope of the
carbon assimilation-transpiration curve and its varia-
tion is a product of sensitivities of stomatal conductance
to surface temperature, vapor pressure, and seasonal
phenology (Monson et al. 1986; Nippert et al. 2009).
Measurements of carbon assimilation and transpiration
reflect varying nonlinear sensitivities of vegetation pho-
tosynthesis to external forcings and carbon flux dy-
namics are an emergent property of the photosynthetic
capacity of vegetation. These measurements also reflect
the compatibility of vegetation to temporal variation
in and magnitude of moisture availability. The relation
of transpiration to evaporation responds strongly to
soil moisture variation, although the vegetation control
plays an important role in the overall magnitude of
carbon and water fluxes.

We implement vegetation photosynthetic capacity
as a seasonally-varying parameter to estimate how
changes to the temporal variation in potential carbon
assimilation and soil moisture might influence the par-
titioning of growing season carbon assimilation and
also mean annual values. These simulations may also
help identify the likely spatial scale of the ecosystem
response. For example, variation in plant phenology
and external forcings (parameterized in this study as
potential carbon assimilation) produces different car-
bon assimilation patterns between vegetation species
(Epstein et al. 1996; Emmerich 2007). The photosyn-
thetic pathway of vegetation may be an important vari-
able; large-scale shifts in vegetation dominance, includ-

ing C3 woody vegetation and C4 grasses at Konza, could
be driven by phenologic responses to changing climate
(Epstein et al. 1996; Emmerich 2007). Photosynthesis
and carbon assimilation during dry, warm summers
(Monson et al. 1986; Nippert et al. 2007; Niu et al.
2005) and mild, wet springs varies between species
(Vermeire et al. 2009) and may be negated in cases of
water limitation, even under an enhanced early growing
season (Makela et al. 1996; Niu et al. 2005; Nippert
et al. 2007). While treating photosynthetic capacity as
a critical parameter in the model simplifies vegetation
dynamics, this treatment allows the modeling frame-
work to produce insight on how climate simulations and
vegetation phenology impact ecological functioning at
smaller spatial scales.

To explore how vegetation and environment inter-
act across the growing season, we implement vegeta-
tion photosynthetic capacity in the model as water-use
efficiency simulations (Fig. 2). The first employs water-
use efficiency as a constant (WUE = 0.12) to isolate
climate forcings. The second simulations vary WUE as
out-of-phase sine functions at a daily scale to explore
the timing of WUE maximum and minimum on carbon
assimilation, calculated as:

WUE = WUE0

· [
1 + δWUE · sin

(
ωWUE · hday + φWUE

)]
(7)

where WUE0 is the annual mean WUE, δWUE is the
amplitude about WUE0, ωWUE is the frequency of the
sinusoid [d−1], hday is the hydrologic day, and φWUE

is the phase shift. These values are shown in Table 1.
The third implementation of water-use efficiency is
introduced below.

3.4 Konza Prairie vegetation

To assess the role of vegetation in the ecosystem re-
sponse, we implement water-use efficiency for Konza
Prairie species (one C4 grass, Andropogon gerardii,
and two C3 forbs, Salvia pitcherii and Ambrosia
psilostachya) and also for C3 and C4 vegetation classes.
A difference at the vegetation class scale would suggest
differences in photosynthetic pathways may be likely
to influence species composition and grassland func-
tioning at the landscape-scale. If effects are instead
more realized for individual species, this may suggest
future climate scenarios will drive change in grasslands
in a more subtle way. This distinction is important for
identifying the future research questions that are likely
to provide insight on grassland responses.

Carbon assimilation and transpiration measure-
ments for Konza vegetation were taken in-situ during
the 2008 growing season on days 155, 168, 182, 196, and
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Reference growing season onset date is Julian day 90 and date
of senescence is Julian day 270. Panels B and C have 30 day
maturation periods beginning at start date and 20 day periods of
decline leading to senescence

214. Over this period, 287 instantaneous measurements
of photosynthesis [μmol m−2 s−1] and transpiration
[mmol m−2 s−1] were made for C3 vegetation and 180
were made for C4. These include 24 measurements of
photosynthesis and transpiration for S. pitcherii, 41 for
A. psilostachya, and 40 for A. gerardii. To estimate
daily values of water-use efficiency, linear change was
assumed between measurements and was scaled at the
beginning and end of each growing season (Fig. 2).
This variability defines the interaction of climate forc-
ings and vegetation at a fundamental level, helping to
identify the temporal scales that underlie the ecosystem
response to climate forcings.

4 Results

4.1 Changing forcing mechanisms

The effects of increased mean potential evaporation
(Ep), earlier growing season onset, and higher precip-
itation variation (fewer events of greater magnitude
with the same annual mean) were analyzed for their
effects on water-stress event frequency and also mass
fluxes of water and carbon. Control simulations suggest
water stress periods (θ ≤ θw) of more than 20 days occur
in approximately 2% of years at Konza. For Konza
vegetation simulations, the implemented water stress
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resilience of 15 days maintains full growing season in
approximately 90–97% of simulated years.

Control simulations are shown in Fig. 3 and focus
on the effects of forcing combinations on the seasonal
dynamics of water and carbon fluxes. These show little
deviation from the expected responses. Increased po-
tential evaporation and precipitation variability both
increase average daily spring water and carbon fluxes
and reduce them in the drier summer through re-
duced soil moisture availability (panels A and B). This
variability produces a negative relationship between
annual carbon assimilation and precipitation variance,
although it is difficult to assess the interaction be-
tween heightened potential evaporation and precipita-
tion variability in individual years. Model simulations of
increased precipitation variance and potential evapora-
tion did not produce a notable increase in the number
of water stress events in the A1B scenario (not shown),
but did interact with potential evaporation to alter soil
moisture availability and water fluxes (Fig. 3).

Earlier growing season onset reduces soil moisture
availability later in the growing season, suggesting it
could be important for scaling mass fluxes and influence
the magnitude of water stress events (Fig. 4). These
simulations produce change at a lower magnitude than
is suggested by the results of Monson et al. (2005)
for arid Colorado forests but are, however, a likely
response in a less-arid climate. This suggests that sen-
sitivity of water fluxes to forcings varies throughout the
growing season and that mean values are an aggregate
of small-scale variability between individual years or on
even shorter timescales such as periods of altered soil
moisture availability.

4.2 Seasonally-varying photosynthetic capacity

To assess how differences in the timing and amplitude
of photosynthetic capacity influences the temporal dis-
tribution of carbon assimilation, we simplify water-use
efficiency dynamics as out-of-phase sine curves with

Fig. 4 (Panel A) Effects of
changing precipitation timing
and magnitude (denoted by
event depth value) and
growing season onset on
carbon assimilation (mol m−2

y−1) simulations of an early
peak in photosynthetic
capacity and (Panel B)
late-peak simulations;
(Panel C) precipitation on the
temporal variance of carbon
assimilation for early-peak
simulations and (Panel D)
late-peak simulations;
(Panel E) precipitation timing
and magnitude and mean
evaporation on carbon
assimilation (mol m−2 y−1)
for early-peak simulations
and (Panel F) for late-peak
simulations

A B

C D

E F
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early and late peaks (Fig. 2). We are also interested
in how this variation in sensitivity to external climate
forcings upscales to shape mean annual values, which
may offer insight on the long term effects of the A1B
scenario.

Results from the early and late peak water-use
efficiency simulations are shown in Fig. 4. Early peak
simulations (panels A and E) show a uniform response
to precipitation variation, potential evaporation, and
growing season onset. Late peak simulations show less-
uniformity in annual mean carbon assimilation between
drivers, but assimilate more carbon overall (panels B
and F). This is illustrative of the type of control photo-
synthetic capacity may have on the sensitivity of carbon
assimilation to soil moisture; early peak simulations
incur less-variation in assimilation during the spring
and during the summer, while late peak simulations
show a higher mean annual carbon assimilation and
variance due to summer correlation between potential
evaporation and maximum water-use efficiency, which
produces higher variability and magnitude in mass
fluxes than in early-peak simulations. This suggests
that variation in photosynthetic capacity and vegetation
phenology may be a critical variable that controls the
vegetation response to soil moisture availability and
would play an important role in the vegetation response
to an altered growing season, especially one with in-
creased variability in soil moisture.

4.3 Konza Prairie vegetation

Exploring the vegetation response at Konza is the third
part of this study and focuses on water-use efficiency
simulations from measurements of photosynthesis for
C3 and C4 vegetation. There was large variation in
measurements of photosynthetic capacity within C3 and
C4 classes and very little similarity in the simulated
response, especially in years of lower and higher than
average precipitation totals (not shown). We did not
see results that suggest the pathway differences be-
tween C3 and C4 photosynthesis are a major driver of
the ecosystem response for the A1B climate scenario.

The species-level is a better scale for assessing cli-
mate change impacts to mesic grasslands. We believe
projections for future increases in potential evapora-
tion and precipitation variability are more-likely to
induce small shifts to critical habitat and species func-
tioning than they are widespread ecosystem change. To
explore this hypothesis, we employ water-use efficiency
parameterizations for two C3 forb (S. pitcherii and
A. psilostachya) and one C4 grass (A. gerardii) species
at Konza to assess their responses to climate simula-
tions (Fig. 2, Panel C). Three scenarios are assessed

for three separate climate scenarios; control (Ep =
0.28, precipitation scenario ‘A’), climate change (Ep =
0.31, precipitation scenario ‘C’), and climate change
with earlier growing season onset (day 75 instead of
day 90).

Konza species show variation at the annual scale
(Fig. 5), which illustrates the relationship between av-
erage annual precipitation and carbon assimilation. An-
nual assimilation is influenced by the climate influence
on soil moisture, how the photosynthetic capacity
of vegetation correlates to periods of soil moisture
availability and potential evaporation, and how the
seasonality of photosynthetic capacity and potential
evaporation influences the feed back on soil moisture.
These dynamics create highly variable carbon assimila-
tion totals in individual years of simulation (illustrated
by the scatter in Fig. 5) and in mean annual values.

S. pitcherii shows the most-varied response to the
climate change scenarios (Fig. 5, panels A and B). This
is, in part, due to the large difference in photosyn-
thetic capacity for S. pitcherii between the early and
late growing season, which increases the elasticity of
annual carbon assimilation to variation in soil moisture
variability. S. pitcherii shows the largest change in in
slope of the carbon assimilation regression line for all
simulations.

A. psilostachya has a less elastic response to climate
change and earlier onset simulations than S. pitcherii,
illustrated by a lower change in slope of the carbon as-
similation line (Fig. 5, panels C and D). This is a product
of the low variability in water-use efficiency displayed
by A. psilostachya, which may create a response that is
most similar to the control simulations in Fig. 3.

A. gerardii shows an intermediate response between
S. pitcherii and A. psilostachya (Fig. 5, panels E and
F). The slope of annual carbon to precipitation for
A. gerardii is increased for both climate change sim-
ulations and shows a strong response to low and high
extremes in annual precipitation. Total assimilation is
increased in earlier growing season onset simulations,
but is most-increased for years of higher than average
precipitation. This is likely a product of A. gerardii hav-
ing the highest amplitude between early and late season
water-use efficiency maxima and minima (Fig. 2).

Calculated r2 values show poor correlation between
annual precipitation and carbon assimilation for all
Konza species simulations, with the highest r2 value
of 0.33 for A. psilostachya control simulations. The
variance between annual carbon assimilation values in
Figure 5 also illustrates this. This poor correlation is an
expected result of the varied influences on vegetation
carbon assimilation and the likely importance of these
interactions daily to seasonal temporal scales.
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Fig. 5 Annual carbon
assimilation divided by
average annual carbon
assimilation (mol m−2 y−1)
vs. total annual precipitation
(cm y−1) for (Panel A)
control and climate change
simulations for S. pitcherii
and with earlier growing
season onset (Panel B);
(Panels C and D) A.

psilostachya; and (Panels E
and F) A. gerardii. Trendlines
for each simulation are
shown, where P is annual
precipitation and A is the
carbon assimilation fraction
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To explore the influence of the climate change and
earlier onset conditions on assimilation through the
growing season, we evaluate mean daily values for
climate change and climate change with earlier onset
simulations against the control scenario for S. pitcherii,
A. psilostachya, and A. gerardii (Fig. 6). These il-
lustrate the aggregate impact of the climate forcings,
vegetation phenology, and feedbacks on how carbon is
assimilated through the growing season at a scale that
is better for identifying temporal periods of stability
and change. Figure 6 illustrates a highly varied response
between species and also a dissimilarity in response to
early growing season onset conditions, which influences
carbon assimilation later in the growing season. Altered
partitioning of carbon fluxes and soil moisture feed-
backs may be an important for realizing the implica-

tions of climate change, especially at shorter temporal
scales.

5 Discussion

This study presents two foci for exploring climate
change in mesic grasslands. The first is characterizing
the aggregate effects of increased precipitation variabil-
ity, increased potential evaporation, and earlier grow-
ing season onset as drivers of seasonal water and carbon
flux dynamics at the Konza Prairie. The second intro-
duces measurements of seasonally-varying photosyn-
thetic capacity as a way to simulate vegetation dynamics
and assess their impact on carbon assimilation within
the climate scenarios. The purpose of this discussion
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Fig. 6 Ratio of 500 years of
simulated average daily
carbon assimilation for
climate change scenarios to
that of a control scenario for
Konza Prairie vegetation S.

pitcherii, A. psilostachya,
and A. gerardii species.
Climate change drivers of
decreased precipitation
timing (λ), increased
precipitation magnitude ( 1

α
),

increased potential
evaporation (Ep), and earlier
growing season date of onset
are evaluated, where a
baseline of 1.0 corresponds to
the control simulation.
Earlier growing season onset
dates that are earlier than the
control scenario have been
omitted from this figure
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is to illustrate the direct findings of these simulations,
explore the implications of altered flux dynamics, and
identify opportunities for sharpening analysis of cli-
mate variability in semiarid ecosystems.

5.1 Climate forcing

Climate change simulations produce some expected
responses of water and carbon fluxes to forcing varia-

tion and also illustrate unique components of ecolog-
ical functioning and responses in the Konza Prairie.
General effects to major relationships are understood:
decreased precipitation event timing and increased
event magnitude increases early-season soil moisture
availability and reduces it later in the growing season,
while potential evaporation increases mass fluxes and
acts to intensify the feedback between water fluxes
and soil moisture (Petrie and Brunsell 2011). This
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results in increased variability between early and late-
season water fluxes (Fig. 3, panel B) that is amplified
by increased potential evaporation (panel A). Earlier
growing season onset also influences this feedback by
reducing summer and late-season soil moisture avail-
ability, especially where increased precipitation vari-
ability increases early-season water fluxes.

Seasonally-varying photosynthetic capacity simula-
tions assess the interaction of vegetation and environ-
mental conditions in shaping water and carbon fluxes
through the growing season. Of these interactions, the
transpiration feedback on soil moisture and the timing
and magnitude of water-use efficiency maxima and
minima are critical for ecosystem carbon assimilation.
The feedback relationship is illustrated in Fig. 4, panels
E and F; carbon assimilation is partitioned differently
between simulations of early and late-season peak in
photosynthetic capacity. This suggests the optimal rela-
tionship between potential evaporation, soil moisture,
and vegetation phenology varies by the temporal scale
of analysis. Increased variability in the climate system
can generally be assessed to have an amplified nega-
tive effect when paired with high seasonal variation in
vegetation photosynthetic capacity or other governing
variables.

Increased variability in soil moisture dynamics will
influence the seasonal properties of vegetation carbon
assimilation through increased variance at daily to an-
nual scales. At the annual scale, Konza grasslands can
initially expect greater annual average carbon assimi-
lation at the price of more inter-annual and seasonal
variability (Fig. 3). This benefit is negated as seasonal
drydown conditions are amplified by climate forcings
and is especially notable in cases where photosyn-
thetic capacity was simulated with a late-season peak
(Figs. 3 and 4). This suggests an intermediate response
between that of temperate eastern and arid western
U.S. of Richardson et al. (2009) and Monson et al.
(2005) that will likely be scaled by long term climate
forcings. Increased variability in precipitation timing
and magnitude beyond the A1B scenario projections
that further amplifies the intensity and frequency of
extreme environmental conditions could also be real-
ized (Julien and Sobrino 2009). We expect the general
impact of climate change to be an intensification of
beneficial and deleterious extremes of soil moisture
availability, especially where influenced by a more elas-
tic vegetation feedback.

5.2 Konza vegetation and climate change

Changing climate is likely to reshape ecological inter-
actions in the Konza Prairie. Much of this response

may be at the species-scale; Konza vegetation exhibits
strong heterogeneity to climate simulations both be-
tween (Fig. 5) and within species (Fig. 6). Variability
at the species scale in Fig. 6 exemplifies the possible
dynamic created by the A1B scenario: carbon assim-
ilation shows large temporal variation in response to
changing drivers but average daily assimilation values
are within 10% of control simulations. It also sug-
gests a trend where species with differing vegetative
controls on carbon assimilation, such as S. pitcherii
and A. gerardii photosynthetic capacity simulations
(Fig. 2), can produce both similar and differing trends in
seasonal carbon assimilation depending on the climate
scenario (Fig. 6). This is important for assessing the
roles of microclimate, vegetation phenology and vari-
ation in flux dynamics in shaping longer-term changes
in species composition and local ecology. The varied
responses in this analysis suggest mesic grasslands are
not likely to show a landscape-scale response to a mod-
erate climate projection such as the A1B scenario. It is
important, however, to remember these systems exist in
a constant state of response to continuous and discrete
external forcings. Change will instead be a product
of increased ecosystem flux variability and the long-
term response of smaller scale vegetation processes and
interactions.

Due to observed heterogeneity in the species simula-
tions, we expect the response of mesic grasslands to be
most-pronounced in cases where additional variables,
such as site characteristics or microclimate, induce a
dominate control on ecosystem flux dynamics. Fire
frequency has been and will remain a primary driver
of native and invasive species composition at Konza
and the surrounding region, but it may have a lessening
impact on the spread of invasive woody species and
the response of grasses as a more variable climate
influences periods between discrete fire events. We also
expect longer-term change in local ecology to respond
at different timescales and with a good deal of inter-
annual variability, similar to modeled vegetation car-
bon assimilation in Fig. 6. Disruption at these smaller
scales may prove to be a critical driver of ecosystem
functioning; the Konza Prairie maintains species diver-
sity within specialized niches that are maintained by
heterogeneity in ecosystem conditions (Knapp et al.
1998; Harpole and Tilman 2006). Climate change may
produce conditions where small scale ecosystem func-
tioning may alter critical relationships that ultimately
influence the larger ecosystem, much in the same way
fire suppression has altered species composition at
Konza and promoted an increase in invasive woody
species. How these small deviations influence vegeta-
tion optimality and competition may provide further
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insight on mesic grassland stability as climate change
progresses.

Feedbacks from altered surface processes and en-
ergy flux partitioning may upscale to affect large-scale
processes. Climatic variation, including the moderate
simulations presented in this paper, has the effect of
adjusting the partitioning of latent and sensible energy,
which feeds back on climatology and may influence
long-term climate and extreme events (Pielke 2001;
Riley et al. 2009). Information theory and Maximum
Entropy Production frameworks may also provide in-
sight on how flux partitioning and biotic dynamics in-
teract and feed back on the earth system, with pos-
sible impacts on the coupling between hydrology and
entropy production and optimization of surface energy
partitioning (Jaynes 1957; Cowan 2002; Kleidon 2009).
How these conceptual frameworks such as these could
identify pertinent issues shaping energy partitioning
and climatic gradients could be an important compo-
nent of planning for climate change impacts to the earth
system.

6 Conclusions

Climate change will affect mesic grassland functioning
as increased precipitation variance, increased poten-
tial evaporation, and earlier growing season onset in-
duce greater variation in growing season soil moisture
availability. Observed heterogeneity in the hydrologic
and vegetation responses to the climate simulations
suggests smaller-scale interactions are likely to define
larger-scale responses in mesic grasslands and will vary
as climate change becomes more pronounced. We ex-
pect these changes to be most-pronounced where en-
vironmental variables such as microclimate maintain
community assemblages and ecosystem flux dynamics.
These results suggest more focused studies of how
the ecosystem interactions and feedbacks within small-
scale systems could change in future climate scenarios
and ultimately define larger scale responses.
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