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PREFACE
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Applied Ecology. It evaluates and discusses the ecological interactions of fire and
grazing on animal site selectivity.
I would like to personally acknowledge and thank my advisory committee for
their support and help. Rod Will and Tom Monaco provided valuable advice, criticisms,
and necessary equipment for the plant ecophysiological field study. Sam Fuhlendorf
provided funding and valuable help for all projects, but was extremely helpful in
examining grazing behavior in regard to fire. His guidance and mentoring will be
appreciated for years to come.
Special thanks to Jonathan Kelly, Chris Stansberry, and Adam Gourley for their
help and assistance in the field. I am thankful for fellow students Stephen Winter, Scott
Robertson, Ryan Limb, and Ray Moranz for their friendship, guidance, and support.
I am especially grateful for two wonderful daughters, Josie and Brynn, whose
smiles and giggles make the day. Lastly, I owe a great deal of thanks to my loving wife
Angela. Her never ending support and patience are amazing.

iii

TABLE OF CONTENTS
Chapter

Page

I. What advantages does the invasive Lespedeza cuneata have?...................................1
Abstract ....................................................................................................................2
Introduction ..............................................................................................................3
Methods....................................................................................................................7
Results ....................................................................................................................11
Discussion ..............................................................................................................13
References ..............................................................................................................17

II. Pyric herbivory: Changing selectivity through the fire-grazing interaction ...........34
Abstract ......................................................................................................................
Introduction ................................................................................................................
Methods......................................................................................................................
Results ........................................................................................................................
Discussion ..................................................................................................................
References ..................................................................................................................

iv

LIST OF TABLES

Table

Page

CHAPTER I
1. ANOVA results for species and time of day effects for physiological variables
measured ................................................................................................................24
2. ANOVA results for species / soil depth for variables measured .............................25
3. Mean values (SE) and ANOVA results for total aboveground biomass and leaf
nitrogen in A. psilostachya, A. gerardii, and L. cuneata. Differing letters indicate
significant differences within month (P<0.05) using Tukey’s HSD .....................26
CHAPTER II
1. Factors that influence selection within each treatment. Estimated RSF
coefficients and r¯s (measure of temporal predictability) are shown for each
grain size. Asterisks (*) indicate significance (P<0.05) within logistic
regression model ....................................................................................................57

v

LIST OF FIGURES
Figure

Page

CHAPTER I
1. Mean (±SE) monthly precipitation (1994-2007; bars) and monthly precipitation for
2007 (circles) at the Oklahoma State University Range Research Station ............27
2. Mean values (±SE) of monthly photosynthetic (Anet) and stomatal conductance
(gs) rates for A. psilostachya, A. gerardii, and L. cuneata June – September
2007. Values are means of measurements taken at 1200 and 1500 hours.
Differing letters indicate significant differences within month (P<0.05) using
Tukey’s HSD .........................................................................................................28
3. Mean values (±SE) of monthly PSII efficiency (Fv´/Fm´) for A. psilostachya, A.
gerardii, and L. cuneata June – September 2007. Values are means of
measurements taken at 1200 and 1500 hours. Differing letters indicate significant
differences within month (P<0.05) using Tukey’s HSD .......................................29
4. Monthly mean values (±SE) of net photosynthesis in response to photosynthetic
photon flux density (PPFD) for A. psilostachya, A. gerardii, and L. cuneata June –
September 2007 .....................................................................................................30
5. Monthly mean values (±SE) of dark respiration rate (Rd) and apparent quantum
yield (AQY), determined from light response curves for A. psilostachya, A.
gerardii, and L. cuneata June – September 2007. Differing letters indicate
significant differences within month (P<0.05) using Tukey’s HSD .....................31
6. Monthly mean values (±SE) of predawn (Ψpd) and midday (Ψmd) xylem water
potentials for A. psilostachya, A. gerardii, and L. cuneata (left axis) and
volumetric soil water content (right axis) June – September 2007. Differing
letters indicate significant differences within month (P<0.05) using Tukey’s
HSD........................................................................................................................32
7. Mean values (±SE) of total and specific leaf area for A. psilostachya, A. gerardii,
and L. cuneata June – September 2007. Differing letters indicate significant
differences within month (P<0.05) using Tukey’s HSD .......................................33

vi

Figure

Page

CHAPTER II
1. Conceptual diagram illustrating fire-grazing interactions (pyric herbivory) in
tallgrass prairie. Fire will increase the probability of an area being grazed,
changing the plant community and reducing the probability of fire. As grazing
animals prefers areas that have been recently burned, previously burned and
grazed areas receive less disturbance by grazing animals. Boxes on left
demonstrate theoretical patch dynamics on a landscape that differ in time since
fire and grazing. Figure modified from Fuhlendorf and Engle (2004) and
Fuhlendorf et al. (In Press) ....................................................................................60
2. Design of control and pyric herbivory treatments (n=2). The bold line is the fenced
perimeter of each treatment replicate. Dashed lines in the pyric herbivory
treatment represent delineated areas of fire application (no internal fences
present). Text shows the season and year of burn. Control replications were
burned entirely in spring 2006. Delineations similar to the pyric herbivory
treatment are for comparison .................................................................................61
3. Mean Ivlev electivity indices of grazing animals for each particular patch in fall
2007 and spring 2008. Values range from -1 (complete avoidance) to +1
(complete preference). Asterisks (*) indicate difference from zero (t-test, n=2,
p<0.05), denoting a preference or avoidance. Number presented in parentheses is
one standard deviation ...........................................................................................62
4. Regression analysis for bare ground cover value (%) and Ivlev electivity indices of
patches within control and pyric herbivory treatments ..........................................63
5. Regression analysis for amount of time since fire (years) and Ivlev electivity
indices of patches within pyric herbivory treatments. Grazing animals preferred
areas that were recently burned and avoided areas with longer time since fire .....64
6. Mean selection heterogeneity between patches of control and pyric herbivory
treatments, measured at differing scales (patch sizes). Error bars represent one
standard deviation ..................................................................................................65

vii

CHAPTER I

WHAT ADVANTAGES DOES THE INVASIVE
LESPEDEZA CUNEATA HAVE?
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Abstract
To better understand the strategies and mechanisms of invading plants in tallgrass prairie,
physiological and morphological characteristics of the invasive Lespedeza cuneata were
compared to the natives Ambrosia psilostachya and Andropogon gerardii. L. cuneata
demonstrated characteristics suggesting strategies of both competition and tolerance.
Total and specific leaf area (cm2 g-1 of leaves) exceeded that of native species and may
allow L. cuneata to successfully establish and dominate in tallgrass prairie, aiding in both
resource acquisition and competitive exclusion. Gas exchange traits, (e.g. net
photosynthesis, stomatal conductance, and water use efficiency) of L. cuneata did not
exceed other species, but remained constant throughout sampling periods. The
consistency of net photosynthesis and other gas exchange traits throughout the growing
season for L. cuneata reveal characteristics of stress tolerance. The combination of these
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characteristics and strategies may assist in the invasion of Lespedeza cuneata and also
provide insight into general mechanisms responsible for successful invasions into
tallgrass prairie.

Keywords
Invasive plants, sericea lespedeza, leaf area, photosynthesis

Introduction
Invasive plants are a threat to most ecosystems. Invasions can alter disturbance regimes,
biodiversity, ecosystem structure and functions, and agricultural production (D'Antonio
and Vitousek 1992; Heywood 1989; Mack et al. 2000; Vitousek et al. 1997). Because of
the deleterious effects and ecosystem disruption caused by invasive species, many
scientific studies have addressed the mechanisms by which invasive plants succeed.
Many characteristics that influence the success of invaders have been identified, but these
are often generalizations and species dependent (Mack 1996). Studies on specific species
and communities are required to understand the mechanisms and strategies of invasive
plants (Lodge 1993).

Success of an invasive species may be dependent on life history traits, response to
disturbance, nutrient requirements, or, collectively, the strategy of the invader as
compared to those native to the ecosystem. Competitive and tolerance strategies may be
particularly important to the successful establishment and persistence of perennial
invasive plants. The ability to compete with native species for limited resources may
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greatly improve the probability of establishment and the overall fitness of the invasive
plant. Similarly, higher or equal tolerance to stressful conditions through resource
conservation than native species may also assist in invasive plant persistence and
dominance in a non-native system.

The mechanisms of both competition and tolerance strategies may differ among invasive
and native plants. Physiological traits related to carbon gain can directly affect fitness
and differences in traits between exotic and native plants may indicate a strategy for
competition and invasion (McAlpine et al. 2008). For example, competitive success may
be increased by maximizing photosynthesis (Durand and Goldstein 2001; Feng et al.
2007; McDowell 2002). Higher rates of photosynthesis may also lead to increased
growth rates, biomass accumulation and overall production. Higher carbon gain and
growth may enable invasive species to easily out compete slower growing species by
facilitating colonization or resource acquisition (Lambers and Poorter 1992).

Differences in morphology may also enhance success of invasive plants (Baruch and
Goldstein 1999; Pattison et al. 1998). The ability to capture and utilize light energy is an
important factor in plant growth and overall fitness. Competition for light may be the
primary process influencing successful invasions (D'Antonio et al. 2001). An overall
greater amount of total leaf area may successfully aid in competing for light. Greater
specific leaf area (leaf area per unit leaf mass) may increase carbon assimilation due to
more leaf area produced for a given investment in biomass (Lambers and Poorter 1992).
Species with high rates of photosynthesis and increased total or specific leaf area may be

4

able to capture and utilize more light energy than their competitors (McAlpine et al.
2008). However, differences in physiological or morphological characteristics may not
always be present or contribute to the success of invasive species (Harrington et al. 1989;
Smith and Knapp 2001) or may be required in combination to be successful (Owens
1996).

Stress tolerance may also help in successful establishment or dominance of invasive
species. The ability to tolerate conditions that normally restrict native plant growth (e.g.
reduced water, light, or nutrient availability) would be advantageous to an exotic species.
In addition in aiding in competition, physiological and morphological traits may also
contribute to stress tolerance. Constant (less variable) rates of photosynthesis throughout
the day or season and small but numerous amounts of leaves are examples of such
characteristics that may allow for tolerance to adverse conditions.

Lespedeza cuneata (Dum.-Cours.) G. Don. is an introduced herbaceous perennial legume
that is expanding throughout the southern Great Plains (Brandon et al. 2004; Cummings
et al. 2007; Koger et al. 2002). Introduced from Asia in the late 1800s, L. cuneata has
primarily been planted for forage production, erosion control, and land reclamation.
Invasion of L. cuneata into disturbed habitat (Brandon et al. 2004) and quality rangeland
(Cummings et al. 2007) is rapid, displacing native species and forming dense
monocultures. It is found growing in much of the Midwest, including Kansas (declared
noxious), Nebraska, Missouri, and Oklahoma (Ohlenbusch et al. 2001). It is reported to
“invade and decrease grass production on rangelands and introduced pastures” and have a
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“negative impact on forage production for livestock, food and cover for wildlife and
biological diversity” (Vermeire et al. 2005). Possible mechanisms of invasion may
include shading other vegetation, (Brandon et al. 2004), allelopathic interference with
neighboring plants (Kalburtji and Mosjidis 1992; Kalburtji et al. 2001), and decreased
herbivore pressure due to low digestibility and condensed tannin content (Donnelly 1954;
Mosjidis 1990).

The objective of this study was to examine possible strategies of competition and
tolerance responsible for the successful invasion of Lespedeza cuneata. More
specifically, we examined possible physiological and morphological mechanisms of such
strategies and determined if there were differences between L. cuneata and the native
species Ambrosia psilostachya DC and Andropogon gerardii Vitman. These species
were chosen for comparison due to their abundance throughout tallgrass prairie
vegetation. A. psilostachya is a C3 forb that is commonly widespread, but not
dominating, while A. gerardii is one of the dominant C4 grasses. Both species are
frequently displaced by L. cuneata. Physiological and morphological characteristics
were examined and compared between species. To obtain a complete comparison of
species, observations were made during different time periods of the day and throughout
the growing season.
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Methods
Study Site
This study was conducted in north central Oklahoma, on the Oklahoma State University
Range Research Station, approximately 21 km southwest of Stillwater, OK, USA. The
vegetation can be classified as tallgrass prairie, with patches of cross timbers. Average
annual precipitation is 870 mm, with 60% of precipitation falling May through October.
Average monthly rainfall ranges from 27 mm in February to 135 mm in June. Average
monthly temperatures range from a low of -2°C in January and a high of 34°C in August.
Dominant grasses include Andropogon gerardii, Schizachyrium scoparium (Michx.)
Nash, Panicum virgatum L., and Sporobolus asper (Michx.) Kunth. Dominant forbs are
Ambrosia psilostachya and Gutierrezia dracunculoides (DC.) S.F. Blake. Cross timbers
vegetation areas are dominated by Quercus stellata Wang., Quercus marilandica
Münchh., and Celtis spp. Species in this study were sampled from an upland site with
clay loam soils where L. cuneata cover is increasing. An Oklahoma Mesonet (Brock et
al. 1995) weather station is located ca. 350 m east of the study area. Various climate
measurements, including air temperature, relative humidity, and rainfall are recorded
every five minutes.

Gas exchange & chlorophyll fluorescence
Leaf gas exchange and chlorophyll fluorescence characteristics were determined using an
LI-6400 portable photosynthesis system (LI-COR Corp., Lincoln, NE, USA) equipped
with an integrated fluorescence chamber head (LI-6400-40, LI-COR Corp., Lincoln, NE,
USA). Net photosynthetic rate (Anet), stomatal conductance to water vapor (gs), and leaf
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transpiration (E) were based on the equations of von Caemmerer and Farquhar (1981).
Water use efficiency (WUE) was calculated as the ratio between Anet and E. Chlorophyll
fluorescence characteristics were measured simultaneously with gas exchange. The
efficiency of photosystem II (PSII) was calculated as (Fm´ – Fo´)/Fm´ = Fv´/Fm´ during
illumination. Measurements were taken monthly, June – September 2007 at 1200 and
1500 hours local time. Original plans included additional sampling at 0900 hours, but
excessive leaf-surface moisture in the morning did not permit adequate sampling
conditions. On each sampling date, 12 plant individuals of each species were selected
and one fully developed, unshaded representative leaf was measured. During
measurements, photosynthetic photon flux density (PPFD), CO2 concentration, and
airflow within the leaf chamber were maintained at 2000 µmol m-2 s-1, 380 µmol mol-1,
and 500 µmol s-1, respectively. Leaf chamber temperature and relative humidity were set
similar to ambient conditions but held constant for each sampling period (1200 and 1500
hours) on each day.

On separate sampling dates, photosynthetic response to light was measured on six to
eight plant individuals of each species. PPFD was supplied at 2000, 1500, 1000, 750,
500, 250, 175, 100, 50, and 0 µmol photons m-2 s-1 decreasing in a stepwise fashion.
During light response measurements, leaf chamber temperature and relative humidity
were held constant at ambient conditions. CO2 concentration and airflow within the leaf
chamber were again maintained at 380 µmol mol-1, and 500 µmol s-1 respectively. Dark
respiration (Rd) and apparent quantum yield (AQY) were derived from linear regression
of the first points (0-250 µmol photons m-2 s-1) of each replicate curve.
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Plant water status
Plant water status was determined for each species by measuring the predawn (Ψpd) and
midday (Ψmd) xylem water potentials. Water potentials were recorded the day after gas
exchange measurements. With the exception of June, no rainfall occurred between the
time of gas exchange and water potential measurement. Additionally, weather was
similar between consecutive days used within sampling rounds. Fifteen samples of each
species were harvested and water potentials were measured with a Soil Moisture 3000
(Soil Moisture Corp., Goleta, CA, USA) Scholander-type pressure chamber. Soil
volumetric water content was measured the same day as water potentials, at 0 – 15 and 0
– 30 cm below ground level using a Soil Moisture MiniTrase (6050X3K1, Soil Moisture
Corp., Goleta, CA, USA).

Morphological characteristics
For each species, aboveground plant material of 10 – 15 plant individuals was harvested
monthly June – September 2007. Plant height was measured, total leaf number counted,
and total leaf area estimated by measuring all leaves or a randomly selected sample with
a LI-3000 leaf area meter (LI-COR Corp., Lincoln, NE, USA). When leaf area of L.
cuneata became too large to directly measure (July, August, and September), all branches
of each individual were cut and their length measured. Ten branches were then randomly
selected and their total leaf number counted. Branch leaf counts and length
measurements were pooled for the particular month of sampling and total leaf number for
each plant individual was estimated based on linear relationships of sampled branch leaf
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number and length (p<0.001, r2=0.93; p<0.001, r2=0.83; p<0.001, r2=0.70 for July,
August, and September respectively) plus leaves counted on the main stem. To obtain
total leaf area for each plant individual, a mean of 30 randomly selected leaves was
calculated and multiplied by total leaf number. Similar alternatives using linear
relationships to measure leaf area have been used (e.g. Knapp et al. 1999; Turner and
Knapp 1996). For all species, specific leaf area was calculated for five leaves from each
individual plant after drying to a constant mass. Total aboveground dry biomass was
measured for each harvested plant individual after drying at 60°C to a constant weight
(three days). Additionally, leaf N content was determined for 10 individual plants of
each species using a dry combustion analyzer (LECO Corp., St. Joseph, MI, USA) at the
Oklahoma State University Soil, Water, and Forage Analytical Laboratory (Stillwater,
OK).

Statistical analysis
Analysis of variance was used to evaluate species differences in physiological and
morphological traits. Rather than examining differences across months, comparisons
were only made within months to examine the separate and interactive effects of species
and time of day. Tukey post hoc comparison tests were used to investigate any
significant differences. All analyses were computed using Proc Mixed in SAS 9.1 (SAS
Institute Inc., Cary, NC, USA). Significant differences were determined at α=0.05.
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Results
Precipitation for the 2007 growing season (May – September) was 179% of the available
average for the study site (1994-2007). Precipitation in May, June, and July was over
twice the monthly average (Figure 1). Total precipitation for 2007 was far above the
annual average.

Comparisons of gas exchange characteristics revealed differences between species for
each month of the season. Anet was greatest for A. psilostachya in all months while
lowest for L. cuneata (Figure 2; Table 1). Differences of Anet (within species) between
times of day (1200 and 1500 hours) appeared only in August (Table 1), as rates decreased
approximately 30% for both A. psilostachya and A. gerardii later in the day, but remained
similar in L. cuneata (data not shown).

Stomatal conductance rates also varied between species for all months, being greatest in
A. psilostachya (Figure 2; Table 1). Compared to Anet, where L. cuneata had the lowest
rate, gs of L. cuneata was intermediate and significantly greater than A. gerardii on three
of four sampling dates. Differences of gs (within species) between times of day were
found in all species in June, and in A. psilostachya in August and September (Table 1),
with rates decreasing in the later hours of the day (data not shown). WUE was greatest in
A. gerardii in all months examined (data not shown). With the exception of July, WUE
was lower in L. cuneata than A. psilostachya (data not shown). Time of day differences
of water use efficiency occurred in all three species in July and August, and additionally
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in September for A. psilostachya (Table 1). Efficiency decreased later in the day (data
not shown).

Chlorophyll fluorescence measurements also varied between species throughout the
season. Maximum efficiency of PSII (Fv´/Fm´) was greatest in forb species A.
psilostachya followed by L. cuneata (Figure 3; Table 1). Differences of PSII efficiency
due to time of day were found in all species in June and August, and additionally for A.
psilostachya and A. gerardii (Table 1) in September. PSII efficiency was reduced at the
later hours of the day.

In general, species responded typically to variable PPFD, with photosynthesis increasing
until saturation (Figure 4). Rd varied throughout the season, with L. cuneata lower (less
negative Anet) than A. psilostachya in August and September (Figure 5; Table 1). AQY of
L. cuneata also was consistently lower than that of A. psilostachya and A. gerardii
(Figure 5; Table 1) for all months except June.

Due to excessive rain in June, Ψpd were close to zero or positive in some instances. In
addition, due to rainfall after gas exchange, Ψmd was not measured during the same
month. Ψpd differed between species in July and September, with A. gerardii and L.
cuneata being least (less negative), respectively (Figure 6; Table 2). Differences between
species for Ψmd varied throughout the season (Figure 6; Table 2). Similar to Ψpd in July,
A. gerardii had higher Ψmd values than the two forbs. In contrast, Ψmd was greatest (more
negative) for A. gerardii and A. psilostachya in August and September, respectively.
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Volumetric water content, measured at 0 – 15 and 0 – 30 cm belowground level, differed
by small amounts in June and August (Figure 6; Table 2).

Total leaf area of L. cuneata exceeded other species throughout the season (Figure 7;
Table 2). Specific leaf area was more variable, with leaves of L. cuneata greater than A.
psilostachya in August, and greater than the other species in September (Figure 7; Table
2). Total aboveground biomass was greatest in L. cuneta through the season (Table 3).
Leaf nitrogen concentration was consistently lowest in A. gerardii during the season
(Table 3). With the exception of June, L. cuneata had lower leaf nitrogen than A.
psilostachya (Table 3).

Discussion
The success of an invasive plant may be improved by the capability to employ multiple
ecological strategies to establish and persist in non native ecosystems. The ability to
compete for resources and to also tolerate stressful conditions may give invasive species
an advantage over native plants. Lespedeza cuneata has been documented to establish,
spread, and alter the systems in which it invades (Brandon et al. 2004; Cummings et al.
2007). We found physiological and morphological characteristics that would be
favorable for and improve strategies of both competition and tolerance. These
combinations of characteristics and strategies may be responsible for or aid in the
successful invasions of L. cuneata in tallgrass prairie.
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While invasive species are often predicted to differ and have an advantage in traits related
to leaf-level physiology (Baruch et al. 2000), few of the physiological traits examined in
L. cuneata appeared to enhance its ability to compete with other species. Unexpectedly,
and in a year wetter than average, Anet values of L. cuneata were less than 50% of the
established native species Ambrosia psilostachya and Andropogon gerardii.
Comparisons of Anet on a leaf mass or nitrogen basis (converted from specific leaf area
and leaf nitrogen measurements) were similar as when expressed per unit leaf area (data
not shown). Furthermore, the lower photosynthetic response of L. cuneata to variable
light indicated the absence of a competitive advantage to increased light. However, the
PSII efficiencies measured during illumination (Fv´/Fm´) of A. psilostachya and L.
cuneata were both greater than the native C4 grass A. gerardii, indicating that potential
for photochemical utilization and efficiency of light harvesting may be greater in these
species. However, due to increased PSI fluorescence and measurement limitations, C4
plants may have lower measured values of PSII efficiency compared to C3 plants
(Pfundel 1998) and care must be taken when comparing values.

While L. cuneata did not exhibit greater rates of leaf-level photosynthesis, morphological
characteristics may play more of an important role in carbon gain and in the strategy of
competition. Greater total and specific leaf area may enable L. cuneata to invade and
persist in tallgrass prairie. As invasion and increasing dominance of this species is found
in unburned, light-limited tallgrass prairie (Cummings et al. 2007), greater total leaf area
increases interception of light and acquisition of CO2 which may more than compensate
for the relatively lower Anet values of L. cuneata. Multiplying monthly mean
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photosynthetic rate by monthly mean leaf area estimates the greatest monthly carbon gain
in June and July for L. cuneata and the greatest monthly carbon gain in August and
September for A. psilostachya (data not shown). Increased plant carbon gain early in the
season may allow for rapid growth and establishment, facilitating invasion. Canopy size
and architecture not only determines the amount of light energy that is absorbed by the
whole plant, but also the amount of energy deprived from competitors. Our results agree
with the findings of Brandon et al. (2004), suggesting that L. cuneata may suppress
native plants by interfering with their light acquisition (i.e. shading). Although
intercepted radiation was not measured, the large amount of leaf area from a single plant
of L. cuneata is likely to contribute to dense, light-limited canopies. Once monocultures
of L. cuneata form, other plant species may be suppressed by the lack of light energy
available. Additionally, lower Rd may reduce respiratory losses in L. cuneata during the
night, conserving assimilated carbon. As low Rd may simply coincide with low Anet,
additional work, through sampling and/or modeling of daily carbon balance is needed to
determine the importance of lower Rd in relation to species life history strategies.

Specific leaf area also is an important determinant of plant function, including plant
growth and carbon assimilation (Reich et al. 1997; Westoby 1998). Higher specific leaf
area indicates more foliage area per investment in biomass. Toward the end of the
growing season (September), specific leaf area was greater for L. cuneata than the native
species, such that L. cuneata would have 40% more leaf area for every gram of carbon
allocated to foliage. Greater specific leaf area may result in increased light absorption
and shading of other species, increasing competitive ability in light limited environments.
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Others have also found that specific leaf area of exotic plants was higher than native
plants (Baruch and Goldstein 1999; Lake and Leishman 2004; Smith and Knapp 2001).
The combination of increased specific and total leaf area may be traits that contribute to
the competitive strategy of L. cuneata.

Lespedeza cuneata also appears to possess traits that exhibit a strategy of tolerance.
Contrary to other species examined, there were fewer reductions of Anet, gs, and Fv´/Fm´ in
L. cuneata due to time of day. The ability to maintain relatively constant Anet may be
advantageous and enhance overall plant success. Analogous to the familiar parable of the
tortoise and the hare, slow and steady may eventually help win the race. In addition to
consistent rates of physiological processes, high specific leaf area may aid in tolerance of
adverse conditions. The efficient use of biomass allocated to foliage (more leaf area for
less biomass investment) may sustain growth or light and carbon acquisition if resources
become limiting.

Invasive plants are often generalized as having favorable differences in physiological
and/or morphological traits that lead to their success over native species. However, it is
important to study invasive species individually and within their particular environments
to determine specific characteristics that may assist in their victory over native vegetation
(Smith and Knapp 2001). The above average precipitation events that occurred during
the year of study may have influenced both physiological and morphological
characteristics of all species examined. Anecdotally, L. cuneata is known to tolerate and
persist during periods of drought (Ohlenbusch et al. 2001; Vermeire et al. 2005). Traits
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that perhaps lead to increased competitive success or tolerance may not be present or
appear advantageous during periods of increased water supply. Additionally, allelopathy
(Kalburtji and Mosjidis 1992), shading (Brandon et al. 2004), and/or prolific seed
production and seedling establishment (Donnelly 1954; Vermeire et al. 2005) may also
contribute to and be important to successful invasions. However, we found that
Lespedeza cuneata possesses physiological and morphological characteristics that
support strategies of competition and tolerance, which may assist to invade and persist in
tallgrass prairie vegetation. Perhaps the most influential, total and specific leaf area of L.
cuneata plant individuals, may simply increase productivity and allow it to aggressively
invade tallgrass prairie. Plant and leaf morphology may be a predictor of invasion
success within this system.
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Figure 1
Mean (±SE) monthly precipitation (1994-2007; bars) and monthly precipitation for 2007
(circles) at the Oklahoma State University Range Research Station.

Figure 2
Mean values (±SE) of monthly photosynthetic (Anet) and stomatal conductance (gs) rates
for A. psilostachya, A. gerardii, and L. cuneata June – September 2007. Values are
means of measurements taken at 1200 and 1500 hours. Differing letters indicate
significant differences within month (P<0.05) using Tukey’s HSD.

Figure 3
Mean values (±SE) of monthly PSII efficiency (Fv´/Fm´) for A. psilostachya, A. gerardii,
and L. cuneata June – September 2007. Values are means of measurements taken at
1200 and 1500 hours. Differing letters indicate significant differences within month
(P<0.05) using Tukey’s HSD.

Figure 4
Monthly mean values (±SE) of net photosynthesis in response to photosynthetic photon
flux density (PPFD) for A. psilostachya, A. gerardii, and L. cuneata June – September
2007.
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Figure 5
Monthly mean values (±SE) of dark respiration rate (Rd) and apparent quantum yield
(AQY), determined from light response curves for A. psilostachya, A. gerardii, and L.
cuneata June – September 2007. Differing letters indicate significant differences within
month (P<0.05) using Tukey’s HSD.

Figure 6
Monthly mean values (±SE) of predawn (Ψpd) and midday (Ψmd) xylem water potentials
for A. psilostachya, A. gerardii, and L. cuneata (left axis) and volumetric soil water
content (right axis) June – September 2007. Differing letters indicate significant
differences within month (P<0.05) using Tukey’s HSD.

Figure 7
Mean values (±SE) of total and specific leaf area for A. psilostachya, A. gerardii, and L.
cuneata June – September 2007. Differing letters indicate significant differences within
month (P<0.05) using Tukey’s HSD.
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Table 1
ANOVA results for species and time of day effects for physiological variables measured.
Species
Variable
a. Anet
June
July
August
September
b. gs
June
July
August
September
c. WUE
June
July
August
September
d. Fv´/Fm´
June
July
August
September
e. Rd
Juneb
Julyc
Augustb
Septemberc
f. AQY
Juneb
Julyc
Augustb
Septemberc

Time of day

Species x Time of
day
F
P

F

P

F

P

50.28
52.06
31.43
52.66

<0.0001
<0.0001
<0.0001
<0.0001

0.08
2.24
24.63
0.90

0.7781
0.1436
<0.0001
0.3499

1.10
0.96
5.07
0.51

0.3440
0.919
0.0121
0.6044

239.97
170.21
20.62
76.02

<0.0001
<0.0001
<0.0001
<0.0001

6.27
0.05
13.74
6.27

0.0174
0.8285
0.0008
0.0174

1.82
0.25
3.77
4.17

0.1774
0.7780
0.0335
0.0243

140.83
126.63
89.37
94.13

<0.0001
<0.0001
<0.0001
<0.0001

2.01
6.31
34.48
25.53

0.1657
0.0171
<0.0001
<0.0001

0.32
2.86
2.03
3.85

0.7284
0.0717
0.1473
0.0314

27.63
21.96
43.14
28.60

<0.0001
<0.0001
<0.0001
<0.0001

7.40
3.19
29.94
8.17

0.0103
0.0834
<0.0001
0.0073

3.00
0.36
0.67
5.56

0.0637
0.6980
0.5165
0.0083

2.69
1.43
4.63
4.44

0.0951
0.2744
0.0239
0.0340

-

-

-

-

1.58
7.65
8.82
11.99

0.2307
0.0051
0.0018
0.0008

-

-

-

-

Notes: Overall d.f.=2,33 except where noted by superscript letters; bd.f.=2,20 cd.f.=2,15.
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Table 2.
ANOVA results for species / soil depth for variables measured.

Variable

Species / Soil depth
F
P

a. Ψpd
June
Julya
Augusta
Septembera
b. Ψmd
June
Julya
Augusta
Septembera
c. Soil moisture
Juneb
Julyb
Augustb
Septemberc
d. Total leaf area
Junea
Julya
Augustd
Septemberd
e. Specific leaf area
Junea
Julya
Augustd
Septemberd

14.90
0.11
3.81

<0.0001
0.8989
0.0301

21.70
10.99
13.72

<0.0001
<0.0001
<0.0001

24.96
2.91
59.36
0.05

<0.0001
0.1019
<0.0001
0.8280

24.75
27.35
24.51
35.26

<0.0001
<0.0001
<0.0001
<0.0001

0.71
0.30
4.13
10.05

0.49634
0.7392
0.0273
0.0005

Notes: ad.f.=2,42, bd.f.=1,22 cd.f.=1,18 dd.f.=2,27
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Table 3.
Mean values (SE) and ANOVA results for total aboveground biomass and leaf nitrogen
in A. psilostachya, A. gerardii, and L. cuneata. Differing letters indicate significant
differences within month (P<0.05) using Tukey’s HSD.

A. psilostachya
A. gerardii
L. cuneata
F
P

A. psilostachya
A. gerardii
L. cuneata
F
P

Total aboveground biomass (g)
Jun
Jul
Aug
1.19 (0.15) a 2.60 (0.35) a 3.31 (0.64) a
0.76 (0.07) a 2.99 (0.37) a 4.51 (0.61) a
2.68 (0.32) b 4.85 (0.66) b 9.13 (1.60) b
22.12d
6.12 d
8.39 e
<0.0001
0.0046
0.0015
Leaf N (% weight)
Jun
Jul
Aug
1.91 (0.05)a 2.00 (0.03)a 2.30 (0.04)a
0.96 (0.01)b 1.06 (0.04)b 1.07 (0.01)b
1.94 (0.02)a 1.78 (0.05)c 1.97 (0.03)c
130.75e
329.32e
247.96e
<0.0001
<0.0001
<0.0001

Notes: dd.f.=2,42, ed.f.=2,27
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Sep
3.97 (0.51)a
6.91 (0.78)ab
9.01 (1.43)b
6.56 e
0.0048
Sep
2.42 (0.07)a
1.17 (0.03)b
2.16 (0.04)c
150.28e
<0.0001
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Abstract
1. The interactive disturbance of fire and grazing changes the distribution and activity of large
grazing animals. However, this interaction, termed pyric herbivory, has often been reduced or
disregarded in ecological studies. Small plots of homogenously applied treatments are incapable
of capturing such an interaction. Large landscapes are required, in which fire can influence
animal behavior.
2. To test the influence of fire in grazing animal behavior, we collared grazing animals with
global positioning system units. We compared the heterogeneous (in both space and time)
application of fire (pyric herbivory) to the homogeneous application of fire. The distribution of
animals was quantified. Time since fire was included with other environmental characteristics in
determining influence on site selection.
3. Animals preferred areas that were recently burned and avoided areas with greater time since
fire. The heterogeneity of selection was dependent upon scale and the application of fire.
4. Of all environmental characteristics considered, time since fire almost exclusively predicted
animal site selection.
5. Synthesis and applications. Pyric herbivory resembles an historic regime of disturbance is an
essential component of grassland ecosystems. We show that the interactions of fire and grazing
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strongly influence animal behavior and site selectivity. Fire and grazing are inherently linked
and can be considered a single interactive disturbance. When allowed to interact, these
disturbances create heterogeneity at multiple scales. Such interactions can only occur on large
landscapes, where fire and grazing are able to influence one another. Overlooking, simplifying,
or ignoring pyric herbivory leads to incomplete ecological knowledge and land management. It
is essential to incorporate pyric herbivory in ecological studies and management of grasslands.

Keywords
Heterogeneity, grassland, disturbance, patch burning, scale, invasive species

Introduction
Disturbances, such as fire and grazing, are important in shaping and maintaining grassland
landscapes (Milchunas et al. 1988; Knapp et al. 1999; Anderson 2006). It is critical for the
maintenance and restoration of grasslands that we understand the interaction of these
disturbances and the complex landscapes in which they occur. Unfortunately, much of our
understanding is based on small scale studies that allow minimal interaction among fire, grazing,
and complex landscapes. Recent research suggests that fire and grazing have been decoupled;
effective conservation and management of complex landscapes require a recoupling, allowing
fire and grazing to interact in space and time. This complex ecological interaction has been
termed pyric herbivory, literally defined as herbivory shaped by fire (Fuhlendorf and Engle
2001; 2004; Fuhlendorf et al. In Press). The concept of pyric herbivory requires a focus on
heterogeneity at multiple scales.
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The interactions of fire and grazing influences or controls the distribution and activity of
grassland herbivores. Large animals interact with and respond to fire, particularly with regard to
site selection and distribution (Vinton et al. 1993; Coppedge and Shaw 1998; Fuhlendorf and
Engle 2001; Fuhlendorf and Engle 2004; Archibald et al. 2005). Herbivores preferentially select
recently burned areas and avoid areas that have longer time since fire (Figure 1). This
interaction creates a gradient within the landscape of areas that have been recently burned and
grazed, and areas that have not been burned and grazed for differing lengths of time. These areas
change in both space and time, creating a shifting mosaic of disturbance within the system. Due
to this biological interaction, with disturbance leading to more disturbance, fire and grazing may
be viewed as a single disturbance within grassland systems (Fuhlendorf and Engle 2004;
Fuhlendorf et al. In Press).

Present day lack of fire (due to both fire suppression and the lack of prescribed burning),
widespread management practices of minimizing heterogeneity and disturbance (e.g. Bailey et al.
2006), and limited views and applications of experimental design (e.g. small plots, homogenous
application of treatments) has restricted focus to the pyric herbivory model (Fuhlendorf et al. In
Press). Pyric herbivory was historically present throughout large areas, creating and maintaining
heterogeneity throughout the landscape. This heterogeneity is responsible for the biodiversity of
many organisms (Fuhlendorf et al. 2006; Coppedge et al. 2008; Engle et al. 2008) and the
function of grassland systems (Fuhlendorf and Engle 2001). While some have recognized the
large scale, biological interaction of fire and grazing (e.g. Knapp et al. 1999), few actually
consider, observe, or test the interaction; many focus on fine scale independent effects of fire and
grazing or the simple statistical interactions. This has neglected the pyric herbivory, failing to
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recognize the spatial and temporal interactions of fire and grazing, and has ultimately led to an
incomplete view of grassland systems. Small plots of fire and grazing cannot necessarily be used
with pyric herbivory, due to the dependence upon biological interactions that require positive and
negative feedbacks (Fuhlendorf and Engle 2004; Fuhlendorf et al. In Press). A positive feedback
occurs when an area is burned, reducing aboveground biomass and promoting selection by
herbivores. A negative feedback will occur when an area is burned and grazed, decreasing the
probability and intensity of fire. These feedbacks control the shifting mosaic of disturbance
within the system.

Vegetation heterogeneity also influences grazing behavior at multiple spatial scales, ranging
from individual plant to habitat selection (Senft et al. 1987; Etzenhouser et al. 1998;
WallisDeVries et al. 1999). Fire may alter the scales at which an animal selects, from the
individual plant or grazing lawn to a larger (i.e. more course) size of a patch. Selection of
particular individual plants or species may be reduced, while selection of all species within a
burned area is increased. This would allow for additional resource consumption that may have
been previously avoided, or furthermore, consumption of potentially undesirable plants
(Fuhlendorf and Engle 2004; Cummings et al. 2007).

In this study we examine the role and influence of heterogeneity in grazing animal behavior.
Particularly, we determine the strength of the pyric herbivory model by studying the role of fire
in herbivore site selection. Most large herbivore behavior studies do not include the effects of
fire, but rather focus on other abiotic (e.g. topography, etc.) or biotic (nutrients, predation, etc.)
factors. If fire and grazing are inherently linked, as we claim and will demonstrate, it is
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imperative to include it in the study of animal behavior, as well as ecosystem processes. Many
already determined factors that influence behavior and resource selection may become less
influential (or even disappear) when fire is considered. Our specific objectives are to 1) test if
the pyric herbivory model (heterogeneity based) alters selection of large grazing animals
compared to a homogeneity based model with equal fire and grazing, 2) determine if selection
heterogeneity is dependent upon the scale measured, and 3) demonstrate how strongly fire
influences selection compared to other biotic and abiotic factors. We show that fire is a main
determinant in grazing behavior of large mammalian herbivores.

Methods
Study Site
This study occurred in central Oklahoma, on the Oklahoma State University Range Research
Station, approximately 21 km southwest of Stillwater, OK, USA. The vegetation is classified as
tallgrass prairie, with patches of cross timbers forest. Dominant grasses include Andropogon
gerardii Vitman, Schizachyrium scoparium (Michx.) Nash, Panicum virgatum L., and
Sorghastrum nutans (L.) Nash. Dominant forbs are Ambrosia psilostachya DC and Gutierrezia
dracunculoides (DC.) S.F. Blake. Crosstimbers vegetation areas are dominated by Quercus
stellata Wang. and Quercus marilandica Münchh. Average annual precipitation is 870 mm, with
60% of precipitation falling May through October. Average monthly rainfall ranges from 27 mm
in February to 135 mm in June. Average monthly temperatures range from a low of -2°C in
January and a high of 34°C in August.

39

Design
Treatment units were established in 1999 in a continuing experiment to evaluate the pyric
herbivory model. Treatments included (a) sequentially burning of distinct areas within a
treatment unit over three years, representing the pyric herbivory model; and (b) burning the
entire treatment unit once every three years (in spring), representing a homogeneity based model
(hereafter referred to as the control treatment). Two replicates of each treatment (pastures, n=2,
ca. 65 ha each) were utilized. All pastures were equally stocked year round with free roaming
cattle (cow/calf pairs) at a moderate density (4.5 ha / animal unit). In both treatments, pastures
were divided up into six equal areas (hereafter referred to as patches) and numbered
consecutively. However, only the perimeter of the pasture was fenced, allowing cattle free
access to the entire pasture. Within pyric herbivory treatments, one sixth of the pasture was
burned each spring and summer (Figure 2). At the end of three years, all treatments had received
the same amount of fire (i.e. all pastures had been completely burned) and were grazed at the
same stocking rates; the only difference among treatments is the spatial and temporal
heterogeneity of fire. Further description of experimental design can be found in Fuhlendorf and
Engle (2004).

Vegetation
Functional groups (tallgrasses, other perennial grasses, annual grasses, litter, and bare ground)
were monitored in the patches of each treatment unit. Random subsampling of 30, 0.1 m2
quadrats per patch occurred in early July 2008. Vegetation characteristics were sampled to
investigate relationships with selection (described below).
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Selection
To examine the influence of spatially distinct fires on animal site selection and to evaluate the
pyric herbivory model, one animal individual in each treatment unit was fitted with a Global
Positioning System (GPS) collar (GPS3300, Lotek Wireless Inc., Newmarket, Canada) August
2007 to August 2008. GPS location information was recorded every 10 minutes (August 2007 –
April 2008) and every 5 minutes (April – August 2008). Collars were retrieved every 6 to 8
weeks to download data and recharge batteries. Collars were then redeployed on different
individuals. Due to management practices influencing behavior and selection (e.g. supplemental
feeding and animal husbandry), we omitted data collected from November 15 – April 14 from all
analyses. Additionally, days in which collars were deployed and retrieved were omitted.

Selection analysis
GPS location data were imported into compatible geographic information system (GIS) format
(ArcGIS 9.2, ESRI, Redlands, CA, USA). We mapped pasture perimeters, within-pasture patch
boundaries, and water sources (ponds) with handheld GPS units (GeoXT, Trimble Navigation
Ltd, Sunnyvale, CA, USA). For comparison, patches within pastures were numbered equally
beginning from the northeast corner (Figure 2). However, patches only represent variable fire
regimes within the pyric herbivory treatment. Slope within treatment units was calculated using
digital elevation models for the area (United States Geological Survey). To examine the
influence of invasive species on animal selection, we estimated the cover of Lespedeza cuneata
(Dum.-Cours.) G. Don. and Bothriochloa ischaemum (L.) Keng in each pasture. These two
species have successfully established and are increasing throughout the Great Plains (Cummings
et al. 2007; Schmidt et al. 2008). However, application of the pyric herbivory model decreases
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the invasion rate of L. cuneata; presumably, the fire alters the grazing selectivity of cattle
(Cummings et al. 2007). The cover of L. cuneata and B. ischaemum was sampled in a circular
area 10 m around 240 stratified points per treatment unit. We created cover maps of both species
using inverse distance weighting interpolation in each unit. Interpolated maps allowed overlay
of GPS location information to determine if grazing animals were avoiding or selecting sites
depending upon these invasive species.

Ivlev’s electivity indices (Ivlev 1961; Jacobs 1974) were used to evaluate the role of fire in
grazing selection (objective one). Indices demonstrate if delineated patches within each
treatment unit were preferred or avoided relative to one another. We calculated indices using the
formula Ei = (ri - pi)/(ri + pi) where ri is the fraction of GPS locations recorded in patch i and pi is
the fraction of area enclosed by patch i. A value of 1 indicates a high preference, while a value
of -1 indicates a strong avoidance. We determined if electivity indices of patches within each
treatment were different than zero with a t-test (SPSS, Inc., Chicago, Illinois, USA). A
difference from zero indicates a preference or avoidance for that particular patch. The
preference of recently burned patches and avoidance of unburned patches within the pyric
herbivory treatment indicates the relative importance of time since fire relative to other variables.
The control treatment gives a comparison of selection patterns when fires are homogenous in
space and time. We used linear regression to examine the relationship of electivity indices to
vegetation functional group cover (at the patch level) in both treatments and also to the amount
of time since fire in the pyric herbivory treatment.
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The heterogeneity of patch selection will demonstrate distribution differences between the two
treatments and may be dependent upon the scale measured. We calculated selection
heterogeneity as the standard deviation of Ivlev electivity indices among patches in treatment
replicates. A large standard deviation indicates greater selection heterogeneity, i.e. animals
prefer certain areas of the pasture while avoiding others. A smaller standard deviation indicates
more homogenous distribution, i.e. less variance in selection. To see if responses are dependent
upon the scale of measurement (objective two), we divided the six original patches in half
(resulting in 12 patches) and then in half again (resulting in 24 patches). The three patch sizes
were 8, 4, and 2 ha, respectively. Ivlev’s electivity index was calculated for each new patch.
Analysis of variance (SPSS) was used to evaluate differences between treatments at all scales.
All analyses were separated temporally to represent fall 2007 (August 17 – November 15 2007)
and spring 2008 (April 14 – July 18 2008) due to the movement of burned areas and previously
discussed winter management practices.

To further examine the influence of fire on animal selection relative to other abiotic and biotic
factors (objective three), and to provide an additional estimate of the overall strength of the pyric
herbivory model (objective one), we used resource selection functions (RSF). A used/available
design (Boyce et al. 2002; Manly et al. 2002) was used for each treatment. To depict available
habitat, we created three random locations for each observed GPS location in each treatment
unit. Distance to water, slope, and time since fire (pyric herbivory treatment only) were
associated to both random and observed GPS locations. We measured the influence of invasive
species at differing scales by sampling percent area cover of L. cuneata and B. ischaemum at
radii of 28, 80, and 160 m (scale) around each random and observed GPS location. Data were
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combined from both seasons (fall 2007 and spring 2008) and resource selection functions were
estimated at all scales using logistic regression (SPSS). We used k-fold cross validation to
evaluate the predictive success of resource selection functions (see Boyce et al. 2002; Fortin et
al. 2008) at all scales measured. Data were randomly divided up into five equal sets. Four sets
were used to create a RSF; one set (GPS locations only) was used to obtain predicted RSF
values. Predictability was evaluated by Spearman-rank correlation (rs) of predicted RSF values
and bins of RSF scores (Boyce et al. 2002). We repeated this procedure five times at each scale.
The rs values were compared between treatments at all scales using analysis of variance (SPSS).

Results
Selection
Average Ivlev electivity indices of patches varied between treatments (Figure 3). In fall 2007,
only one patch within the control treatment showed a significant avoidance; two patches in the
pyric herbivory model were significantly preferred and one patched avoided. In spring 2008, no
patches in the control treatment were preferred or avoided; two patches in the pyric herbivory
treatment were preferred. As these patches are only subdivisions of the pasture unit, results
show a preference or avoidance based simply on the patch location within a pasture. When patch
selection was related to vegetation functional groups, bare ground was the only variable that had
a significant relationship with electivity indices of spring 2008 (P<0.05 ); animals in the pyric
herbivory treatment preferred areas with more bare ground (Figure 4). Furthermore, regression
revealed a negative relationship between electivity indices and time since fire within the pyric
herbivory treatment (Figure 5). Preference generally decreased and changed to avoidance as
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time since fire became greater. The selectivity of large grazing animals was clearly altered by
the pyric herbivory model of heterogeneously applied fire (objective one).

Selection heterogeneity (the standard deviation of Ivlev electivity indices between patches) also
differed between treatments. In both seasons, selection heterogeneity was greatest in the units
with the pyric herbivory model (Figure 6). However, selection heterogeneity was also dependent
upon the scale measured. Within in the control treatment, as the scale of measurement became
finer, selection heterogeneity increased. Scale of measurement did not influence selection
heterogeneity in the pyric herbivory treatment. When fire is applied homogeneously, selection
heterogeneity is influenced by the scale of measurement (objective two).

The strength of environmental variables in altering animal selection varied between treatments
and scale examined (Table 1). In the control treatment, animals selected for areas closer to water
and with high cover of B. ischaemum. Areas with greater slope and cover of L. cuneata were
avoided. In large contrast, animals within the pyric herbivory treatment selected primarily,
almost exclusively, for areas that had been recently burned. Areas that were closer to water, and
with higher cover of L. cuneata and B. ischaemum (with the exception of 28 m scale; Table 1)
minimally influenced selection. Areas that had not been burned within two years and with
greater slope (scale dependent; Table 1) were primarily avoided. RSF coefficients for time since
fire were orders of magnitude greater than all predictors in both the control and pyric herbivory
treatments. Fire had a much stronger influence than other biotic and abiotic variables within the
pyric herbivory treatment (objective three). Variables within the logistic regression model were
significant at all scales (circular radii encompassing vegetation) within the control treatment, but
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were scale dependent within the pyric herbivory (P<0.05). Temporal validation showed greater
predictive strength in the pyric herbivory treatment than the control at all scales (P<0.05; Table
1).

Discussion
The pyric herbivory model incorporates the ecological interactions of fire and grazing. The
spatial and temporal interactions of these disturbances resemble an historic disturbance regime of
North American grasslands that was present before land areas became intensely fragmented;
such fragmentation resulted in a decoupling of the two disturbances (Fuhlendorf et al. In Press).
Positive and negative feedbacks are responsible for the shifting mosaic of disturbance that
changes throughout space and time on the landscape. As this mosaic is established, it becomes
evident that fire is important in the grazing behavior of herbivores. However, the simple
presence of fire is less important than the pattern and heterogeneity of such fire, as this pattern
provides the mosaic of burned and unburned patches that are critical to animal selection. Our
study demonstrates that the link between fire and grazing is critical to understanding the
evolutionary pressures of these disturbances within complex landscapes. The amount of time
since a particular area has burned becomes the driving force, almost exclusively, in site selection.

Biotic and abiotic factors, including (but not limited to) number of animals, forage quality,
topography, climate, and/or water distribution, are often used as predictors of site selection by
herbivores (Fortin et al. 2003; Fryxell et al. 2004; Kie et al. 2005; Bruggeman et al. 2007;
Hebblewhite et al. 2008; Winnie et al. 2008). Fire is rarely considered an influence in selection
(though see Tomor and Owen-Smith 2002; Archibald and Bond 2004; Klop et al. 2007) and is
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more often described as a simple frequency or return interval. This approach separates the two
disturbances, limiting their interaction. However, the pyric herbivory model accounts for the
ecological interaction of fire and grazing. When considered, fire is the main driving force in site
selection. When time since fire is taken into account as a predictor, the influence or relationship
of both distance to water and slope (i.e. topography) weakens. Admittedly, the influence of these
variables (water & topography) may not be terribly strong in our design (likely a result pasture
size). However, orders of magnitude differences exist between treatments within distance to
water and slope variables. Furthermore, the influences of recently burned areas are orders of
magnitude greater than other variables in the models. Fire strongly influences site selection of
large herbivores, ultimately changing how animals distribute themselves. In studies of fire
dependent ecosystems, particularly grasslands and savannahs, the pyric herbivory model needs to
be considered and included. Excluding the interaction of fire and grazing neglects a serious
process that alters animal behavior, vegetation, heterogeneity, and biodiversity (Fuhlendorf and
Engle 2001; Fuhlendorf et al. In Press).

The pyric herbivory model does not depend simply upon fire, but rather the pattern and
heterogeneity of such fire. As seen in this study, the amount of fire and animal grazing in each
treatment was the same (i.e. both areas received the same amount of fire over three years and
were stocked equally). However, the heterogeneous application of fire throughout both space
and time influenced grazing behavior, resulting in overwhelming differences between treatments.
All too often, the interaction of fire and grazing is limited to a simple statistical interaction of fire
and grazing treatments applied homogenously (most commonly to small plots). However, the
spatial and temporal interactions of fire and grazing are not captured with such a simple, (though
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statistically correct) interaction. This traditional application and focus of homogeneously applied
treatments has resulted in an incomplete view of grazing behavior, the interactions of fire and
grazing, and the effects of herbivory (Fuhlendorf et al. In Press). When fire is applied
heterogeneously and animals are allowed to select among such applications, the interactions
between fire and grazing reveal themselves. This shifting mosaic of fire and grazing not only
affects plant and animal communities, but ecosystem processes as well (Anderson et al. 2006).
No longer can fire be considered as a simple and homogenous treatment. The amount, but more
importantly the pattern, of fire must be considered in both the design of studies and evaluation of
response variables within the system. Not doing so will ignore the important spatial and
temporal interactions of fire and grazing.

Heterogeneous areas within a system are central to the pyric herbivory model. To create or
enhance this heterogeneity, fire is applied to distinct areas or patches, resembling historic fire
patterns. As shown, this heterogeneity alters the selection of grazing animals compared to a
more homogenous distribution of fire. There is a stronger preference and avoidance in the pyric
herbivory model. In this study, the patches used to evaluate preference were based simply upon
location within pastures. Within the pyric herbivory treatment, patches correspond with the
application of fire, with similar delineations (though completely arbitrary) defined in the control
treatment for comparison. The only significant relationship of selection and patch level
vegetation characteristics was with bare ground within the pyric herbivory treatment. It is clear
that animals are not selecting for actual bare ground per se, but rather bare ground resulting from
recent fires. When patch selection is related to the amount of time since fire (pyric herbivory
treatment only), a convincing relationship is revealed: animals prefer areas that are recently
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burned and avoid areas that have longer time since fire. Had this variable not been considered,
we would have been left with evidence to conclude that grazing animals prefer bare ground over
abundant grasses. The small amount of variation of Ivlev electivity indices in the recently
burned areas (0 and 0.5 years since fire) indicates a strong influence of fire in selection and
preference. As time since fire increases, the variation between pastures becomes greater (as
avoidance becomes stronger), suggesting that other factors pertinent to the particular landscape
(e.g. topography, climate, social influence of other animals, etc.) may increase their influence on
selection.

Overall selection heterogeneity (i.e. less uniform distribution, animals preferring certain areas
and avoiding others) is greater in the pyric herbivory model, at all scales (patch sizes) examined.
The heterogeneous application of fire promotes greater selection heterogeneity. In fall 2007,
selection heterogeneity changed with scale of measurement in the control treatment, while, more
interestingly, remained similar in the pyric herbivory treatment. This change of heterogeneity
shows that responses are dependent upon the scale measured, but may also give a rough estimate
of one scale at which these animals are selecting (between patch sizes of 8 and 4 ha). However,
and more important, the lack of a scale dependent response within the pyric herbivory model
may indicate that fire has changed the scale of selection. As with the control treatment, this lack
of a scale dependency may roughly estimate that animals are selecting at patch sizes of 8 ha or
larger. These findings strengthen the concept that heterogeneous application of fire changes
grazing selectivity from individual species or feeding stations to a larger burned area, lowering
grazing preference of individual species or smaller areas (Fuhlendorf and Engle 2004;
Cummings et al. 2007). While we recognize that these scale dependent responses and estimates
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of the scale of selectivity are simple (and of course dependent upon the scales at which we
measured, patch sizes of 8, 4, and 2 ha), these findings show merit for future examinations. The
ability of fire to change the scale at which large herbivores select is further evidence and support
for the ecological interactions incorporated by the pyric herbivory model, increasing the link
between fire and grazing. When pyric herbivory is neglected in ecological studies and
management, animals may select areas and resources at different scales, resulting in inconsistent
and incomplete results.

The pyric herbivory model is dependent upon heterogeneity. The patchwork created of recently
burned and grazed areas, areas with longer time since fire and grazing, and many areas of
transition in between, is the result of heterogeneous fire and subsequent grazing. These
interactions create more heterogeneity, increasing the diversity of plants, invertebrates, and birds
(Fuhlendorf and Engle 2004; Fuhlendorf et al. 2006; Coppedge et al. 2008; Engle et al. 2008).
Due to increases in diversity, heterogeneity has been classified as the forerunner to biodiversity
(Wiens 1997; Burnett et al. 1998; Fuhlendorf and Engle 2001; Benton et al. 2003). However,
much of grazing land management is aimed at minimizing heterogeneity and creating uniform
disturbance (Vallentine 2001; Holechek et al. 2004). Applying the pyric herbivory model in an
agricultural setting can maintain livestock production similar to traditional management, while
also creating heterogeneity that is critical for biodiversity (Fuhlendorf and Engle 2004).
However, pyric herbivory is not simply a management tool for grazing animals. It is a naturally
occurring ecological process that describes large scale interactions between fire and grazing.
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The study of fire and grazing is analogous to the study of the cause of lung cancer. If smoking of
tobacco is excluded, many other sources appear to be the cause, when in reality the principal
cause had been overlooked. Such is the same with pyric herbivory. Overlooking, simplifying, or
even ignoring the interactions of fire and grazing leads to an incomplete understanding of
herbivory and its effects. When fire and grazing are allowed to interact within a landscape, this
interaction is quickly recognized as important. We show that the pyric herbivory model alters
the selectivity of large herbivores and that fire influences grazing behavior more than previously
predicted biotic and abiotic factors. We also show that the heterogeneity of selection is
dependent upon the scale measured and that fire may change that scale. Not only does our
knowledge of grazing behavior change, many other characteristics and generalizations
concerning herbivory, and perhaps ecosystem processes and function as a whole, may be altered.
In fire and herbivore dominated systems, it is essential to consider and include pyic-herbivory in
both ecological studies and management. Ignoring the interactions between fire and grazing will
lead to incomplete ecological knowledge and the misapplication of management tools.

Acknowledgements
We thank Chris Stansberry and Adam Gourley for logistical support and assistance. We also
thank Kevin Spears, John Worthington, and Jonathan Kelly for vegetation field work.

References
Anderson, R. C. (2006) Evolution and origin of the Central Grassland of North America: climate,
fire, and mammalian grazers. Journal of the Torrey Botanical Society, 133, 626-647.

51

Anderson, R. H., Fuhlendorf, S. D. & Engle, D. M. (2006) Soil nitrogen availability in tallgrass
prairie under the fire-grazing interaction. Rangeland Ecology & Management, 59, 625631.
Archibald, S. & Bond, W. J. (2004) Grazer movements: spatial and temporal responses to
burning in a tall-grass African savanna. International Journal of Wildland Fire, 13, 377385.
Archibald, S., Bond, W. J., Stock, W. D. & Fairbanks, D. H. K. (2005) Shaping the landscape:
fire-grazer interactions in an African savanna. Ecological Applications, 15, 96-109.
Bailey, D. W., VanWagoner, H. C. & Weinmeister, R. (2006) Individual animal selection has the
potential to improve uniformity of grazing on foothill rangeland. Rangeland Ecology &
Management, 59, 351-358.
Benton, T. G., Vickery, J. A. & Wilson, J. D. (2003) Farmland biodiversity: is habitat
heterogeneity the key? Trends in Ecology & Evolution, 18, 182-188.
Boyce, M. S., Vernier, P. R., Nielsen, S. E. & Schmiegelow, F. K. A. (2002) Evaluating resource
selection functions. Ecological Modelling, 157, 281-300.
Bruggeman, J. E., Garrott, R. A., White, P. J., Watson, F. G. R. & Wallen, R. (2007) Covariates
affecting spatial variability in bison travel behavior in Yellowstone National Park.
Ecological Applications, 17, 1411-1423.
Burnett, M. R., August, P. V., Brown, J. H. & Killingbeck, K. T. (1998) The influence of
geomorphological heterogeneity on biodiversity I. A patch-scale perspective.
Conservation Biology, 12, 363-370.

52

Coppedge, B. R., Fuhlendorf, S. D., Harrell, W. C. & Engle, D. M. (2008) Avian community
response to vegetation and structural features in grasslands managed with fire and
grazing. Biological Conservation, 141, 1196-1203.
Coppedge, B. R. & Shaw, J. H. (1998) Bison grazing patterns on seasonally burned tallgrass
prairie. Journal of Range Management, 51, 258-264.
Cummings, D. C., Fuhlendorf, S. D. & Engle, D. M. (2007) Is altering grazing selectivity of
invasive forage species with patch burning more effective than herbicide treatments?
Rangeland Ecology & Management, 60, 253-260.
Engle, D. M., Fuhlendorf, S. D., Roper, A. & Leslie, D. M. (2008) Invertebrate community
response to a shifting mosaic of habitat. Rangeland Ecology & Management, 61, 55-62.
Etzenhouser, M. J., Owens, M. K., Spalinger, D. E. & Murden, S. B. (1998) Foraging behavior
of browsing ruminants in a heterogeneous landscape. Landscape Ecology, 13, 55-64.
Fortin, D., Courtois, R., Etcheverry, P., Dussault, C. & Gingras, A. (2008) Winter selection of
landscapes by woodland caribou: behavioural response to geographical gradients in
habitat attributes. Journal of Applied Ecology, 45, 1392-1400.
Fortin, D., Fryxell, J. M., O'Brodovich, L. & Frandsen, D. (2003) Foraging ecology of bison at
the landscape and plant community levels: the applicability of energy maximization
principles. Oecologia, 134, 219-227.
Fryxell, J. M., Wilmshurst, J. F. & Sinclair, A. R. E. (2004) Predictive models of movement by
Serengeti grazers. Ecology, 85, 2429-2435.
Fuhlendorf, S. D. & Engle, D. M. (2001) Restoring heterogeneity on rangelands: Ecosystem
management based on evolutionary grazing patterns. Bioscience, 51, 625-632.

53

Fuhlendorf, S. D. & Engle, D. M. (2004) Application of the fire-grazing interaction to restore a
shifting mosaic on tallgrass prairie. Journal of Applied Ecology, 41, 604-614.
Fuhlendorf, S. D., Engle, D. M., Kerby, J. D. & Hamilton, R. G. (In Press) Pyric herbivory: rewilding landscapes through re-coupling fire and grazing. Conservation Biology.
Fuhlendorf, S. D., Harrell, W. C., Engle, D. M., Hamilton, R. G., Davis, C. A. & Leslie, D. M.
(2006) Should heterogeneity be the basis for conservation? Grassland bird response to
fire and grazing. Ecological Applications, 16, 1706-1716.
Hebblewhite, M., Merrill, E. & McDermid, G. (2008) A multi-scale test of the forage maturation
hypothesis in a partially migratory ungulate population. Ecological Monographs, 78,
141-166.
Holechek, J., Pieper, R. D. & Herbel, C. H. (2004) Range management: Principles and practices,
5th edn. Prentice Hall, Upper Saddle River, N.J.
Ivlev, V. S. (1961) Experimental ecology of the feeding of fishes. Yale University Press, New
Haven.
Jacobs, J. (1974) Quantitative measurement of food selection: A modification of forage ratio and
Ivlev's electivity index. Oecologia, 14, 413-417.
Kie, J. G., Ager, A. A. & Bowyer, R. T. (2005) Landscape-level movements of North American
elk (Cervus elaphus): effects of habitat patch structure and topography. Landscape
Ecology, 20, 289-300.
Klop, E., van Goethem, J. & de Iongh, H. H. (2007) Resource selection by grazing herbivores on
post-fire regrowth in a West African woodland savanna. Wildlife Research, 34, 77-83.

54

Knapp, A. K., Blair, J. M., Briggs, J. M., Collins, S. L., Hartnett, D. C., Johnson, L. C. & Towne,
E. G. (1999) The keystone role of bison in North American tallgrass prairie. Bioscience,
49, 39-50.
Manly, B. F. J., McDonald, L. L., Thomas, D. L., McDonald, T. L. & Erickson, W. P. (2002)
Resource selection by animals: Statistical design and analysis for field studies, 2nd edn.
Kluwer Academic Publishers, Dordrecht ; Boston.
Milchunas, D. G., Sala, O. E. & Lauenroth, W. K. (1988) A generalized model of the effects of
grazing by large herbivores on grassland community structure. American Naturalist, 132,
87-106.
Schmidt, C. D., Hickman, K. R., Channell, R., Harmoney, K. & Stark, W. (2008) Competitive
abilities of native grasses and non-native (Bothriochloa spp.) grasses. Plant Ecology, 197,
69-80.
Senft, R. L., Coughenour, M. B., Bailey, D. W., Rittenhouse, L. R., Sala, O. E. & Swift, D. M.
(1987) Large herbivore foraging and ecological hierarchies. Bioscience, 37, 789-799.
Tomor, B. M. & Owen-Smith, N. (2002) Comparative use of grass regrowth following burns by
four ungulate species in the Nylsvley Nature Reserve, South Africa. African Journal of
Ecology, 40, 201-204.
Vallentine, J. F. (2001) Grazing management, 2nd edn. Academic Press, San Diego.
Vinton, M. A., Hartnett, D. C., Finck, E. J. & Briggs, J. M. (1993) Interactive effects of fire,
bison (Bison bison) grazing and plant community composition in tallgrass prairie.
American Midland Naturalist, 129, 10-18.
WallisDeVries, M. F., Laca, E. A. & Demment, M. W. (1999) The importance of scale of
patchiness for selectivity in grazing herbivores. Oecologia, 121, 355-363.

55

Wiens, J. A. (1997) The emerging role of patchiness in conservation biology. The ecological
basis of conservation: heterogeneity, ecosystems, and biodiversity (eds S. T. A. Pickett,
R. S. Ostfeld, M. Shachak & G. E. Likens), pp. 93-107. Chapman & Hall, New York.
Winnie, J. A., Cross, P. & Getz, W. (2008) Habitat quality and heterogeneity influence
distribution and behavior in african buffalo (Syncerus caffer). Ecology, 89, 1457-1468.

56

Tables
Table 1
Factors that influence selection within each treatment. Estimated RSF coefficients and r¯s (measure of temporal predictability) are
shown for each grain size. Asterisks (*) indicate significance (P<0.05) within logistic regression model.
RSF coefficients
Time since fire (years)
Grain size (m)
Control
28
80
160
Pyric herbivory
28
80
160

Water

Slope

L. cuneata

B. ischaemum

0.0

0.5

1.0

1.5

2.0

r¯s

0.0023*
0.0022*
0.0022*

-0.0245*
-0.0434*
-0.0442*

-0.0004*
-0.0045*
-0.0077*

-0.0009*
0.0607*
0.0929*

-

-

-

-

-

0.31
0.56
0.54

0.0008*
0.0003*
0.0003*

-0.0001
0.0026
-0.0067*

-0.0001
0.0107*
0.0075*

-0.0001
0.0092*
0.0195*

1.7440*
1.7866*
1.8732*

1.1422*
1.1017*
1.1373*

0.0664*
0.0000
0.0500

0.0000
-0.0200
0.0400

-0.1968*
-0.2441*
-0.2760*

0.77
0.84
0.98
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Figures
Figure 1
Conceptual diagram illustrating fire-grazing interactions (pyric herbivory) in tallgrass
prairie. Fire will increase the probability of an area being grazed, changing the plant
community and reducing the probability of fire. As grazing animals prefers areas that
have been recently burned, previously burned and grazed areas receive less disturbance
by grazing animals. Boxes on left demonstrate theoretical patch dynamics on a landscape
that differ in time since fire and grazing. Figure modified from Fuhlendorf and Engle
(2004) and Fuhlendorf et al. (In Press).

Figure 2
Design of control and pyric herbivory treatments (n=2). The bold line is the fenced
perimeter of each treatment replicate. Dashed lines in the pyric herbivory treatment
represent delineated areas of fire application (no internal fences present). Text shows the
season and year of burn. Control replications were burned entirely in spring 2006.
Delineations similar to the pyric herbivory treatment are for comparison.

Figure 3
Mean Ivlev electivity indices of grazing animals for each particular patch in fall 2007 and
spring 2008. Values range from -1 (complete avoidance) to +1 (complete preference).
Asterisks (*) indicate difference from zero (t-test, n=2, p<0.05), denoting a preference or
avoidance. Number presented in parentheses is one standard deviation.
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Figure 4
Regression analysis for bare ground cover value (%) and Ivlev electivity indices of
patches within control and pyric herbivory treatments.

Figure 5
Regression analysis for amount of time since fire (years) and Ivlev electivity indices of
patches within pyric herbivory treatments. Grazing animals preferred areas that were
recently burned and avoided areas with longer time since fire.

Figure 6
Mean selection heterogeneity between patches of control and pyric herbivory treatments,
measured at differing scales (patch sizes). Error bars represent one standard deviation.
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