ABSTRACT: Iavasive species challenge managers of natural areas. In many ccosystems, restoring 4 Uld
rraintaining pre-historic disturbance reginmes promotes native biodiversily and controls invasive Pl
species. We report challenges in applying patch-burn grazing (0 restore the ecological mluaqm'
between fire and herbivores in eastern North American tallgrags praivie. We use United Stateg Forg
Service fire behavier soltware and fuel models to simulate the effect of a cool-season grass invasion
tallgrass prairie. By introducing a high-moisture fuel (ype into the native faelbed, tali fescue (1. olig
arundinacerim Schreb. S.J. Darbyshive) creates a heterogencous fuelbed that Limits fire spread rate, gy,
results indicate that & high-moisture fuel type invading a high proportion of a fuelbed requires T
four times the wind speed to achieve @ rate of spread similar to that in an uninvaded fuelbed. Redugeg
fire spread undermines restoring the natural fire regime, putling inveded grassland systems at a hig,
risk of succession (0 a woodland state. To mitigale against negalive effects of high-moisture invaders g,
prescribed burning and ensure that fires maintain the intensity required for management goals, manage
shouid consider the foflowing when planning burns: Accumulate higher fuel loads by reducing hcrbi\r(),)
or reduacing fire frequency; burn earlier in the spring or later in the fall, dwing the dormant season of
the invader; and consider alternative fire wealther such as lower relative hamidity, perhaps with iowe,
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INTRODUCTION

Invasive, non-native species pose one of

the greatest challenges to the management
of natural areas workdwide (Pimentel er af,
2003). Behind habitat loss, invasive species
are the second most important threat to
native biodiversity (Wilcove et al, 1998),
Invasive plant species can disrapt Important
ecosystem processes in natural areas (Vi-
tousck et al. 1997; Ehrenfeld 2003; Levine
el al. 2003), but the control of invasive
spectes often comes al extraordinary cosl
(Babbit 1998; Mack et al. 2000).

Restoration of natural disturbance regimes
is an important element in the maintenance
of native biodiversity (Stohlgren et al.
1999). Natural processes, such as fire and
grazing, can economically and effectively
conlrol invasive species (Ortmann et al.
1998: Bidwell el al. 2002; DiTomaso el

2006, Rinella and Hileman 2009).
Many grassiand systems evolved under
an interactive fire and grazing disturbance
regime in which herds of herbivores fol-
low spatially-discrete fires and concentrate
srazing on the succulent regrowth without
discriminating between individual forage
species, an effect distinet from fire or graz-

ing alone (McNaughton 1984; Fuhlendor!

and Engle 2001; Archibald et al. 2005;
Fuhlendorf et al, 2009). Patch burn-grazing,
is the operationalization of the fire-grazing
interaction as a management tool, replicat-
ing pre-setiiement disturbance patlerns in
modern grasslands (Fuhiendorf and Engle

2001, 2004; Toombs et al. 2010).

By shifting forage selection from the
plant scale to the landscape scale within
the burnied area, managers can target oth-
erwise unpalatable invasive species with
patch burn-grazing. Some invasive spe-
cies — like sericea lespedera (Lespedeza
cuneata [Dum. Cours.d G. Don), a seri-
ous invasive species in North American
grasslands —are promoted by fire (Munger -
2004) and avoided by grazers (Dwyeretal. -
1964). By following fire with concentrated
herbivory, patch burn-grazing limits the
anaual spread of sericea lespedeza (Cum-
mings et al. 2007).

We attempled to implement patch barn-
grazing in tallgrass prairie {o increase
native plant species abundance, reduce
exotic plant invaders, and improve wildlife
habitat. While research on the effects of
patch burn-grazing on plant and wildlife
communities is ongoing, we discuss hese
our prescribed burning experience in heav-
ily-invaded taligrass prairie. We have found
that the invasive plant species of greatest
management concern - tall fescue (Lolivm
arundinaceum Schreb. 8], Darbyshire,
syn. Festuca arundinacea Schrel.) -~ ap-
pears to have a negative impact on fire,
rather than vice-versa. This effect seems
10 be attributable to differences in growing
scasons between the cool-season invasive
grass and the warm-season native prairie
comununity. In this paper, we present the
results of fire behavior models that show
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how tall fescue affects the spread of fire
across a gradient of invasion and wind
speeds, and discuss the implications of
altered fire behavior in terms of fire regime
and the management of natural areas.

AN INVASIVE SPECIES COMPLICATES
PRESCRIBED FIRE

We identified nine remnant prairie tracis
identified as moderate to high conservation
value (The Nature Conservancy, unpubl.
data) within the Grand River Grasslands
of northern Harrison County, Missouri,
and southern Ringgold County, Iowa, Pre-
treatment surveys confinmed that each tract
had a respectabie list of native species,
although it was clear that several tracts had
been degraded by a recent history of severe
caltle (Bos raurus) grazing and invasion by
exotic specics (McGranahan 2008).

I the first season, we struggled to complete
our prescribed fire (reatment, especially on
those sites that were historically severcly
grazed and invaded by exotic species. We
observed low fire intensity and patchy
fire spread: forb stems and ground litter
remained uncensumed by fire, and low-
intensity fire spread was limited to 60%
~ 0% of burn patches, despite tightly-
spaced, strip-fire ignition patlerns.

Continuity of spread and fire intensity have
increased because of greater fuel load fol-
lowing moderate stocking rates under the
patch-burn grazing scheme. However, lrom
2007 through 2010, we have observed that
several fire effects — including the patchi-
ness of fire spread, amount of surface fuels
consumed, and response {o the burned area
by grazers in the patch burn-grazing experi-
ment — depend on growth of tall fescue at
the time of the fire.

While research has shown that fire alone
is a poor control measure for tall fescue
{Washburn et gl 1999; Madison et al.
2001; Rhoades et al. 2002; Barnes 2004),
to our knowledge no studies have addressed
the effect of tall fescue on fire behavior
within an invaded fuelbed. Although the
dormant season {or native prairie extends
through the spring (Briggs and Knapp
i995) when fine, dead fuel moisture in a
native-dominated fuelbed averages about

30% (Bidweli and Engle 1992), we have
frequently observed green, photosyntheti-
cally-active tall fescue in our burn units.
Furthermore, we have observed a negative
relationship between the amount of live,
green material and the intensity and spread
of our fires.

Our observations suggest that the asyn-
chrony in growing season between the cook
season invader and the native, warm-season
prairie introduces a substantially different
fuel type into the taligrass prairie fuelbed.
Introducing a different fuel type into the
native fuelbed is & commoen denominator
of exotic species nvasions that result in
attered fire regimes (0" Amtonic 2000).

Although the ecological fiterature contains
numerous examples of invasive grasses that
alter native fire regimes (I’ Anlonio and
Vitousek 1992; D" Antonio 2000; Grace et
al. 2001; Brooks et al, 2004), establishing
that a particular invasive species has such
an effect is a complex process that begins
with demonstrating that the invader alters
the native fuelbed {Brooks 2008).

MODELING INVADER EFFECT ON
THE FUELBED

We hypothesize that tall fescue alters the
tallgrass prairie fueibed by introducing live
plant tissue with high foliar moisture mto
an otherwise dry and dormant stand during
the fire season. As such, we expect that fire
spreads more slowly through the fuelbed
as the amount of tall fescue in the fuelbed
increases. We test this prediction by model-
ing the effect of tall fescue invasion into
native tallgrass prairie with the BehavePlus
fire modeling software {Andrews et al.
2008) using fuelbed parameters measured
from our study tracts in the Grand River
Grasstands. BehavePlus operates standard
United States Forest Service fuel models
(Rothermel 1983; Scott and Burgan 2003)
that have been used 1o predict the effects
of invasive species on fise behavior (van
Wilgren and Richardson 19853).

To better inform the fire spread simulation,
we assessed the following aspects of the
faelbed: live foliar moisture content of tall
fescue over the course of a growing season,
dead fuél moisture of the fuelbed during

the prescribed fire season, and the range
of tall fescue invasion across our remnant
tracts. We measured the moisture content
of living tall fescue tillers from April 1o
November 2008 at four sifes in Ringgold
County, Towa, by clipping approximately
40 g of live leal material and drying (o
constani weight at 60 °C at approximately
10-day intervals, Expressed on a dry-
weight basis, tall fescue foliar moisture
was above 100% for most of the growing
season, and averaged about 250% during
the spring preseribed fire season (Figure
1). Water conteat of live, tall fescue and
dead, native grass fuel samples collected
in early April, 2010 averaged 250% and
10%, respectively.

We deterniined the range of fall fescue
invasion within our study tracts by mea-
suring tall lescue canopy cover from 2007
—2009 within 90, 0.5-m quadrats per tract
{Daubenmire [959), spaced eveniy along
transects located Lo cover the maximal area
of each tract. Across all years and all tracts,
these data indicated that {all {escue canopy
cover ranged between O and 70%.

To simulate invasion of tal} fescue into a
tallgrass praigie fueibed, we vsed the two
fuel model option in the SURFACE module
of BehavePlus to predict the maximum rate
of spread (ROS) of a flame front moving
with the wind (headfire) across a fuelbed
made up of patches of slow-burning and
fast-burning fuel types (Finney 2003;
Andrews et al. 2008). The two fuel types
are input (o BehavePlus as a relative pro-
portion of the tolal fuelbed - in this case,
0 - 70% tall fescue canopy cover, in 10%
increments. To determine how prescribed
fire managers might mitigate the effects
of tall fescue invasion, we simultaneously
modeled the effect of increasing wind speed
on fire spread rates through tall fescue-
invaded prairie, assuining fire will likely
bridge fuel gaps via heat transfer. We used
grass fuel model GR4 to represent patches
of tall fescue mvasion, and modified the
GR7 model to represent a taligrass prairie
uelbed typical of our study area {(Scott and
Burgan 2005; see Figure 2 legend for fuel
model parameters).

When calculating a single fuel model,
BehavePlus returns several correlated
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Figure 1. Tall fescue live foliar water confent from Apr. 29 - Nov, 24, 2008, expressed on & dry-weight basis, Data are mean (% standard error) foliar water

conteni, on a dry-weight basis, from {illers collectied at four sampling points located in south-ceniral lowa.,

measures of fire behavior, including fireline
intensity (heat released meter”! second™! by
the flame front of the fire), flame length
(a visual measure derived from fireline
intensity; the distance between the com-
bustion zone and average flame tip), and
rate of spread (the speed at which the fire
travels througly sarface fuels) (Andrews el
al. 2008), Because this simulation involves
an average between the two constituent fuel
models, BehavePius only returns an aver-
age rate of spread for the fuelbed as a fire
behavior output. However, since the two-
maodel concept is based on a slow-burning
fuel type constituting a certain proportion
of the simulated fuelbed (Finney 2003),
one can attribute slower rates of spread (o
the reduced intensity of the slow-burning
fuel type. When applying model results to
a realistic prescribed fire scenario, one can
interpret reduced rate of spread to indicate
a lower-intensity fire producing shorter
flames and less severe fire effects,

Fire behavior differed greatly between the
tall fescue (GR4) and uninvaded tallgrass

prairie (modified GR7) fuel models as
single fuel model runs in BehavePlus, The
tall fescue model {GR4) spread at a rate of
0.1 m/min and produced 1.0 kW/m of en-
ergy and flames 0.1 11 in length at all wind
speeds. The tallgrass praivie fuel model
{GR7) responded to increases in wind speed
{8-24 km/lr), with rate of spread ranging
from 23 — 118 m/min, fireline intensity
ranging {rom 3245 — 16,638 kW/m, and
flame length ranging from 3.2 ~ 6.8 m,

As expected, increasing the proportion of
tall fescue in the tallgrass prairie fuelbed
decreased ROS across the fuelbed (Figure
2). With no tall fescue, increasing the
wind speed by a factor of four increased
ROS by a factor of 5.1, while at 70% tall
fescue cover, this same increase in wind
speed increased ROS by a factor of 4.3, At
the highest wind speed modeled here (24
kn/h}, increasing tall fescue’s proportion
of the fuelbed from zero to 70% reduced
ROS by a factor of five. Although ROS
increases with wind speed across the
range of tall fescue cover — counteracting

the effects of the slow-burning fuel type

— increases in the proportion of tall fescue

in the fuelbed clearly affect fire bebavior
by substantially decreasing ROS at s given
wind speed. Moreover, as tall fescue cover
increases, wind spead has less influence
on ROS,

IMPLICATIONS FOR PRESCRIBED
FIRE MANAGEMENT

These results indicate that when a high-
moisture fuel type invades a high propor-
tion of a fuelbed, up to four times the wind
speed s required in a prescribed fire 1o
achieve a rate of spread similar to that in
an uninvaded fuelbed. However, managers
should be reticent to conduct prescribed
fires under such conditions, given the
increased complexity of containing and
perhaps suppressing a fire under high
winds. Such high winds likely exceed the
maxima sel oul in burn plans, especially
those approved at higher levels of manage-
Ment, as in many agencies.
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Figare 2, Rate of fire spread, predicted by BehavePlus, at four wind speeds across a gradient of (all fescue

invasion of tallgrass praivie. Tall fescue invasion is represented by the GR4 fuel model, and the tallgrass
praivie fuelbed is represented by @ modified GR7 fuel model (Scott and Bargan 2005), Parameters modi-
fied from the standard GR7 fuel model include fine dead fuel load = 8649 kg/ha (3.5 tons/acre) and live
herbaceous fuel boad = 1236 kg/ha (0.5 tons/acre), All other fuel model parameters unmodified from Scotl
and Burgan (2005), Parameters set for this simulation (BehavePlus v.4.0; Andrews et al. 2008) include
live herbaceous fuel moisture = 250%; dead fine fuel moisture = 10%:; slope = 0%,

Factors other than wind speed might alse
increase fire behavior in high invasion
situations. In our experience, three factors
can be used to mitigate the effects of high-
moisture tall fescue in the fuelbed during
the prescribed fire: (1) total fuel Joad, (2)
relative humidity, and (3) burning date.

Total fuel load

Grazing, by nature, reduces the total fuel
load by removing biomass that could oth-
erwise be burned. In fact, in natural areas
where nvasive species have contributed
to increased fire frequency and infensity,
such as cheatgrass (Bromits fectorum 1) In
western North American rangelands, graz-
ing has been prescribed for fuel reduction
(Davidson 1996). On several of our tall-
grass prairie tracts that had been historically
severely grazed, the plant community has
begun to recover from the severe herbivory

and increase annual productivity, Many of

these tracts have carried fire better in recent
years because of increased fuel foad, but
selling appropriate stocking rates so as 1o
ensure sulficient fuel for the next season’s
fire remains a key management consider-
ation. Because grazers focus on the most
recently burned patch in areas managed
with patch hurn-grazing, and generally
ignore patches with longer time since fire,
patch burn-grazing might increase total fuel
load in future burn patches when stocking
rate is managed appropriatety.

Relative humidity

We have observed substantial increases
in fire behavior, including increased rate
ol spread, in tall fescue-invaded luclbeds
when relative humidity falls below about
309 ~ 32%, We have burned with relative
humidity as fow as 27% using typical con-

trol tactics, including narrow sirip ignition
patterns to create wide (at least four times
expecled flame length) areas of consumed
fuel around the perimeter of the burn unit.
When burning with relative humidity
around or befow 30%, these control lines
are usually about 50 m wide — often > 10
times the expected flame length in light,
invaded luelbeds ~ and are intended mosily
to keep airborne firebrands within the unit
to reduce the potential for spot fires beyond
the perimeter. The strip ignition patiern,
versus a single backing fire, allows for
hoth rapidity and safety when establishing
wide control Jines.

Unflortunately, relative humidity is not
directly user-manipulated in BehavePlus,
although dead fuel moisture content
(DFMC) is a user-defined variable that is
influenced by relative humidity. Reducing
DFEMC from 10% to 5% in the present
simufation increased ROS by about 25%
at ail wind speeds and all levels of inva-
sion (data not shown). Thus, despite the
physical relationship between DFMC and
relative humidity, manipulating DFMC
in BehavePlus does not seem 1o be an
accurate way 1o model change in relative
humidity. Relative humidity is influenced
by air temperature, which is not considered
in the SURFACH modale of BehavePins
(Andrews et al. 2008).

It is apparent that more research into the
effect of refative humidity on fire behavior
in high-moisture fuel types is necessary.
We do not yet have a physical or physi-
ological explanation for how relative hu-
midity, more than other elements of the
fire environment such as air temperature
or wind speed, might affect the combus-
tion of photosynthetically-active plant
tigsue. In the meantime, prescribed fire
managers might find it more favorable to
burn at a Jower relative humidity than at a
higher wind speed, especially if they can
mitigate the increased complexity witly &
fower-than-normal wind speed and still
achieve management objectives.

Season of burn
Our most effective mitigation of high-

moisture tall Tescwe within our burn units
has been 1o burn before tall fescue becomes
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photosynthetically active in the spring. In
ourexperience, tali fescue greens up rapidly
before botl the tallgrass prairie commu-
nity’s native piants and most other exotic
cool-season grasses. Thus, we seek 10 begin
fire operations within a couple of weeks
of snowmelt, as early ag the first week of
March in a region in which spring burning
peaks about the first week of April. This
early date presents additional challenges to
prescribed fire crews, including the neces-
sity for warmer clothes and the risk of water
tanks and pumps freezing. Fall fires are
possible, but as Figure § indicates, the same
challenges from cold would confront fire
crews altempting to burn after tall fescue’s
growing season, which extends into late
November, Conducting burns during tall
fescue’s dormant season might reguire fire
managers to overcome logistical challenges
and perhaps cubtural perceptions about the
use and timing of prescribed fire. However,
evidence indicates that the window of ac-
ceptable burning conditions in tallgrass
prairic might be wider than conventional
wisdom suggests (Weir 2011),

IMPLICATIONS FOR FIRE-
DEPENDENT ECOSYSTEMS

Generally, research has shown that fire
frequency and intensity increase as aresult
of exotic grass species invading nafive
fuelbeds (Mack and D’ Antonio 1998,
D’ Antonio 2000; Grace et al. 2001), which
D’ Antonio and Vitousek (1992) general-
ize as the ‘grass-fire cycle.” Numerous
examples Trom natural areas around the
world support this model, including Alrican
grasses in Australia (Rossiter et al. 2003)
and Hawai'i (Hughes etal. 1991) and cheat-
grass in western North America (Brooks
2008}. The invasive grass in cach of these
setlings promotes fire by increasing fuelbed
homogeneity in such a way that reduces
fuel gaps that normally interrupt fire spread
in the natural fire regime (Whisenant 1990;
Levine et al. 2003).

This rule fails to cover the contrasting effect
of nvasive species on fire behavior. We
suggest that asynchrony in growing seasons
between tall fescue (with its maximum
growth period in the cool season} and native
{allgrass prairie (with maximum growth in
the warm season) intersperses high-mois-

tre, living tissue that stows fire spread
within an otherwise dry, dormant fuelbed.
The 250% live tissue moisture content of
tall fescue reported here during the spring
Burning season far exceeds 120%, the level
of live moisture al which fire behavior is
severely altered (Jolly 2007).

The effects of an invasive species that re-
stricts the spread of fire in a fire-dependent
ecosystem could be profound. Although
evidence that an invasive species modifies
the native fuelbed is but the first step in
establishing that an invasive species alters
the natural fire regime (Brooks 2008),
the potential ecological ramifications of
reduced fire spread foliowing the invasion
of high-moisture exotic species are clear.
The eastern tallgrass prairie has maintained
a grassland state because of an evolution-
ary history of fire that has been essentiaf
for both plant and wildlife commumnities
{Transeau 1935, Reinking 2005), but
without fire of sufficient frequency and
intensity, these grasslands are replaced
by woodlands dominated by species such
as eastern redeedar {Juniperus virginiana
L) (Engle et ab. 1987, Briggs et al. 2002).
Without the herbaceous Tuel required to
cary fire, managers must resort 10 much
more expensive mechanical or chemical
means o restore and maintain the native
grassland state once woodland has estab-
Lished (Bidwell et al. 2002).

CONCLUSIONS

Invasive species present a major challenge
o the maragement of natural areas, but the
restoration and maintenance of pre-historie
disturbance regimes is often a cost-effec-
tive means to combat invasive species and
promote native biodiversity. As climate
change affects the distribution of species
and composition of communities { Walther
etal. 2002), managers of natural arcas are
increasingly confronted by the chalienge
of invasive species with fire-related traits
that differ from native systems.

I the tallgrass praivie of eastern North
America, we sugges! that tal} fescue limits
restoration of the fire-grazing interaction by
intreducing a high-moisture fuel type into
the native fuelbed. By creating a heteroge-
necus fuelbed through which fire spreads

tions under which prescribed fire can botly

more slowly, up to four Umes (he Wing:
speed is required (o achieve arate of gpye,
similar 1o that in an uninvaded fuelpe,
Conventional, cost-effective wols, like pre=
scribed fire and prescribed grazing, Migh;:
he ineffective-or even counter-productive:
when an invasive species modifies the pg
tive fuelbed to the point that fire behayig,
is altered. Managers of natural areas mi glﬁ_
need to adjust their strategies 10 mitigage
negative effects on the native fuelbed. We
suggest that managers consider inu‘easinE;
the total fuel load, aftering the season of
burn, and re-evaluating fire weather conds

achieve management objectives as well g
meel standards for safety and control. Fire
prescriptions and burn plans for areas with
high levels of invasion by high-moisture
species should also account for fuel maois.
ture and fuel joad parameters to ensure
that fires maintain the intensity required

to achieve management goals. :
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