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Rangelands are fire-dependent ecosystems severely altered through direct fire suppression and fuels manage-
ment. The removal of fire is a dominant cause of ecological sites moving across thresholds with the majority of
North American rangelands currently showingmoderate or high departure from reference conditions. Recogniz-
ing the need to restore fire on rangelands and incorporate prescribed fire into management plans, the Natural
Resource Conservation Service initiated the Conservation Effects Assessment Project (CEAP) to evaluate the
validity current practices through peer-reviewed scientific literature. We updated the CEAP review and
broadened the discussion of prescribed fire as a global management practice. We reviewed and summarized
prescribed fire literature available through Web of Science using search terms in the title. The majority of
literature (40%) evaluated plant responses to fire with fire behavior and management (29%), wildlife and
arthropods (12%), soils (11%), and air quality (4%) evaluated less frequently. Generally, fire effects on plants
are neutral to positive and the majority of negative responses lasted less than 2 years. Similarly, soil responses
were recovered within 2 yr after burning. However, most studies did not report how long treatments were in
place (62%) or the size of experimental units (52%). The experimental literature supporting prescribed burning
is in need of greater managerial relevance that can be obtained by directly addressing spatial scale, temporal
scale, and interaction with other disturbances, including drought and grazing. Reliance on information from
single fires applied on small plots tracked for a relatively short time interval greatly constrains inferences and
application to ecosystemmanagement and information should be applied with caution. Therefore, conservation
purposes need to incorporate temporal dynamics to the extent that this information is available. The complex
interaction of scientific knowledge, social concerns, and variable policies across regions are major limitations
to the successful and critical restoration of fire regimes.

© 2016 The Society for Range Management. Published by Elsevier Inc. All rights reserved.

Introduction

Fire has played a key role in the formation ofmost rangeland ecosys-
tems in North America (Axelrod, 1985) and the world (Bond et al.,
2003; Keeley and Rundel, 2005). Alteration of fire regimes on US
rangelands since European settlement has created cases of severely
altered ecosystems that can eventually result in no-analog, novel, or

emerging ecosystems (House et al., 2003; Hobbs et al., 2009). According
to LANDFIRE (an interagency vegetation, fire, and fuel characteristics
mapping program sponsored by both the US Departments of Interior
and Agriculture), three-fourths of US lands dominated by native plants
showmoderate or high departure from reference conditions as a result
of altered fire regimes (The Nature Conservancy, 2009). Because most
rangelands are considered fire-dependent ecosystems, restoring histor-
ical fire regimes is fundamentally important when the management
goal is to restore or maintain the potential (or historical) natural com-
munity. The historical plant community for most ecological sites was
maintained byfire, and alteredfire regimes are a dominant cause of eco-
logical sites moving across a threshold of increased woody plant domi-
nance (Twidwell et al., 2013), leading to reduced livestock production
and loss of other ecosystem services such as pollination (Chi and
Molano-Flores, 2015) and soil stabilization (Puttock et al., 2014).
Rapid and extensive woodland expansion on rangelands clearly reflects
the essential role of fire in the maintenance of historical rangeland eco-
systems (Archer, 1994; Limb et al., 2010).
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However, implementation of prescribed burning as a conservation
practice in the rangeland management profession has been over-
shadowed by implementation of other practices, especially prescribed
grazing. Disproportionate implementation of these two categories of
practices is influenced by the complexity of social interactions among
agencies, public perception of risk versus reward, and public policy
(Twidwell et al., 2015). Social and policy concerns differ greatly across
rangeland regions, ranging from complete acceptance in fire cultures
(e.g., Flint Hills of Kansas and Oklahoma) to attempts to completely re-
move fire from the landscape (e.g., Great Basin).

With few exceptions, fire regimes in grassland ecosystems are al-
tered through intentional fire suppression and by grazing that uniform-
ly reduces fuel loads. In the Great Basin, reduction of fine fuels through
grazing have also reduced fire occurrence in thewetter and cooler sage-
brush communities where fuels would be otherwise sufficient to carry
fire (Miller et al., 2011; Balch et al., 2013). In contrast, the warmer and
drier sagebrush communities that are invaded by exotic annual grasses
display fine-scale fuel homogeneity, which enables more frequent fire.
State-and-transition models suggest conversions to woody plant domi-
nance and to exotic annuals can eventually become irreversible and re-
sult in alternative stable states (Twidwell et al., 2013).

Rangeland ecosystems are characterized generally as working land-
scapes and are subject to diverse management, often to meet economic
objectives. However, management of rangeland ecosystems is increas-
ingly difficult with the growing demand for goods and services coupled
with declining rangeland area (Anderson and Inouye, 2001; Fischer and
Lindenmayer, 2007). Conserving historic species and processes, while
maintaining economic stability, requires management practices that
are consistent with historic disturbances (Limb et al., 2011b), although
exceptions exist where ecosystems have crossed ecological or social
threshold boundaries (Davies et al., 2009; Limb et al., 2014).

The Natural Resource Conservation Service (NRCS) commissioned
the Conservation Effects Assessment Project (CEAP) to determine if con-
servation practices align with current science. The rangeland CEAP ad-
dressed the need to evaluate current rangeland management practices
and broadly assess the impact of management activities on environ-
mental parameters and rangeland conservation. Prescribed burning
(Prescribed Burning, Code 338)was one of theNRCSNational Conserva-
tion Practice Standards (USDA NRCS, 2015a) evaluated through peer-
reviewed scientific literature. A complete evaluation of the standard is
available (Briske, 2011). Herein, we update the recent review of pre-
scribed fire as a land management practice (Fuhlendorf and Engle,
2001), include a subset of the National Handbook of Conservation Prac-
tices (NHCP) standards, and discuss fire in the context of a global man-
agement practice.

Defining Our Literature Database

Rangeland ecosystems across the globe vary substantially by cli-
mate, soil type, floral and faunal composition, as well as goods and ser-
vices produced. Given the broad disparity of rangeland ecosystems
across the globe, we analyzed the research literature to establish the
ecological effects of prescribed fire as a management practice on
rangelands. We intentionally took a broad perspective to include re-
search articles on plants, soil, water, wildlife, arthropods, livestock, fire
management, fire behavior, smoke management, socioeconomics, air
quality, fire history, and human health. We also addressed spatial
scale and temporal scale of field studies and other descriptions of field
studies (private or public land, grazing status, and ecosystem type)
that compose the body of rangeland fire research and then related our
findings to the practice of prescribed burning on rangeland.

Evaluation of the peer-reviewed literature on prescribed fire first re-
quired determiningmethods to query the entire body of scientific liter-
ature on the topic. We wanted to include all relevant papers, but we
limited the scope of the search to exclude fire research from forested
ecosystems, which dominates the fire research literature. Many papers

that report fire research on rangelands do not include the term pre-
scribed, and many relevant papers do not use the term rangeland. The
data set built from the search with the term prescribed fire indicated
that numerous important papers were omitted from the pool, and
many of the papers included some discussion of fire but with minimal
or no data related to fire. Therefore, our final search used the term fire,
which also located articles with prescribed fire in the title, to broaden
the search. Although this approach likely excluded some papers that
reported research from regionally important ecosystem types
(e.g., shinnery oak or chaparral vs. shrubland) and papers in which the
title contained other key fire-related words (e.g., burned, burning, and
prescribed burning) but not fire, the search locatedmore than 1 000 pa-
pers. We do not believe that this is an exhaustive dataset, but we argue
that it provides an adequate, unbiased sample fromwhichwe could de-
termine the nature of information available through the peer-reviewed
literature. Because fire can both positively and negatively influence cer-
tain components of ecosystems, fire should be evaluated to address a
broad array of ecosystem components. We evaluated and summarized
the entire dataset from a global perspective, and for this article, we
narrowed the focus to North American rangeland regions to illustrate
differences and similarities on key topics. As with the comprehensive
search, we used Web of Science to search for papers on a particular
topic. We justified limiting our search to these topics on the basis that
indexed articles are widely accepted as scientifically valid peer-
reviewed literature.

Of the 1 039 papers (available in October 2015) from our query
through Web of Science, 846 papers were accessible and confirmed to
be peer-reviewed research papers (Appendix 1). Of these 846 papers,
fewer than 10 papers were published annually from 1967 through
1989, which was followed by an exponential increase with 50 or more
papers published each year from 2009 to 2014 (Fig. 1). In contrast,
when we replaced the search term “fire” with “grazing,” more papers
were available (14 912), but the increase was linear rather than expo-
nential for the same time period. This suggests that the research com-
munity may view fire with increasing importance.

Evaluation of the Dataset

An important outcome of the searchwas that rangelandfire research
literature is dispersed among numerous ecosystems and across most
continents. More than 270 journals published rangeland fire research,
with studies primarily located in North America (48%), but substantial
research was conducted in Africa (14%), Australia (14%), and Europe
(11%). Fewer studies were conducted in Asia and South America (5%
and 8%, respectively). The majority of papers reported research on
plants, fire management, soils, fire behavior, socioeconomics, and wild-
life (Table 1). Authors described their papers as addressing a variety of

Figure 1. Number of papers published per year from a total of 846 papers published on
rangeland fire between 1967 and 2014. See text for an explanation of papers selected.

416 R.F. Limb et al. / Rangeland Ecology & Management 69 (2016) 415–422



vegetation types, with almost half of the papers classified as savannas
and grasslands.

The scientific literature generally supports the value and need to
include prescribed fire as a component of conservation practice recom-
mendations. However, one of themost revealing outcome of our search
was that it uncovered a general misalignment of research to manage-
ment application, a fundamental barrier to constructing research-
based information to support prescribed burning. In particular, most re-
searchwas conducted at temporal and spatial scales that do not apply to
management—48% of the studieswere b 4 yr in duration and almost 25%
of the studieswere b 1 ha in area.Many studieswere conducted onplots
much smaller than 1 ha or on individual plants. However, even more
problematic is that more than half of the studies did not report the
time period treatments were in place or area of the experimental unit
(62% and 56%, respectively). Transferring information from small re-
search plots to landscape-level management is challenging and is not
limited to fire research (Twidwell et al., 2013). Approximately 20% of
the studies were based on modeling and 8% on Geographic Information
Systems with minimal field evaluations or immediate application to
management. Reliance on information resulting from single fires ap-
plied on small plots tracked for a relatively short time interval greatly
constrains inferences and application to ecosystem management, and
this information should be applied with caution.

The fire regime (features that characterizefire as a disturbancewith-
in an ecosystem—fire frequency, severity, behavior [i.e., fire intensity],
predictability, size, seasonality, and spatial pattern [Morgan et al.,
2001]), was rarely evaluated. Only 11.5% of the papers focused on fire
frequency, and only 12% focused on understanding changes that occur
over variable times since fire. Fire season was evaluated in 7.5% of the
studies, and fire intensity was evaluated in 15% of the studies. Many
studies (33%) simply compared a burn treatment without any descrip-
tion of fire behavior and/or intensity with an unburned control, which
simplifies fire to the point of irrelevance to management. Further, the
literature generally ignores fire as a dynamic disturbance process that
occurs on complex landscapes in conjunction with other disturbances
such as grazing and drought (Limb et al., 2011a).

Fire Effects on Ecosystem Components

Plants

The dataset included 338 papers focused on plants and plant com-
munities. Specific topics varied greatly, but papers generally evaluated
change in species composition and diversity, productivity, individual
plantmortality, germination, or establishment. A fewpapers (b 1%) con-
sidered forage quality. From the dataset,we conclude that plant produc-
tivity, plant nutrient content, plant diversity, and plant mortality

responses to fire are highly variable (Blair, 1997; Reich et al., 2001).
Metrics used andhowproductivity is defined (i.e., standing crop, above-
ground net primary production or biomass) also varied.

Production

Production of herbaceous communities following fire was highly
variable across studies with increases, decreases, and no changes
being reported depending on ecosystem, fire intensity/season, and
weather conditions. Forage or herbaceous production often decreases
for 1−2 yr after fire followed by a positive to neutral effect (Table 2).
An exception occurs in the tallgrass prairie, where productivity can be
enhanced after one spring fire following several years without fire
(Blair, 1997). Total aboveground biomass appears to be negatively asso-
ciated with fire frequency, although this depends on the ecosystem.
Several studies indicate an increase in forage quality inmesic grasslands
following fire (Hobbs et al., 1991; Allred et al., 2014), but these patterns
are uncertain in more xeric regions. Because individual species and
communities differ widely in response to fire, we could not draw gener-
alized conclusions about species diversity and plant mortality following
fire.

Community Composition

Almost half of the plant papers focused on plant community compo-
sition, and we grouped papers to identify regional differences and sim-
ilarities among deserts, grasslands, savanna, and shrublands. One of the
strongest arguments for the use of prescribed fire is to maintain or re-
store a desired successional community or pattern of communities in
different stages of recovery following fire. Of the papers reviewed, 65%
reported results of prescribed burns, 21% reported results of wildfires,
and most (N 75%) fire treatments were applied in spring and summer.
Several studies in grassland ecosystems recognized that season of fire
mostly had a minimal or temporary effect (Engle and Bidwell, 2001;
Limb et al., 2011a). However, mixed results have been reported in the
Intermountain region (Miller et al., 2013; Bates and Davies, 2016). A
major concern identified in the database is the limited number of
long-term studies. Only 24% of the studies extended past 10 yr, of
which a majority substituted space for time (comparing vegetation
across fires of different ages), with 50% of studies not extending beyond
3 yr.

Response of individual plants to fire was highly variable both across
andwithin regions and ecosystems (Table 2). A large portion of this var-
iability can be attributed to the interaction of site characteristics, fuel
characteristics, climate, community composition, time since fire, fire
season, fire intensity, and postfire management. However, several

Table 1
Number of papers published reporting research on topics related to prescribed fires conducted within rangeland types globally based on a Web of Science search

Topic area Not specific Desert Forest Grassland Grassland/Forest Grassland/Shrub Savanna Shrub WUI Total

Soil 4 1 16 29 1 5 18 17 1 92
Water 3 3 2 1 9
Plants 9 2 61 125 5 7 82 45 1 338
Wildlife 4 1 13 25 1 5 12 4 65
Arthropods 4 2 14 13 2 35
Soil invertebrates 1 3 1 1 6
Livestock 1 8 1 1 2 13
Fire management 37 32 9 10 9 16 113
Fire behavior 29 37 20 4 1 14 20 9 133
Smoke management 4 6 10
Econ/Policy/Social 36 15 6 3 4 20 84
Air quality 14 8 4 1 6 1 34
Fire history 4 3 5 4 1 7 6 1 31
Human health 7 6 1 4 18
Other 13 7 8 1 5 1 35
Total 166 5 209 259 19 19 173 114 52

WUI indicates wildland-urban interface.
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patterns are evident in fire-related plant responses across regions and
ecosystems.

First, perennial grasses declined in abundance in the first postfire
growing season in 76% of the studies but usually recovered within the
second or third year. Abundance of perennial grasses increased in only
11% of the studies in the first postfire growing season and 5% in the sec-
ond or third year following fire, but no studies reported long-term de-
clines in perennial grasses. Differences between rhizomatous and
caespitose growth form can account for much of the variance in postfire
response of grasses. Given that rhizomatous grasses are more common
in the Great Plains and caespitose grasses more common in the Inter-
mountainWest, we discuss these groups in greater detail within the re-
spective regional summaries. Second, annual grasses were usuallymore
abundant in the first, second, and third years following fires compared
with unburned stands. Third, forbs were inconsistent in their response
the first year following fire, but they were more abundant in four out
of six studies by the second or third year. Fourth, abundance (biomass,
cover, or volume) of both resprouting and nonsprouting shrubs was
lower during thefirst 10 yr followingfire. However, density of sprouting
shrubs usually equaled or exceeded that of unburned communities
within 3 yr following fire, suggesting little or nomortality. Full recovery
of sprouting shrubs occurred within 3−20 yr, 25−35 yr for non-
sprouting shrubs on relatively wet sites (e.g., mountain big sagebrush
[Artemisia tridentata spp. vaseyana] in the 300- to 400-mmprecipitation
zone), and N 45 yr on dry sites (e.g., Wyoming big sagebrush [Artemisia
tridentata spp. Wyomingensis] in the 200- to 300-mm precipitation
zone).

Species Groups

Fire can be used to change plant composition (e.g., the proportion of
C3:C4 plants, herbaceous:woody, and forbs:grasses) and reduce exces-
sive litter buildup. Reduced litter results in an increase of light to basal
tillers, often an issue restricted to highly productive sites (Howe, 1994,
1995; Ansley et al., 2008). The literature is mixed on the issue of fire ef-
fects on invasive species. Fire can act as a trigger to force a desirable sta-
ble state across a threshold to an undesirable invasive plant state.
Cheatgrass (Bromus tectorum L.) provides an excellent example of this
dynamic in the Intermountain West (Keane et al., 2008). Fire, on the
other hand, can be used to control invasive species through direct con-
trol or by focusing herbivory on a relatively small burned area within a

landscape that has higher palatability and forage quality after burning
(Cummings et al., 2007).

Woody Species

Prescribedfire is particularly relevant to the issue ofwoodyplant en-
croachment in grassland and savannah ecosystems.Woody plant abun-
dance (biomass, cover, volume) consistently declined the first year
followingfire andwas generally less than the control 3 yr after fire. Den-
sity of resprouting shrub species recovered or exceeded preburn levels
within 3 yr following fire, and grassland may transition to woodland
with as little as 30 yr without fire. Most shrubs in the Great Plains are
resprouting, and fire return intervals of 2−5 yr may be required to
maintain herbaceous dominance. Nonsprouting encroaching trees, pri-
marily Ashe juniper (Juniperus ashei) and eastern redcedar (Juniperus
virginiana), increase without fire and gain dominance after about
30 yr (Limb et al., 2010). The effects of these fires depend on grazing in-
tensity, which constrains fuel load and fire intensity.

The majority of studies from the Intermountain West evaluated
summer burns (57%, many of which were wildfires), but more than
half also considered fall or spring prescribed burns (35% fall, 21%
spring). Thirteen studies reported total perennial grass response in the
first postfire growing season, of which 10 reported a decline in cover,
biomass, or density; one an increase in cover; and two no change in
cover. The majority of these studies (seven of nine) showed that peren-
nial grass recovered to that of unburned plots within 2−3 yr, while one
study showed a decline in cover and another study showed an increase
in cover. Perennial forbs generally increased, as did annual grasses in the
first postfire growing season. However, a review on fire effects in the
Great Basin indicated increases in perennial forb abundance typically
occurred in the cool-moist sagebrush communities, with little to no
change in the warm-dry sagebrush communities (Miller et al., 2013).
Broadleaved grasses and smaller bunches typically were more resistant
to fire than fine leaved grasses or large bunches. In the Intermountain
West, prefire composition is amajor driver in determiningpostfire com-
position and ecological sites on the cooler-wetter soils (e.g., mountain
big sagebrush) more resilience to fire disturbance (Miller et al., 2013;
Chambers et al., 2014). Sites invaded with exotic grass species may re-
quire postfire seeding to assist the reestablishment of native species
and reduce further invasion (Davies et al., 2013). Coupled herbicide

Table 2
Summary of number of studies for all years (1967−2014) and plant group (Total Herbs, Perennial Grasses, etc.) across global rangeland ecosystem type (Grassland/Desert, Savanna, and
Shrubland). Numbers of studies indicating negative (−), positive (+), and no change (=) in response to fire. Plant group responses (−, +, or=) can be production, cover, abundance, etc

Ecosystem Plant group 1 yr post fire 2-3 yr post fire ≥ 4 yr post fire

(−) (+) (=) (−) (+) (=) (−) (+) (=)

Grassland/Desert Total herbaceous 7 4 3 2 2 3 0 1 1
Annual grass 1 2 1 0 2 0 1 0 0
Perennial grass 11 5 7 6 3 22 0 9 6
Forbs 5 2 5 2 3 8 1 6 2
Resprouting shrubs 3 2 0 1 0 0 2 1 2
Nonresprouting shrubs 2 1 0 0 0 1 0 0 0
Trees 6 0 0 4 1 0 8 1 2

Savanna Total herbaceous 0 0 0 0 0 0 0 0 0
Annual grass 0 0 0 0 0 0 0 0 0
Perennial grass 1 0 4 0 0 1 0 0 10
Forbs 0 0 0 4 0 0 1 0 0
Resprouting shrubs 0 0 0 0 0 0 1 0 0
Nonresprouting shrubs 0 0 0 0 0 0 2 0 0
Trees 0 0 0 0 0 0 0 2 0

Shrubland Total herbaceous 0 0 1 0 1 0 0 0 0
Annual grass 0 2 3 0 3 1 0 1 3
Perennial grass 10 1 5 1 2 8 0 0 2
Forbs 1 5 1 0 2 0 1 0 0
Resprouting shrubs 1 0 0 0 0 0 4 1 1
Nonresprouting shrubs 9 0 0 5 0 0 0 0 0
Trees 3 0 0 2 0 0 1 1 0
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and seeding applications are common, but timing of treatments and
weather conditions strongly influence outcomes (Munson et al., 2015).

Woody plants have captured much attention in the Intermountain
West. Nonsprouting shrubs, primarily mountain big sagebrush and
bitterbrush (Purshia tridentata) (a weak resprouter), consistently de-
creased with fire typically recovering within 25−35 yr. However, re-
covery of Wyoming big sagebrush is typically longer with one study
reporting only 5% sagebrush cover after 23 yr followingfire. This is espe-
cially the case on landscapes receiving b 200 mm precipitation. Few
studies evaluated the resprouting shrubs Chrysothamnus viscidiflorus,
Ericameria nauseosa, and horsebrush (Tetradymia spp.). However, limit-
ed work indicates biomass declines of these species in the first several
years following fire; density typically recovers to preburn levels within
3 years.

Density of juniper (Juniperus spp.) and piñon pine (Pinus spp.) is re-
duced following fire, but tree size often influences the effectiveness of
burning. Juniper cover of individual trees increased slowly for the first
45 yr, followed by rapid increase during the next 45−70 yr. Closed can-
opies can developwithin 80−120 yr (Johnson andMiller, 2006). Fire in
woodlands is typically followed by an increase in perennial grasses and
a reduction of woody plants. Sagebrush (Artemesia spp.) reached
preburn levels within 40 yr and then often declined if piñon pine and/
or juniper became established on the site. Understory cover declined
to 5% of the adjacent vegetation by 100 yr following fire as piñon and
juniperwoodlands developed (Barney and Frischknecht, 1974;Wangler
and Minnich, 1996). However, understory composition following fire is
highly dependent on the composition and abundance of the understory
before the burn, time since fire, and fire severity, especially on the lower
resilient warm-dry sagebrush ecological sites (Chambers et al., 2014).
Targeted management strategies will often incorporate mechanical
treatments followed by seasonal burning to increase woody species
control and accelerate herbaceous recovery (Bates et al., 2014).

Soil and Hydrology

The literature on the effects of fire on rangeland soils is abundant.
However, only 16 of the 51 studies reported research from North
American rangelands limiting the inferential base for applying the re-
sults to management. Fortunately, these were distributed more or less
evenly across North America and across vegetation types (grasslands,
shrublands, etc.). Small plots (0.0003−1 ha) were the general rule,
and studies often reported effects from a single fire (22 papers). Only
10 of the 51 studies encompassed time periods of N 10 yr.

DeBano (2000) reviewedmore than 700 published papers reporting
on either various aspects of water repellency that contribute informa-
tion directly related to understanding or the basic processes that under-
lie soil water repellency. The influence of fire on soil depends largely on
the prefire and postfire environment, interaction with other factors in-
cluding grazing and invasive species, and the evolutionary history of
the ecosystem with regard to fire frequency and intensity and grazing.
However, it is notable that most studies on rangeland that can be char-
acterized as lacking a long evolutionary history of both frequent and ex-
pansivefire are conducted afterwildfirewithout treatment controls. For
example, portions of the Great Basin shrub-steppe have had substantial
increases in fire frequency and burn area over the past century (Miller
et al., 2011). In contrast, prescribed burning and the ecological role of
fire are the context of studies on rangelands characterized by a long evo-
lutionary history of frequent fire, specifically the Great Plains.

Soil organic matter has long been a subject of interest to rangeland
fire researchers (e.g., Reynolds andBohning, 1956; Owensby andWyrill,
1973). Research has increasingly reported the influence of fire on soil
organic carbon, CO2 ecosystem flux, and carbon sequestration, which
is tied to atmospheric properties related to global climate change. In
the single study located in theUnited States that appeared in our sample
(Ansley et al., 2006), carbon storage in soil increasedwith fire, likely the
result of a shift in species composition. Burning in the Intermountain

region typically has limited impact on total carbon because themajority
of the carbon pool is belowground (Rau et al., 2009, 2010). Studies in the
Intermountain shrub-steppe aremixed in their findings regardingburn-
ing and soil C and N. Several suggest plant invasions (i.e., Bromus
tectorum) can reduce soil carbon (Bradley et al., 2006; Prater and
Delucia, 2006) or influence the vertical distribution of carbon (Rau
et al., 2011), but this did not occur in a similar shrub community
when perennial native grasses dominated post fire (Davies et al.,
2007). However, while repeated burning of invaded sites changed litter
C and N content, burning did not reduce soil nutrients (Jones et al.,
2015).

Burning in a semiarid Great Plains rangeland can alter soil carbon,
but the magnitude of change was inconsequential partly because of a
relatively low CO2 flux (Macneil et al., 2008). In subhumid Great Plains
rangelandwhere CO2 flux is markedly greater, soil carbon flux increases
with periodic burning over nongrazed rangeland. This is because burn-
ing removes accumulated litter that creates temperature and light-
limiting conditions for plant growth, but annual burning will reduce
both soil organic matter and nitrogen mineralization (Ojima et al.,
1994; Blair, 1997). Annual burning over perhaps 20−100 yr may in-
crease the fraction of passive soil organic matter at the expense of
more active fractions, which might ultimately reduce total soil organic
carbon (Ojima et al., 1994).Most ecosystem carbon loss in rangeland re-
sults from combustion of aboveground organic material (i.e., fuel), with
the time to reach prefire levels dependent on primary productivity
(Macneil et al., 2008). Soil carbon response to the ecological interaction
of fire and grazing, rather than the statistical interaction, has not been
investigated. However, because nitrogen and carbon are coupled in
the organic matter pool, soil carbon might show similar increases to
soil nitrogen following fire-grazing disturbances (Anderson et al.,
2006).

Nitrogen in aboveground biomass is volatilized in fire, and the de-
gree of volatilization varies with both environmental conditions and
fire characteristics. Specifically, drier fuels and soils coupled with hotter
fires result inmore intense combustion andmore nitrogen volatilization
(DeBano et al., 1979). Because most prescribed burning objectives call
for conditions that consume most aboveground herbaceous fuel, it is
often assumed that fire depletes ecosystem nitrogen (Anderson et al.,
2006). Indeed, postburn soil inorganic nitrogen (NO3 and NH4) is
often less, but greater herbaceous aboveground annual production
and vegetation cover at some point after burning suggests plant-
available nitrogen increases following burning. Research in subhumid
rangeland (Blair, 1997) and semiarid rangeland (Davies et al., 2007) in-
dicates that burning increases nitrogen mineralization and enhances
other mechanisms that result in increased nitrogen availability. There-
fore, burning indirectly enhances plant ability to utilize nitrogen. How-
ever, in the Central Great Basin, total aboveground nitrogen declined by
78% but no change occurred in total belowground nitrogen (Rau et al.,
2010; Jones et al., 2015). The amount of total nitrogen volatized was di-
rectly related to the amount of organic matter consumed. Annual burn-
ing of subhumid rangeland over a period of 20−100 yr has been
predicted to reduce mineralizable nitrogen similar to the effect on soil
organic carbon (Ojima et al., 1994). Because grazing reduces the amount
of nitrogen available for volatilization by fire and because nitrogen loss
is proportional to biomass available for combustion, grazing lessens the
effects of fire on soil nitrogen (Hobbs et al., 1991). This explainswhy ni-
trogen fertility was not diminished with annual burning coupled with
long-term moderate grazing (Owensby and Anderson, 1967). More-
over, this mediating effect of grazing is subject to the effect of scale
and preferential grazing of patches (McNaughton, 1984; Hobbs et al.,
1991). When fire and grazing interact spatially (i.e., the ecological fire-
grazing interaction) in a subhumid rangeland, plant-available nitrogen
increases in recently burned, grazed patches (Anderson et al., 2006),
but unburned patches with minimal grazing pressure have low levels
of available nitrogen. No published research on the effects of the fire-
grazing interaction on soil nitrogen is available for other rangelands.

419R.F. Limb et al. / Rangeland Ecology & Management 69 (2016) 415–422



Some fire prescriptions, wildfire conditions, and high fuel situa-
tions in rangelands can result in extreme soil heating, which can
markedly change soil chemical and physical properties. Brush piles
and thinning slash, in particular, create intense heat that can change
biological, chemical, and physical properties of soil and can facilitate
undesirable vegetation change including plant invasions (Neary
et al., 1999; Haskins and Gehring, 2004). In the Intermountain re-
gion, soil surface temperatures during fire are spatially heteroge-
neous due to large differences in fuel abundance and structure
in interspaces and beneath grasses, shrubs, and tree canopies
(Korfmacher et al., 2003; Bates et al., 2011).

Hydrologic variables related to fire effects on soil were water re-
pellency, water quality, hydraulic conductivity or infiltration, and
erosion/runoff. Generally, limited information is available on range-
lands, and the majority of studies were monitored for b 3 yr: 1 yr
(52%), 2 yr (20%), and 3 yr (12%). Variables that influenced the effects
of fire on soil hydrology were aspect, fire severity, and microsite loca-
tion. A large decrease in infiltration and increased erosion can occur
after fire in coppice dunes beneath shrubs and trees. However, recovery
for most processes occurred within 2 yr following fire. The largest de-
crease in infiltration rate and increase in erosion following fire can
occur in coppice dunes beneath shrubs and trees. Fire often has little ef-
fect on these two variables in shrub or tree interspaces. Water repellen-
cy usually occurred on both burned and unburned sites but typically
increased, particularly beneath shrub and tree canopies, following fire.
Hydrophobicity was reported to decline within several months to near
preburn levels following wetting. One study reported rill erosion as
the primary source of sediment, and several studies reported rills read-
ily formed in the coppice dunes. However, postfire wind erosion in the
drier-warmer sagebrush steppe has been found to move significant
amounts of soil (Miller et al., 2012; Sankey et al., 2012). In general,
these studies suggest that immediate effects of fire are largely negative
on soil hydrologic properties, but effects are short-lived.

Livestock

Among the 846 papers evaluated, most studies did not specifically
discuss the interaction of fire with grazing, and only 47% of the studies
specifically stated that they included nongrazed or grazed sites. Only
13 papers evaluated the influence offire on livestock behavior or perfor-
mance, of which 7 studies were conducted in North America. The small
number and geographic scope of the studies limit the inferences that
can be made. Grazing was a part of the experimental design in only
16% of the studies. Because the vast majority of rangeland is grazed,
the failure of research to address the interaction of fire and grazing
severely limits applying the research to rangeland management.

Early research from the Great Plains region focused on livestock
performance and indicates that mid spring and late spring burning in-
creased steer weight gains, particularly early in the growing season
(Anderson et al., 1970; Smith and Owensby, 1978). Burning can im-
prove livestock performance as much as 75% over unburned pastures,
but break-even returns are not always immediate (Kirk et al., 1976;
Limb et al., 2011b; Allred et al., 2014). The increased benefit from burn-
ing alone was comparable with supplemental feeding. Increased live-
stock performance is mostly attributed to increased forage quality
from increased plant crude protein and decreased fiber content fol-
lowing fire (Grelen and Epps, 1967; Allen et al., 1976; Kirk et al.,
1976). Within the fire-grazing interaction, cattle are attracted to re-
cently burned locations (within the same growing season), which
provide higher-quality forage than the surrounding matrix of un-
burned vegetation, and cattle devote 75% of grazing time within re-
cently burned areas (Fuhlendorf and Engle, 2004). The disturbance
created by the interaction of cattle grazing and fire mimics historical
grazing behavior of large ungulates and creates a structurally diverse
landscape.

Wildlife

Fire effects on faunal assemblages (100 studies) are largely dominat-
ed by avifauna (27%) and smallmammals (15%). However, since 2000, a
growing number of studies are related to invertebrate communities
(37%). With limited exceptions within the invertebrate literature, the
vast majority of research targeted the influence exerted by fire on hab-
itat structure towhich these faunal assemblages are especially sensitive.
With a diverse assemblage of habitat requirements among rangeland
wildlife species, broadly characterizing the effects of fire on wildlife
habitat is not realistic. Generally, conditions post fire will temporarily
create favorable opportunities for a specific subset of species and unfa-
vorable conditions for other species as a function of time since fire. For
example, many, but not all, rangeland small mammal and bird species
are more suited to areas not recently burned and grazed because
these areas provide vegetative cover required for concealment or
nesting. However, recently burned locations do favor upland sandpiper
(Bartramia longicauda), horned lark (Eremophila alpestris), and the go-
pher tortoise (Gopherus polyphemus), whereas greater prairie chicken
requires a matrix of burned and nonburned prairie (Fuhlendorf et al.,
2006; Reinkensmeyer et al., 2007; Ashton et al., 2008; Mcnew et al.,
2015).

The landscape context in which prescribed burning is applied on
rangelandwill affect thewildlife species in question. For example, great-
er prairie chicken responds positively when portions of a landscape are
burned, but negatively when entire landscapes are burned (Mcnew
et al., 2015). Additionally, wildlife species in a given area have variable
habitat requirements, so positive response by one species will likely
cause other species to decline. However, because rangeland and range-
land wildlife evolved with periodic fire and because periodic fire is re-
quired to maintain habitat suitable for wildlife species native to a
particular rangeland region, fire is essential for maintaining rangeland
wildlife populations. The sage-grouse (Centrocercus urophasianus and
C. minimus) is in a precarious situation being both dependent on
non−fire-tolerant sagebrush habitat (Crawford et al., 2004) but also
limited by woody species encroachment following fire suppression
(Farzan et al., 2015). Unnaturally long fire-return intervals often lead
to tree encroachment and other changes that reduce habitat suitability
for native wildlife species that are habitat specialists (Coppedge et al.,
2001; Reinkensmeyer et al., 2007), some of which are species of conser-
vation concern. Fire-return intervals greater than those with which an
ecosystem evolved can have correspondingly deleterious effects on
habitat and populations of habitat specialists (Robbins et al., 2001;
Pedersen et al., 2003; Rowland et al., 2006; Fuhlendorf et al., 2012).

Air Quality/Smoke Management

Air quality influenced by rangeland fire and associated smoke man-
agement are relatively new fields of study, and therefore, limited infor-
mation is available. A total of 34 studies were reviewed, of which 94%
were dated after 2000. Rangeland fire generates a wide variety of by-
products that fall into two broad categories, gasses and particulates.
Smoke, the visible product of partially combusted fuelmaterial, contains
an array of organic and inorganic airborne particulates. Airborne parti-
cles can be a nuisance, reducing visibility hundreds of kilometers down-
wind from emission sources (Ferguson et al., 2003; Mckenzie et al.,
2006) and degrading air quality (Martin et al., 1977). Prescribed fire
produces 15% to 25% of airborne particulates and 7% to 8% of hydrocar-
bons emitted to the atmosphere annually (Martin et al., 1977; Barnard
and Sabo, 2003). However, environmental conditions, fuel characteris-
tics, and fire behavior influence the amount of noncombusted material
produced. Relatively slow-moving fires, in which more complete com-
bustion is expected, were modeled to produce about 50% less smoke
than fires with higher rate of spread and less complete combustion
(Glitzenstein et al., 2006). Fuel consumption and fire intensity clearly
influence emissions from fire.
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Smoke particle size influences the period of suspension in the atmo-
sphere. Relatively large particles, between 0.07 μmand1.0 μmdiameter,
may take days to settle out, whereas particles b 0.07 μm do not settle
under natural conditions (Martin et al., 1977). Particles N 2.5 μm do
not remain suspended for long time periods yet can be problematic
for individuals with asthma or other chronic respiratory conditions
(Dockery et al., 1993). While smoke management is important as it
relates to air quality, our review of the literature revealed that only six
papers addressed smoke management on rangeland, so conclusive evi-
dence is limited. Further investigation is needed to provide a complete
understanding of how prescribed fire influences air quality.

Conclusion and Management Implications

Fire is as important as climate and soils to themaintenance of struc-
ture and function in many ecosystems, and altered fire regimes are a
primary cause of ecological sites moving across a threshold (Twidwell
et al., 2013). Recognition offire as a dynamic regime that has variable ef-
fects depending on the interaction with grazing and climate patterns is
critical to applying management that will optimize conservation effec-
tiveness in rangeland ecosystems. Fire effects on ecosystems are often
considered to be static over time, even though the research literature in-
dicates that fire effects vary over time (both in terms of time since fire
and time between successive burns). The literature supporting pre-
scribed burning needs greater managerial relevance that can be obtain-
ed by directly addressing spatial scale, temporal scale, and interaction
with other disturbances, including drought and grazing.

Although rangeland management professionals generally support
using fire in rangeland ecosystems, a long history of exclusion, uncer-
tainty about the effects of fire, increased wildland-urban interface, so-
cioeconomics, and natural resource policy are formidable barriers to
reintroducing fire. Moreover, the effects of prescribed fire are common-
ly described as unpredictable and uncertainty about fire effects com-
monly forces managers to look for more predictable options for land
management. Rangeland ecosystems evolved under specific fire re-
gimes rather than in response to individual fires, which requires that
management plans include more comprehensive fire planning that ad-
dresses both short- and long-term outcomes.

Ecosystem response to fire is strongly influenced by temporal scale
and must be carefully considered in conservation planning. Much of
the prescribed fire literature does not provide sufficient ecosystem in-
formation to support predictive inferences beyond a site-specific de-
scription of gross treatment effects (Kral et al., 2015). The majority of
studies (83%) reported nondescript treatments as simply burned or
nonburned, and 85% failed to provide sufficient information to ade-
quately characterize fire treatments. In contrast, livestock grazing treat-
ment descriptions are often highly detailed, including the stocking rate,
kind and class of animal, season, and duration of use and ecosystem
type. Consequently, grazing management practices can be conducted
with more precision. To have predictive power with prescribed fire, it
is imperative that enough data are reported to adequately characterize
each fire including fuel model (type and load), percent fuel moisture
(live and dead), relative humidity, air temperature, slope, wind speed
and direction, and fire date. Many of these variables can be used to
model fire behavior and estimate intensity. However, measuring fire in-
tensity is preferred. The lack of sufficient descriptive information on
treatments is a major limitation to a generic approach to prescribed
fire recommendations.

The complex interaction of scientific knowledge, social concerns,
and variable policies across regions are major limitations to successful
restoration of fire regimes on rangeland. Smoke characteristics and
smoke management, effects of fire on wildlife and insects, and fire be-
havior and fire management are ecosystem specific and highly variable
across the landscape. A lack of ecosystem-specific data on these topics
and high spatial variability in fire effects make it difficult to inform pre-
scribed burning practices at a regional or national level.

Appendix A. Supplementary Data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.rama.2016.07.013.
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