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a b s t r a c t 

Fire is an ecological disturbance that can accelerate nutrient cycling and alter herbivore distribution in 

grasslands and shrublands. Historically and today, humans have used prescribed fire to enhance forage 

quality for wild and domestic herbivores, and to achieve other management objectives. Contextual fac- 

tors such as ecosystem type, seasonality, and fuel characteristics can determine how prescribed fire af- 

fects forage quality. For example, forage quality enhancements are relatively short lived in shortgrass 

steppe and subhumid grasslands but may persist for multiple years in northern mixed-grass prairie and 

sagebrush steppe. Outcomes near ecosystem boundaries are uncertain. Using 152 independent, small- 

plot, prescribed burns completed over multiple years at 36 sites in Wyoming and South Dakota, USA, we 

tested the effects of ecosystem type (northern mixed-grass prairie vs. sagebrush grassland ecotone), burn 

seasonality (fall vs. spring), and fuel characteristics (ambient vs. added fuel) on forage quality. Across 

ecosystems, fall fires had strong positive effects on forage quality parameters during the first growing 

season after fire, and energy benefits that persisted into the second growing season after fire. In north- 

ern mixed-grass prairie, spring and fall prescribed fires implemented before the same growing season 

yielded similar forage quality enhancements for one season. Finally, artificially increased fuel loads had 

few effects on forage quality. Although forage quality rarely dropped below critical nutrition thresholds 

for ruminants regardless of burning, our findings suggest relatively consistent, positive forage quality re- 

sponses to prescribed fire across ecosystem types, seasonality of dormant-season burns, and fuel char- 

acteristics. Many improvements lasted through one growing season, and some persisted into a second 

growing season. Managers could take advantage of short-term nutritional benefits via adaptive manage- 

ment strategies that allow animals access to burned and unburned areas. 

Published by Elsevier Inc. on behalf of The Society for Range Management. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Access to high-quality forage is critical for ruminant livestock

nd wildlife ( Buxton et al. 1995 ; Middleton et al. 2018 ). For-

ge quality influences animal intake and has nutritional impli-

ations for animal maintenance, growth, reproduction, and lacta-

ion ( Van Soest 1994 ). Fire can increase forage quality directly
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y removing low-quality, senescent tissue, and by increasing soil

utrient availability and, as a result, the nutritional quality of

ewly growing tissue ( Van de Vijver et al. 1999 ; Augustine and

ilchunas 2009 ). Fire can also enhance forage quality indirectly

y facilitating compositional shifts toward more nutritious plant

pecies (e.g., Vermeire et al. 2004 ; Van Dyke and Darragh 2006a ;

urquim et al. 2024 ). Finally, fire can shift plant phenology, al-

ering the temporal availability of young, high-quality plant tis-

ue (e.g., Wrobleski and Kauffman 2003 ). Because of these changes

n forage quality, cattle and wild herbivores preferentially use re-

ently burned areas ( Fuhlendorf and Engle 2004 ; Vermeire et al.

004 ; Van Dyke and Darragh 2006a ; Sensenig et al. 2010 ; Allred

t al. 2011 ; Wanchuk et al. 2024a ) and often benefit through en-
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anced or stabilized weight and body condition ( Woolfolk et al.

975 ; Rowland et al. 1983 ; Svejcar 1989 ; Allred et al. 2014 ; Spiess

t al. 2020 ; Wanchuk et al. 2024a ). 

Historically and today, human cultures across the globe have 

egularly applied fire to a variety of landscapes for a plethora of

easons, including to enhance forage quality for large herbivores 

 Murphy and Bowman 2007 ; Butz 2009 ; Huffman 2013 ; Scasta

t al. 2016a ). Fire alone, and spatiotemporal interactions between

re and herbivores, can also affect other management objectives, 

uch as grassland bird habitat and pollinator resources ( Wrobleski

nd Kauffman 2003 ; Fuhlendorf and Engle 2004 ; Augustine and

erner 2015 ; Scasta et al. 2016b ; Porensky et al. 2018 ). Success-

ully achieving multiple objectives requires clear understanding of 

he effects of management actions applied in different ways. For 

rescribed fire in grazing systems, identifying how season and in- 

ensity of fire affect herbivore nutrition in specific ecological con- 

exts would help managers design fire strategies that balance mul- 

iple management objectives. 

Although fire tends to enhance forage quality, the magnitude 

nd duration of these effects can vary widely across ecosystems, 

re conditions (e.g., intensity), burn seasonality, and postfire grow- 

ng conditions. Forage quality encompasses a range of metabolic 

equirements of the herbivore of interest, including energy, protein, 

itamins, and minerals. Fire studies from subtropical and tropi- 

al systems worldwide have focused on protein (i.e., nitrogen) and 

ineral (i.e., phosphorous) aspects of forage quality and have gen- 

rally found positive effects that disappear within a few months 

 Grelen and Epps 1967 ; Batmanian and Haridasan 1985 ; e.g., Mes

958 ; Singh 1993 ; Van de Vijver et al. 1999 ; Murphy and Bowman

007 ). Fiber and digestibility, which are key metrics of how much

nergy herbivores can extract from forage, also responded favor- 

bly to fire in these systems; studies reported reduced fiber con-

ent (which enables enhanced forage intake) for up to 500 days

 Sensenig et al. 2010 ) and enhanced in vitro organic matter di-

estibility during the first growing season after fire ( Boughton et

l. 2022 ). Similarly, studies from mesic temperate grasslands (e.g., 

llen et al. 1976 ; Hobbs et al. 1991 ; Allred et al. 2011 ) and semi-

rid shortgrass steppes ( Augustine and Milchunas 2009 ; Augustine 

t al. 2010 ; Gullap et al. 2018 ) have shown that multiple aspects of

orage quality, including protein, digestibility, and mineral content, 

an improve for a short time following fire, but effects typically

issipate within a few months. 

North America’s northern mixed-grass prairie is one of the 

argest intact grasslands in the world, extending across the north- 

entral United States and southern Canada ( Scholtz and Twidwell

022 ). Compared to other grassland and savanna ecosystems, for- 

ge quality responses to fire in northern mixed-grass prairies have 

een more variable and sometimes more persistent. For example, 

rescribed fire can enhance protein or nitrogen content by 20–

50% for one growing season after fire ( Dufek et al. 2014 ; Powell

t al. 2018 ; Spiess et al. 2020 ; Vermeire et al. 2020 ; Wang et al.

021 ; Vera-Velez et al. 2023 ; Wanchuk et al. 2024a ), and effects

an occasionally persist into a second growing season ( Vera-Velez

t al. 2023 ). Fiber and lignin content reductions of 2–12% can last

or at least 1 yr ( Dufek et al. 2014 ; Vermeire et al. 2020 ) and some-

imes several years after fire ( Vera-Velez et al. 2023 ; Wanchuk et

l. 2024a ). Macronutrients and digestibility can also be enhanced

or one to several years since fire in northern mixed-grass systems

 Dufek et al., 2014 , 2023 ; Vermeire et al. 2020 ; Wanchuk et al.

024a ; Wanchuk et al. 2024b ). 

In western North American shrublands, which generally had 

 lower historical fire frequency than adjacent temperate grass- 

ands ( Guyette et al. 2012 ), effects of fire on forage quality can

ast much longer. In sagebrush steppe ecosystems, shifts in pro- 

ein and fiber regularly persist for two to three growing sea-

ons after fire ( Cook et al. 1994 ; Van Dyke and Darragh 2006a ;
reene et al. 2012 ) and protein remained elevated for up to 11

r since fire in one study ( Van Dyke and Darragh 2006b ). In

hese studies, longer term effects were attributed to enhanced re- 

ource availability for herbaceous species due to the removal of 

hrubs, shifts in plant community composition toward a more di- 

erse and nutritious assemblage, and/or the development of feed- 

acks between patches of high forage quality and enhanced her- 

ivore use. Given the variability in forage quality responses to fire

oth within and among ecosystems, it is especially hard to predict

he magnitude and persistence of forage quality shifts in ecotones 

boundary zones) between ecosystems, such as the biodiverse eco- 

one found between sagebrush steppe and northern mixed-grass 

rairie in North America, hereafter called “sagebrush grassland”

 Porensky et al. 2018 ). 

The magnitude and duration of forage quality response to fire 

ould also be sensitive to the timing or season of fire due to

ystematic differences in fire weather or fuel characteristics be- 

ween seasons, shifts in the timing of regrowth, or differential

ffects on community composition ( Wang et al. 2021 ). However,

esults related to season of burn (hereafter, called burn timing 

o distinguish from season of sampling) are inconsistent. Some 

tudies suggest better forage quality outcomes when burns oc- 

ur during seasons that typically have more extreme fire weather 

 Nichols et al. 2021 ; Wang et al. 2021 ), while other studies sug-

est better forage quality outcomes during less extreme seasons 

 Van Dyke and Darragh 2006a ; Dufek et al. 2014 ) or similar out-

omes regardless of burn timing ( Grelen and Epps 1967 ; Allred et

l. 2011 ; Spiess et al. 2020 ). Finally, in semiarid systems, differ-

nt weather patterns can produce very different fuel loads, which 

an in turn affect fire intensity. Fire intensity may affect forage

uality responses through its effects on the amount of dead ma-

erial consumed by fire, species-specific mortality of perennating 

r reproductive materials, or nutrient dynamics ( Van Wagtendonk 

018 ). These uncertainties make it difficult to manage for multiple

bjectives. 

To reduce knowledge gaps in how prescribed fire affects for- 

ge quality, we examined the magnitude and duration of fall and

pring prescribed fire effects on forage quality at 36 experimen- 

al sites across sagebrush grasslands in eastern Wyoming, USA and 

ixed-grass prairies in western South Dakota, USA, which repre- 

ents an area in the Great Plains where research on prescribed fire

ffects is lacking (see Fig. 2 in Scasta et al. 2016a ). We addressed

hree research questions. 

1) What is the magnitude and duration of prescribed fire effects 

on forage quality, and do these effects vary based on ecosystem 

type? We expected that both fall and spring prescribed fires 

would enhance forage quality by removing low-quality, senes- 

cent biomass and increasing the quality of new growth during 

the first growing season (both spring and summer) after the 

fire, and we expected these effects to be absent in subsequent

sampling periods. We expected forage quality improvements to 

be greater in sagebrush grassland than northern mixed-grass 

prairie sites due to the removal of sagebrush, which would in-

crease both soil nutrient and light availability for new herba- 

ceous plant growth. 

2) Do the effects of prescribed fire on forage quality vary based on

burn timing? We expected fall and spring prescribed fires to 

have similar effects on forage quality, since both burn timings 

occurred during the dormant season and would not greatly dif- 

fer in their regrowth timing, which is strongly controlled by 

ambient temperature. 

3) Do the effects of prescribed fire on forage quality vary based on

fuel load? We used artificial fuel additions to explore the effects

of higher fuel loads (e.g., after a very productive year) on fire

outcomes. When compared to ambient fuel loads, we expected 
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Figure 1. Map of 36 study sites in a sagebrush grassland ecotone (Wyoming) and northern mixed-grass prairie (South Dakota) in the northern United States. 
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that higher fuel loads would further enhance forage quality

by causing more complete removal of low-quality, senescent

biomass. 

ethods 

tudy sites 

Our study was conducted in 36 sites in the Northwestern Great

lains of North America ( Fig. 1 , EPA Level III Ecoregion 9.3.3,

mernik 1987 ). Twenty northern mixed-grass prairie sites were on

uffalo Gap National Grassland in southwestern South Dakota, USA

hereafter Northern Mixed-grass Prairie, or NMP) and the remain-

ng sixteen sites were in sagebrush grasslands of the Thunder Basin

egion of northeastern Wyoming, USA (hereafter Sagebrush Grass-

and Ecotone, or SGE). 

Plant communities of the NMP sites include a diverse as-

emblage of perennial C3 (cool-season) grasses, including west-

rn wheatgrass ( Pascopyrum smithii (Rydb.) Á. Löve), needle and

hread ( Hesperostipa comata (Trin. & Rupr.) Barkworth ssp. co-

ata ), green needlegrass ( Nassella viridula (Trin.) Barkworth), and

rairie Junegrass ( Koeleria macrantha (Ledeb.) Schult.), and low-

rowing C4 (warm-season) perennial grasses such as blue grama

 Bouteloua gracilis (Willd. ex Kunth) Lag. ex Griffiths) and buffalo-

rass ( Bouteloua dactyloides (Nutt.) J.T. Columbus). Mean annual

recipitation for the South Dakota Southwest Climate Division is

75 mm, with the majority falling in spring and summer, and

ean temperature ranges from −4.5 °C in January to 23.2 °C in July

1991–2020 climate normal; NCEI NOAA 2025 ). Water Year Precipi-

ation (total precipitation from October through September) for the

outh Dakota Southwest Climate Division during the years of the
tudy was 521 mm in 2018 (October 2017–September 2018), 673

m in 2019, 379 mm in 2020, 346 mm in 2021, and 394 mm in

022 ( NCEI NOAA 2025 ). Soil texture was evaluated using the hy-

rometer method ( Bouyoucos 1962 ) at each site. Most sites were

n clay soils ( n = 10), with other sites being classified as sandy

oam ( n = 4), clay loam ( n = 3), and loam ( n = 3). 

Twelve of the sixteen SGE sites were on the Thunder Basin

ational Grassland and four were on interspersed private lands.

loristically, Wyoming sites are in a broad ecotone between shrub-

ands of the North American Deserts (EPA Level I ecoregion 10),

nd grasslands of the Great Plains (EPA Level I ecoregion 9)

 Porensky et al. 2018 ). Plant communities commonly include a

parse overstory of Wyoming big sagebrush ( Artemisia tridentata

utt. ssp. wyomingensis Beetle and Young) and an understory char-

cteristic of northern mixed-grass prairie. Common herbaceous 

lant species include the perennial graminoids blue grama, west-

rn wheatgrass, needle and thread, threadleaf sedge ( Carex filifolia

utt.), and Sandberg bluegrass ( Poa secunda J. Presl), and the an-

ual grasses cheatgrass ( Bromus tectorum L.), field brome ( Bromus

rvensis L.), and 6 wk fescue ( Vulpia octoflora (Walter) Rydb). Mean

nnual precipitation for the Wyoming Cheyenne Niobrara Drainage

limate Division is 378 mm with the majority occurring in spring

nd summer, and mean temperature ranges from −4.6 °C in Jan-

ary to 21.8 °C in July (1991–2020 climate normals; NCEI NOAA

025 ). Water Year Precipitation for the Wyoming Cheyenne Nio-

rara Drainage Climate Division during the years of the study was

27 mm in 2018 (October 2017–September 2018), 463 mm in 2019,

51 mm in 2020, 321 mm in 2021, and 323 mm in 2022 ( NCEI

OAA 2025 ). Sites were mostly on sandy loam soils ( n = 12), with

 few sites being classified as loam ( n = 3) and sandy clay loam

 n = 1). 
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Table 1 

Number of plots in which forage quality was sampled by ecosystem, treatment, and year. 

Burn characteristics Number of plots sampled for postburn forage quality 

Burn year Burn timing Eco-system Burn fuel 2019 

Spring 

2019 

Summer 

2020 

Spring 

2020 

Summer 

2021 

Spring 

2021 

Summer 

2022 

Spring 

2022 

Summer 

NA Unburned NMP NA 20 20 7 5 7 7 

2018 Fall NMP Ambient 20 20 

2019 Spring NMP Ambient 13 13 

2019 Fall NMP Ambient 6 6 7 7 

NA Unburned SGE NA 16 16 16 16 22 28 16 16 

2018 Fall SGE Ambient 16 16 16 16 

2019 Fall SGE + 50% 11 11 11 11 

2019 Fall SGE Ambient 21 21 21 21 

2021 Spring SGE + 50% 9 9 9 9 

2021 Spring SGE Ambient 11 11 11 11 
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xperimental design 

The experiment had a randomized block design across 36 sites 

20 in NMP and 16 in SGE) which had not experienced recent ma-

or disturbances, such as prairie dogs, tillage, or recent fire ( > 15 +
r since last known fire). At each site, six 2 m × 4 m plots sepa-

ated by at least 5 m were randomly established. In SGE, each plot

as centered on the nearest adult sagebrush individual. Plots were 

riented with the 4-m edge running in the predominant wind di-

ection (E-W or NW-SE in NMP and NE-SW in SGE). All plots were

nfenced and open to grazing herbivores, including both livestock 

nd wildlife. The timing, intensity, and duration of use by livestock

aried widely across sites, consistent with regional livestock man- 

gement regimes. 

Treatments were randomly assigned to the six plots at each site.

ne plot was an unburned control and the remaining plots re-

eived various fire and fuel addition treatments that varied among 

ites because of logistical constraints (next paragraph). Treatments 

xamined here include combinations of burn timing (fall, spring), 

ear of fire (2018, 2019, 2021), and, for SGE sites only, fuel load

ambient, 50% addition; Table 1 ). Average herbaceous fuel loads 

ere estimated to be 129 g m−2 in SGE (L.M. Porensky, unpub-

ished data). These fuel loads are well above the level where grass-

and burns tend to become patchy with incomplete combustion 

 Augustine et al. 2014 ). For our 50%-fuel addition, we manually

roadcast 64.5 g m−2 (516 g plot−1 ) of weed-free hay (stored at

mbient humidity) across the plot immediately prior to burning. 

ll burns receiving different fuel treatments occurred on the same 

ay at an individual site and were conducted within 1 h of each

ther. 

Due to weather and COVID-19 limitations, the timing of fire 

pplication differed across sites and years ( Table 1 ). Fall fires oc-

urred 17–24 October 2018 and 8–17 October 2019 in NMP and 19–

5 October 2018 and 14–17 October 2019 in SGE. Spring burns oc-

urred 2–24 April 2019 in NMP and 9 March–2 April 2021 in SGE.

rescribed fire was applied using a 2 m × 4 m burn box with 1-m

all aluminum sides ( Kral et al. 2015 ) with one side opened to al-

ow a wind-driven headfire to develop. A ring of fire was laid down

ith a drip torch on the inside edges of the burn box and then

rawn across the opening of the box to create the headfire. Fire

eather (relative humidity, air temperature, and wind speed), soil 

oisture, fuel moisture and burn severity metrics were assessed at 

he time of fire and are summarized in Appendix A. 

ata collection 

Forage quality was sampled in the first and second growing 

easons postfire, except in cases where sampling was limited due 

o COVID-19 (e.g., NMP in 2020, Table 1 ). We clipped all above-

round herbaceous biomass rooted in one 20 × 50 cm quadrat; we

xcluded cactus and shrubs because they are rarely consumed by 
attle in these systems. We sampled twice annually (spring and 

ummer, using separate quadrats for each sampling) to more ac- 

urately determine the duration of fire effects on forage quality. 

pring sampling occurred in late May or early June, and summer

ampling occurred in August. In NMP, the biennial legume sweet- 

lover ( Melilotus officinalis (L.) Lam.) was abundant at seven sites in

ummer 2019 and one site in spring and summer 2020. For these

ites and sampling times, sweetclover was clipped separately and 

s not included in the current analysis because the species is gen-

rally avoided by cattle after it matures in summer, and its inclu-

ion in analysis would strongly skew forage quality results. Sam- 

les were dried in a forced-air oven for 48 h at 60 °C. Laboratory

nalyses were conducted by Ward Laboratories using NIRS (near 

nfrared reflectance spectroscopy), and values are reported on a dry 

atter basis. Metrics analyzed were: neutral detergent fiber (NDF) 

nd lignin, both of which are negatively correlated with intake and

igestibility; fat, an indicator of high energy sources in feed; total

igestible nutrients (TDN), an indicator of total energy; crude pro- 

ein, which is related to nitrogen content and important for protein

equirements of ruminant gut microbes as well as direct use by the

nimal; and ash, an indicator of mineral content. 

tatistical analysis 

Due to the logistical constraints described above (e.g., spring 

nd fall burns occurred in separate years in SGE, and sampling

as limited in 2020 in NMP), some outcomes could not be directly

valuated across both ecosystems and burn timings. Our analyses 

hus addressed the following revised questions. In all analyses, to 

ccount for spatially structured sampling and repeated measures, 

e included random intercepts for site, plot nested within site, and

except for the third question) sampling year, and we utilized a

ompound symmetry covariance structure to account for repeated 

easures where appropriate. 

What is the magnitude and duration of FALL prescribed fire ef-

ects on forage quality, and do these effects vary based on ecosys-

em type? To answer this question, we analyzed 2019–2021 data 

rom fall burns, with ambient fuel loads, that occurred in the same

ears in both ecosystems, and corresponding unburned plots. We 

an a linear mixed model with growing seasons since fire (1, 2,

 15), season of sampling (Spring vs. Summer), ecosystem (SGE vs.

MP), and all possible interactions as fixed effects. 

What is the magnitude and duration of SPRING prescribed fire ef-

ects on forage quality within sagebrush grassland? To answer this 

uestion, we analyzed 2021–2022 SGE data from spring burns with 

mbient fuel loads and corresponding unburned plots. We ran a 

inear mixed model with growing seasons since fire, season of 

ampling, and their interaction as fixed effects. 

Do the effects of prescribed fire on forage quality vary based on

urn timing during the first growing season since fire within northern

ixed-grass prairie? To answer this question, we used NMP data 
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l  
or the 2019 sampling season only. We ran a linear mixed model

ith burn timing (fall, spring, or unburned), season of sampling,

nd their interaction as fixed effects. 

Do the effects of prescribed fire on forage quality vary based on

uel load within sagebrush grassland? For this question, we analyzed

GE data from burned plots only. For sites in which we burned

lots with added fuel and ambient fuel during the same burn win-

ow ( n = 11 for 2019 fall burns and n = 9 for 2021 spring burns;

able 1 ), we ran linear mixed models with fuel loading, burn tim-

ng, growing seasons since fire, season of sampling, and all inter-

ctions as fixed predictors. 

All analyses were conducted in JMP ( JMP®, Version 17.2.0.

022-2023 JMP Statistical Discovery LLC ). Data were transformed

r variance-weighted when necessary to meet model assumptions.

esults are reported as means ± SE and are discussed as significant

t α < 0.05. Effect sizes are reported as relative percent changes,

ot absolute percent changes; for example, a shift from 60% to 66%

s described as a 10% increase. Post hoc comparisons were con-

ucted using Tukey’s honestly significant difference (HSD) test. 

esults 

Despite the small size of our burn boxes, fire affected the ma-

ority of the plot area (85% area burned, on average), and we gener-

lly achieved light to moderate fire severities (Tables A.5 and A.6). 

Across ecosystems, does fall prescribed fire affect forage quality in

he first or second years since fire? 

Fall prescribed fires had strong positive effects on the energy

omponents of forage quality (TDN and Fat, Figs. 2 a and 2b),

nd these effects lasted into the second growing season since fire

GSSF). When compared to unburned plots, plots burned in the fall

ad 10% higher TDN during the spring of the first growing season

fter fire, and values remained 3–4% higher through the summer of

he first growing season and the spring of the second growing sea-

on after fire, regardless of ecosystem type ( Fig. 2 a; GSSF∗Sampling

eason F2,280 = 10.0, P < 0.0 0 01; Table B.1). Across ecosystems and

ampling seasons, fall prescribed fire was associated with 12–26%

igher fat values for both the first and second years since fire ( Fig.

 b; GSSF F2,222 = 22.7, P < 0.0 0 01; Table B.2). Fat values were also

7% higher in SGE than NMP (Ecosystem F1,60 = 6.44, P = 0.01), and

5% higher in summer than spring (Sampling Season F1,284 = 12.1,

 = 0.0 0 06). 

Although NDF levels differed between ecosystems overall in

pring samples ( Fig. 2 c; Ecosystem∗Sampling Season F1,267 = 9.45,

 = 0.002), fire’s effect on NDF was consistent between SGE and

MP. Fall-burned plots had 11% and 3.5% lower NDF than unburned

lots during the spring and summer of the first growing season af-

er fire, respectively ( Fig. 2 c; GSSF∗Sampling Season F2,267 = 8.95,

 = 0.0 0 02; Table B.3). Lignin concentrations in SGE spring sam-

les were 12% lower in the first growing season since fire than

he second growing season since fire, but neither of these dif-

ered from unburned conditions. Also, this effect was not present

or NMP spring samples or for any summer samples ( Fig. 2 d;

SSF∗Ecosystem∗Season F2,292 = 4.49, P = 0.01; Table B.4). 

Fall-burned plots had 27% higher crude protein during the

pring of the first growing season after fire ( Fig. 2 e; GSSF∗Sampling

eason F2,282 = 11.9, P < 0.0 0 01), and summer samples had higher

rude protein in SGE than in NMP regardless of burning

Ecosystem∗Sampling Season F1,282 = 25.3, P < 0.0 0 01; Table B.5).

cross sampling seasons, SGE samples from the first growing sea-

on since fire had > 30% higher ash content than those from the

econd growing season since fire or from unburned plots; this ef-

ect was not present for NMP samples ( Fig. 2 f; GSSF∗Ecosystem

2,136 = 4.61, P = 0.01). Spring samples had lower ash in SGE than

n NMP (Ecosystem∗Sampling Season F1,258 = 8.94, P = 0.003; Table

.6). 
Within sagebrush grassland, does spring prescribed fire affect for-

ge quality in the first or second years since fire? 

Spring prescribed fire had positive effects on some aspects of

orage quality in SGE sites during the first growing season after

re. Samples collected during the first growing season after spring

rescribed fires had 2–3% higher TDN (GSSF F2,35 = 5.50, P = 0.008)

nd 2–5% lower NDF (GSSF F2,33 = 8.48, P = 0.001) than samples

rom unburned plots ( Figs. 3 a and 3b; Tables B.7 and B.8). Crude

rotein and fat content were 49% and 56% higher in summer sam-

les from the first growing season since fire than those from the

econd growing season since fire, respectively, while samples from

nburned plots were intermediate ( Figs. 3 c and 3d; GSSF∗Sampling

eason for crude protein: F2,82 = 4.79, P = 0.01; Fat: F2,91 = 3.57,

 = 0.03; Tables B.9 and B.10). Spring-collected samples showed

imilar but nonsignificant trends for crude protein and fat con-

ent ( Figs. 3 c and 3d). Spring prescribed fire did not significantly

ffect lignin or ash content in either season ( Figs. 3 e and f; Ta-

les B.11 and B.12). Overall, spring-collected samples had higher

DN ( F1,83 = 91, P < 0.0 0 01), lower NDF ( F1,81 = 77, P < 0.0 0 01),

nd lower lignin ( F1,88 = 56, P < 0.0 0 01) than summer-collected

amples. 

Within northern mixed-grass prairie, does burn timing affect for-

ge quality outcomes in the first growing season since fire? 

Although many forage quality parameters were enhanced dur-

ng the first growing season after prescribed fires in NMP, spring

nd fall prescribed fires had similar forage quality outcomes.

cross sampling seasons, TDN values were 9–10% higher and

at values were 19–25% higher in burned plots than unburned

lots (TDN: F2,33 = 21.4, P < 0.0 0 01; Fat: F2,67 = 18.0, P < 0.0 0 01), but

here was no significant difference between plots burned in spring

nd fall ( Figs. 4 a and 4b; Tables B.13 and B.14). Similarly, spring-

ollected samples from burned plots had ∼40% higher crude pro-

ein and ∼14% lower NDF than samples from unburned plots, re-

ardless of the timing of fire, and prescribed fire did not affect

rude protein and NDF in summer-collected samples ( Figs. 4 c and

d; Burn Timing∗Sampling Season for crude protein: F2,50 = 6.35,

 = 0.004; NDF: F2,33 = 5.86, P = 0.005; Tables B.15 and B.16). 

For both spring- and summer-collected samples, plots burned

n spring had 10% lower lignin content than unburned plots, while

lots burned in fall had intermediate lignin content ( Fig. 4 e; Burn

iming F2,33 = 5.80, P = 0.007; Table B.17). Summer-collected sam-

les from fall-burned plots had lower ash content than those

rom unburned plots, while those from spring-burned plots had

ntermediate ash content ( Fig. 4 f; Burn Timing∗Sampling Season

2,50 = 3.48, P = 0.04; Table B.18). Spring-collected samples from all

lots had similar ash content. Spring-collected samples had higher

DN ( F1,50 = 257, P < 0.0 0 01), lower lignin ( F1,50 = 132, P < 0.0 0 01)

nd lower fat ( F1,50 = 13.6, P = 0.0 0 05) than summer-collected sam-

les. 

Within sagebrush grassland, does fuel load affect forage quality

utcomes? 

We observed minimal evidence that experimentally augmented 

uel loads could alter forage quality outcomes from prescribed fire

n SGE. For samples collected during the first growing season af-

er prescribed burns, fat content was 8.7% higher in high fuel load

lots than ambient fuel load plots, on average, but this difference

isappeared during the second growing season since fire (Burn

uel∗GSSF F1,108 = 3.79, P = 0.054; Table B.19). All other forage qual-

ty parameters did not vary based on burn fuel or its interactions

ith other predictors (Tables B.20–B.24). 

iscussion 

Our study encompassed 152 different prescribed fires across

6 sites in northern mixed-grass prairies and a sagebrush grass-

and ecotone. Across ecosystems, we found strong positive effects
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Figure 2. Fall burn effects on ( a ) total digestible nutrients (TDN), ( b ) fat, ( c ) neutral detergent fiber (NDF), ( d ) lignin, ( e ) crude protein, and ( f ) ash content in spring and 

summer forage samples across ecosystems during the first and second growing seasons since fire. NMP indicates northern mixed-grass prairie; SGE, sagebrush grassland 

ecotone. Within each panel or inset, bars sharing letters did not differ significantly based on post hoc Tukey HSD means comparison tests. All data are reported as percent 

dry basis. Figures display raw data (mean ± SE), but models included random effects and additional fixed effects. 
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Figure 3. Spring burn effects on ( a ) total digestible nutrients (TDN), ( b ) neutral detergent fiber (NDF), ( c ) crude protein, ( d ) fat, ( e ) lignin, and ( f ) ash content in spring 

and summer forage samples in sagebrush grassland ecotone sites during the first and second growing seasons since fire. Within each panel or inset, bars sharing letters did 

not differ significantly based on post hoc Tukey HSD means comparison tests. All data are reported as percent dry basis. Figures display raw data (mean ± SE), but models 

included random effects and additional fixed effects. 
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f fall fires on many forage quality parameters during the first

rowing season after fire, as well as energy benefits that per-

isted into the second growing season after fire ( Table 2 ). In the

agebrush grassland ecotone sites, effects of spring fires conducted

rior to a different growing season than the fall fires were weaker
nd less durable ( Table 2 ). In northern mixed-grass prairie sites

here we were able to directly test the effects of burn seasonality

n forage quality outcomes during the first growing season after

re, we found that outcomes of fall and spring fires were similar

 Table 2 ). 
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Figure 4. Burn timing effects on ( a ) total digestible nutrients (TDN), ( b ) fat, ( c ) crude protein, ( d ) neutral detergent fiber (NDF), ( e ) lignin, and ( f ) ash content in spring 

and summer forage samples in northern mixed-grass prairie sites during the first growing season since fire. Within each panel or inset, bars sharing letters did not differ 

significantly based on post hoc Tukey HSD means comparison tests. All data are reported as percent dry basis. Figures display raw data (mean ± SE), but models included 

random effects and additional fixed effects. 
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Consistent with our expectations, fall-burned plots had 

arkedly less fiber (NDF), more energy (TDN), more fat, and 

ore crude protein than unburned plots in the spring of the first

rowing season following fire, across both ecosystem types. In 

agebrush grassland sites, forage from fall-burned plots also had 
ore ash than unburned plots, which may reflect a short-term 

elease of minerals from burning shrubs in this system and greater

ineral availability to the regrowing herbaceous plants ( Bodí

t al. 2014 ). Fire-induced reductions in fiber content persisted 

hrough summer of the first growing season, increases in energy 
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Table 2 

Summary of forage quality responses to dormant-season fire over 2 yr in two different ecosystems. Positive arrows indicate improved forage 

quality, relative to unburned sites. Long arrows indicate that at least one parameter changed by at least 10%, short arrows indicate changes less 

than 10%, and ns indicates no significant change. 

NMP indicates northern mixed-grass prairie; SGE, sagebrush grassland ecotone; TDN, total digestible nutrients; NDF, neutral detergent fiber; CP, 

crude protein; Spr, spring sampling; Su, summer sampling. 
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ontent persisted through spring of the second growing season,

nd increases in fat content persisted through summer of the

econd growing season. Reduced fiber and enhanced fat both

ontribute to enhanced energy (TDN) and improved digestibility

 Short et al. 1974 ; Weiss 1998 ). Herbaceous plant tissue is unlikely

o persist as upright forage for two growing seasons, regardless of

hether a fire occurred or not. Thus, these more durable effects

uggest that fall fires not only remove pre-existing, low-quality,

enescent tissue, but also enhance the energy available in new

rowth after the fire. Future research could determine whether

hese improvements are due to shifts in soil nutrient availability,

hifts in plant composition, or some other factor. 

We expected that forage quality improvements after fire would

e stronger and more durable in a sagebrush grassland ecotone

han in northern mixed-grass prairie. Although forage quality dif-

ered between ecosystems (even in unburned sites), we observed

eak and inconsistent ecosystem-level differences in the magni-

ude and persistence of forage quality improvements after fall fire.

cross ecosystems, the magnitude of fire-induced forage quality

esponses was similar to that observed in previous studies from

orthern mixed-grass prairie (e.g., Vermeire et al. 2020 ; Wanchuk

t al. 2024a ) and slightly less than that observed in some stud-

es from sagebrush steppe (e.g., Cook et al. 1994 ; Van Dyke and

arragh 2006a ). Similarly, the persistence of forage quality im-

rovements in both ecosystem types was within the range of out-

omes from northern mixed-grass prairie (e.g., Powell et al. 2018 ;

ang et al. 2021 ; Wanchuk et al. 2024a ) and suggested more

urable forage quality effects than in tropical systems, tallgrass

rairie and shortgrass steppe (e.g., Hobbs et al. 1991 ; Augustine

nd Milchunas 2009 ; Boughton et al. 2022 ), but less durable ef-

ects than in sagebrush steppe ( Cook et al. 1994 ; Van Dyke and

arragh 2006a ). Our results support prior work suggesting that the

erbaceous component of the sagebrush grassland ecotone plant

ommunity responds to disturbance similarly to northern mixed-

rass prairie, while the shrub overstory responds more similarly

o sagebrush steppe ( Porensky et al. 2018 ). However, it is possi-

le that if we were able to monitor these sites for more years, we

ight observe additional differences between the two ecosystem

ypes. 

We were able to evaluate forage quality responses to spring

rescribed fires for two growing seasons at sagebrush grassland

ites. Although results were qualitatively similar to those from fall

res, effects were generally weaker and no forage quality benefits

rom spring prescribed fires lasted into the second growing sea-
on since fire. There are several possible reasons for these weaker

esults. First, air temperatures and burn severities were generally

ower in spring 2021 than in fall 2019 or fall 2018 (Tables A.2 and

.5), which could be related to less complete removal of senescent

issue and less nutrient and ash release. Second, we had only a

uarter of the replication for spring burns compared to fall burns

 Table 1 ), so it is possible that effects were present but the lower

ower analyses for spring burns were unable to detect them. Third,

ecause spring burns took place in a different year than fall burns

n sagebrush grassland sites, different weather conditions during

he growing seasons following fire could have caused different re-

ponses. However, this third hypothesis seems unlikely because

018 fall burns experienced wet conditions during their first grow-

ng season (2019), 2019 fall burns experienced dry conditions dur-

ng their first growing season (2020), and 2021 spring burns expe-

ienced near average conditions during their first growing season

2021). 

In northern mixed-grass prairie sites, we were able to directly

ompare fall and spring burns affecting the same subsequent grow-

ng season (2019). In this situation, consistent with our expecta-

ions, we observed minimal effects of burn timing on forage qual-

ty outcomes. Forage from spring-burned plots had slightly less

ignin and more ash than forage from fall-burned plots, which may

e due to early spring growth being removed by spring, but not

all, fire. However, these differences were not significant. Spring

nd fall fires in NMP were conducted under similar weather con-

itions (Table A.2) and achieved similar severities (Table A.5), al-

hough spring fires had higher soil moisture (Table A.3), lower fuel

oisture (Table A.4), and slightly higher % area burned (Table A.6)

han fall fires. Across both burn seasons, prescribed fires increased

rotein, energy, and fat content and reduced fiber content of for-

ge. These results match prior work suggesting that within the

ormant-season, burn timing is likely less important than other

actors (e.g., fire history, fire weather, soils) in determining for-

ge quality responses to fire ( Engle and Bidwell 2001 ). This is es-

ecially likely when similar weather conditions exist and similar

urn severities are achieved across seasons, as was the case in our

tudy (Tables A.2 and A.5). For example, unlike burn timing, sea-

onality of sampling had strong and predictable effects on forage

uality in our study (see also Scasta 2017 ). Prior work from our

egion suggests that cattle preferentially use burned areas regard-

ess of burn seasonality ( Vermeire et al. 2004 ), and our results sug-

est that that such a response would also be expected at our study

ites. 
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A  
We expected that higher fuel loads would further enhance 

orage quality by causing more complete removal of low-quality, 

enescent biomass, but we found that artificially enhanced fuel 

oads had minimal effects at our sagebrush grassland sites. Added 

uel did enhance fat content during the first growing season after

re, consistent with our expectations. We hypothesize that once 

iomass exceeds a critical minimum level of fuel needed to carry a

ame front, additional herbaceous fuel has relatively small effects 

n forage quality parameters. In contrast, the addition of woody 

uels might cause bigger shifts via greater soil heating and shifts

n plant community composition. 

mplications 

The forage quality improvements we observed after both fall 

nd spring prescribed fires would likely support enhanced herbi- 

ore performance during the first growing season after fire ( Svejcar

989 ; Spiess et al. 2020 ; Wanchuk et al. 2024a ). Managers would

eed to take advantage of the less durable crude protein bene-

ts immediately and could potentially do so via adaptive manage- 

ent, patch-burn grazing management, or targeted grazing strate- 

ies that allow livestock access to recent burns, while still allowing

hem to move between burned and unburned areas to meet in-

ake requirements ( Fuhlendorf and Engle 2004 ; Scasta et al. 2016a ;

ailey et al. 2019 ). In addition, our results indicate that managers

ould see longer-term benefits, into at least the second growing 

eason, of prescribed fires in terms of energy availability. In gen-

ral, even in unburned plots in our study, forage quality was suffi-

iently high for maintaining ruminant nutrition (e.g., crude protein 

alues were rarely below 7%), but higher TDN and fat values in

he second year postfire could provide moderate performance ben- 

fits as long as forage quantity was not limiting. It is also possible

hat grazing on recent burns could prolong the duration of various

orage quality benefits by delaying plant maturation and stimulat- 

ng the growth of young, high-quality tissue (e.g., Hempson et al.

015 ), although the strength of these feedbacks may vary based

n the reproductive traits and grazing tolerance of dominant plant 

pecies. Many of the dominant grasses in our plots (e.g., B. gracilis

nd P. smithii ) are highly tolerant of grazing, even when grazed af-

er fire ( Augustine et al. 2010 ; Vermeire et al. 2014 ). All our plots

ere open to grazing herbivores, but the very small plot sizes may

ave limited their apparency to, and use by, grazing herbivores. 

Given that fall and spring prescribed fires provided similar for- 

ge quality benefits, at least during the first growing season since

re, other factors that affect the relative utility of fall vs. spring

rescribed burns are worth considering. In our system, fall fires 

ere much easier to implement than spring fires. Fall fires were

ot in conflict with wildlife breeding seasons and were less likely

o be affected by snowstorms, excessively high humidity, high wind 

peeds, highly variable burn windows, and high soil moisture (i.e., 

ud). In the sagebrush grassland ecotone sites, results provide 

ome limited evidence that fall fires also resulted in stronger and

ore durable forage quality benefits. 

Prescribed fire may be detrimental for certain management ob- 

ectives, such as maintaining sagebrush shrub cover for wildlife 

abitat ( Porensky et al. 2018 ). However, our findings indicate

hat in this region, as in other ecosystems worldwide, fire gen-

rally improves multiple aspects of forage quality. Prescribed fire 

ay also be useful for achieving other objectives, such as short-

erm control of invasive species including annual grasses, im- 

roving wildlife habitat, and reducing wildfire extent and in- 

ensity ( Pyke et al. 2010 ; Block et al. 2016 ; Hunter and Robles

020 ; Vermeire et al. 2021 ). Careful consideration of the location,

cale, frequency, and timing of prescribed fires may help man- 

gers trying to balance multiple objectives in complex rangeland 

andscapes. 
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