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Abstract  Open oak woodlands, once dominant 
across the Central Hardwoods Region of the United 
States, have been largely replaced by dense, closed-
canopy forests following decades of fire suppression 
and land-use change. Silvopasture, the intentional 
integration of trees, forages, and livestock, may 
offer economic incentives for private landowners 
to restore these degraded woodlands while produc-
ing marketable livestock. Targeted goat browsing is 
a potential tool for shifting dense woodland systems 
toward open, silvopasture conditions. However, lim-
ited information exists on how browsing influences 
plant community composition or how it compares to 

prescribed fire for restoration and production objec-
tives. We conducted a three-year field study in oak 
woodlands of the Missouri Ozarks to evaluate the 
effects of seasonal targeted goat browsing (spring, 
fall, or combined dormant+fall), prescribed fire, and 
their combination on forage composition, woodland 
indicator species, and floristic quality metrics. Spring 
browsing was the most effective treatment for pro-
moting high-quality forage, shifting communities 
toward warm-season grass dominance while main-
taining legume cover and reducing forb abundance. 
Importantly, spring browsing achieved these benefits 
without degrading floristic quality or reducing wood-
land indicator species. Prescribed fire increased spe-
cies richness and woodland indicators but promoted 
forb-dominated communities rather than grass–leg-
ume forages. The dormant bud+fall browse treatment 
produced the least desirable outcomes for silvopas-
ture, suppressing both herbaceous and woody veg-
etation. These results demonstrate that appropriately 
targeted browsing can support both ecological integ-
rity and forage production, challenging assumptions 
that livestock grazing and woodland conservation are 
incompatible.
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Introduction

Mature, second-growth hardwood forests dominated 
by oak species (Quercus spp.) are common within the 
Central Hardwoods Region of the United States (Fei 
et al. 2011; Hanberry and Nowacki 2016). These for-
ests primarily established following exploitative tim-
ber harvest and intensive land clearing for agriculture 
in the early 1900 s, resulting in a predominantly even-
aged forest landscape that is aging uniformly (Shifley 
et  al. 2014). These past land-use practices followed 
by decades of little management have produced for-
ests that are degraded and uncharacteristically dense. 
Open woodlands were once dominant in the region 
(Hanberry and Abrams 2018; Nuzzo 1986), driven 
by frequent surface fire which promoted open cano-
pies and abundant ground flora (Pile Knapp et  al. 
2024). These once open but now degraded forested 
lands offer opportunities for large-scale management 
programs focused on reopening forest structure and 
promoting desirable ground flora, typically through 
application of prescribed fire and thinning to reduce 
tree density. For such management programs to gain 
traction on privately owned land, economic incentives 
may be necessary. This can be achieved by diversify-
ing the benefits beyond ecological values, such as 
incorporating livestock production and generating 
timber revenue.

The majority of forested land in the Central Hard-
woods Region is privately owned (Oswalt et  al. 
2014). This places the responsibility for forest man-
agement largely on small-scale land stewards. For 
example, approximately 83% of Missouri’s forested 
lands (totaling 5.1 million ha) are privately owned 
(Missouri Department of Conservation 2018). Most 
of these forested lands have likely undergone dec-
ades of fire suppression and other anthropogenic dis-
turbances that have led to midstory densification and 
suppressed herbaceous layers (Hanberry et al. 2014). 
Given the prevalence of private lands, meaningful 
management of forests in the region requires adop-
tion of appropriate practices by private landowners. 
Limitations to forest management may be biological 
(e.g., lack of understanding of biological response 
to management action) or social (e.g., lack of incen-
tive or resources to manage appropriately) (Dey et al. 
2019; Webster et  al. 2018). Although considerable 
research has been conducted to address forest man-
agement challenges relevant to contemporary forest 

conditions, best practices are often not used on pri-
vate lands. Private landowners are resistant to engage 
in conventional forest management activities without 
incentive of profit (Khanal et al. 2017).

Silvopasture is the intentional integration of trees 
or shrubs, forages, and livestock that may offer 
numerous ecological and agricultural benefits for 
private landowners. These benefits include improved 
animal performance due to shade and wind protec-
tion, diversification of forage options, an extended 
forage growing season, brush removal or suppression, 
income diversification, and increased biodiversity 
(Cubbage et al. 2012; Karki et al. 2022; MacFarland 
et al. 2025). Targeted browsing, defined as the use of 
livestock to achieve specific vegetation management 
objectives rather than the livestock production goals 
characteristic of conventional and prescribed grazing 
systems (Bailey et  al. 2019), may serve as a critical 
first step in transitioning degraded hardwood forests 
toward productive silvopasture systems. When com-
bined with prescribed burning, targeted browsing may 
reopen forest structure, increase native ground flora 
coverage and abundance, and ultimately create con-
ditions suitable for a silvopasture system that is both 
ecologically and economically beneficial. Because 
silvopasture systems benefit from partial canopy 
retention rather than complete woody removal, tar-
geted browsing may reduce midstory stems while 
simultaneously producing marketable livestock—
offering economic returns that fire treatments cannot 
provide.

Goats (Capra hircus) are small ruminants that 
preferentially consume woody browse, making them 
well-suited for woodland silvopasture. Goats prefer-
entially target palatable plants while avoiding unpal-
atable plants and browse plants up to 2  m or more 
when standing or climbing (Lovreglio et  al. 2014; 
Manousidis et  al. 2016). Goats will browse woody 
invasive species common to Central Hardwood wood-
lands including honeysuckle (Lonicera spp.) and mul-
tiflora rose (Rosa multiflora Thunb.; Beebe 2021), 
suggesting the potential for the removal of undesir-
able plant species while maintaining native and her-
baceous plant diversity.

In the United States, little information is avail-
able on how to simultaneously manage goats for pro-
duction and ecological benefit. Most goat research 
focuses on brush management or invasive species 
suppression (Launchbaugh and Walker 2006). Less 
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attention has been given to the impact of goats on 
plant community composition or their use in silvopas-
ture and conservation management. Additionally, 
most studies have concentrated on planted silvopas-
ture systems, demonstrating significant potential for 
silvopasture as a successful enterprise that also pro-
vides ecosystem services (Karki et al. 2022).

The widespread assumption that productive agri-
cultural lands must sacrifice ecological integrity, such 
as minimal plant diversity and conservation value, 
is increasingly challenged by agroforestry systems 
which aim to balance production and conservation 
(Jose 2009; Torralba et al. 2016). There are instances, 
both historically and currently, where ecological dam-
age has occurred due to overgrazing by domestic live-
stock or unmanaged, feral ruminants (Campbell and 
Donlan 2005; Coblentz 1978; Fleischner 1994). How-
ever, these impacts may reflect inappropriate manage-
ment practices rather than inherent incompatibility 
between livestock and natural communities (Hester 
et  al. 2000; Rosa García et  al. 2012), leading to a 
potential bias against livestock in conservation con-
texts. Consequently, excluding large herbivores has 
resulted in unbalanced ecological dynamics. (El Aich 
and Waterhouse 1999). When appropriately man-
aged, studies have shown that the inclusion of goats 
and other livestock can improve biodiversity, reduce 
fuel loads and wildfire risk, mitigate invasive woody 
species, and contribute to local economies (Mancilla-
Leyton and Martin Vicente 2012; Rosa García et al. 
2012; Tsiouvaras et al. 1989; Úbeda et al. 2019; Val-
derrábano and Torrano 2000). With growing interest 
from private and public land stewards in using goats 
for agricultural production or woodland restoration, 
it is critical to understand how plant communities 
respond to targeted browsing and to identify the eco-
logical trade-offs between production and restora-
tion. This understanding will help develop evidence-
based management recommendations for silvopasture 
systems.

To address these gaps, we conducted a three-year 
field-based experiment to evaluate the application of 
targeted goat browsing with and without fire to reo-
pen degraded forests and improve ground flora con-
ditions including forage composition and quality, 
native conservation value, and community stability as 
measured by floristic quality indices. Specifically, we 
examined differences in plant community response to 
(1) browsing seasonality (spring, fall, or combined 

dormant+fall), (2) single versus repeated annual 
browsing events, and (3) browsing events alone and in 
combination with prescribed fire.

We hypothesized that:

H1  Forage composition: Targeted browsing will 
increase herbaceous forage coverage, though less 
pronounced than under prescribed fire, while shifting 
plant composition toward high-value forage groups 
(grasses and legumes). Spring browsing will yield the 
most favorable forage composition because canopy 
reduction will favor warm-season grass production.

H2  Species-level response: Targeted browsing will 
maintain woodland indicator species (i.e., native spe-
cies characteristic of open woodland conditions) cov-
erage while favoring distinct species assemblages 
compared to fire. We expect browsing to promote 
grazing-tolerant and/or unpalatable species, while fire 
treatments will favor fire-adapted woodland flora.

H3  Floristic Quality and Community Stability: 
Management treatments will increase plant spe-
cies richness and diversity but may simultaneously 
decrease floristic quality metrics (mean C-value, FQI) 
through the colonization of disturbance-adapted spe-
cies. Single browsing treatments will maintain higher 
floristic quality and perennial:annual ratios than either 
compounded browse treatments or fire treatments.

Methods

Site description

This study utilized data from a woodland restora-
tion experiment at the Onyx Project site, Mark Twain 
National Forest, Missouri, USA (Beebe et al. 2024). 
The site lies within the karst topography of the 
Ozark Highlands and is an oak-dominated woodland, 
with white oak (Quercus alba L.), post oak (Q. stel-
lata Wangenh), and black oak (Q. velutina Lam.) in 
the overstory. The midstory included black hickory 
(Carya texana Buckley), black gum (Nyssa sylvat-
ica Marshall), American plum (Prunus americana 
Marshall), fragrant sumac (Rhus aromatica Aiton), 
and blackberry (Rubus spp.), while common climb-
ing vines were Virginia creeper (Parthenocissus 



	 Agroforest Syst         (2026) 100:152   152   Page 4 of 18

Vol:. (1234567890)

quinquefolia L.), poison ivy (Toxicodendron radi-
cans L.), and grapevine (Vitis spp.). Herbaceous 
understory vegetation included fireweed (Erechtites 
hieraciifolius L.), hairy sunflower (Helianthus hir-
sutus Raf.), and elm-leaved goldenrod (Solidago 
ulmifolia Muhl. Ex Willd). Forage plants at this site 
consisted primarily of legumes including American 
hogpeanut (Amphicarpaea bracteata L.), tick trefoil 
(Desmodium spp.), partridge pea (Chamaecrista fas-
ciculata Michx.), and lespedezas (Lespedeza spp.); 
cool-season grasses including hairy woodland brome 
(Bromus pubescens Muhl. ex Willd.) and Virginia 
wildrye (Elymus virginicus L.); and warm-season 
grasses including panicgrasses (Dichanthelium spp.), 
little bluestem (Schizachyrium scoparium Nash), and 
eastern gamagrass (Tripsacum dactyloides L.).

Following overstory thinning in 2012 and mastica-
tion in 2017, the site had an open canopy (approxi-
mate basal area of 17.3 m2  ha⁻1) but with a well-
developed dense, multi-stemmed woody midstory and 
limited herbaceous cover by the time the study was 
initiated in 2019.

Regional climate data (1888 to 2021) indicate a 
mean annual precipitation of 126 cm, with peak rain-
fall occurring in May, and a mean annual temperature 
of 13.1 °C (− 2.2 °C in January; 23.3 °C in July). In 
2019, the nearest weather station in Vichy, Missouri 
(~ 24  km north) recorded 106  cm of precipitation 
and 22 days exceeding 32  °C, with no drought con-
ditions (NOAA 2019). In contrast, 2022 experienced 
47 days above 32 °C, total precipitation of 85 cm, and 
drought conditions ranging from D0 (abnormally dry) 
to D2 (severe drought) throughout much of the sum-
mer (NOAA 2022; U.S. NIDIS n.d.).

Experimental design and treatment methodology

We implemented six treatments in a randomized 
complete block design with three replicates: spring 
browse (SB; May), fall browse (FB; September), 
dormant+fall browse (DBFB; April+September), 
prescribed fire (Rx; February), spring browse+fire 
(SBRx), and untreated control (Fig. 1).

Browsing treatments occurred in 2019 and 2021 
using mixed meat goat breeds (nannies with kids). 
Stocking density was not recorded. Because this 
study evaluated browsing as a vegetation management 
tool for creating an economically viable silvopasture 

system, treatment intensity was standardized using 
utilization targets rather than animal unit metrics. 
Between 50 and 200 goats were present within exper-
imental units ranging from 1 to 3.2  ha for 36  h to 
7 days. To standardize treatment intensity across vari-
able herd and unit sizes, a target utilization threshold 
of 85% was applied. Goats were contained using tem-
porary electric fencing, with guardian dogs or shep-
herds providing additional protection. Livestock and 
management were contracted through Living Lands, 
LLC, which supplied fencing, water, and rotational 
oversight. Supplemental feed was provided during 
dormant bud browsing to maintain animal nutrition 
while meeting utilization targets.

Prescribed fires were executed in February 2020 
and February 2022 before leaf emergence, using 
hand-ignited strip head fires transitioning to back-
ing fires. Fuel loads consisted primarily of leaf litter, 
short timelag fuels, and dried warm-season grasses. 
In 2020, flames reached 0.3–0.6 m at temperatures of 
12–20 °C and 25–30% relative humidity with discon-
tinuous burn coverage. In 2022, the burns had better 
uniformity, reaching flame lengths of 0.6–1.2 m, with 
temperatures of 21–27 °C and 15–22% humidity, con-
suming more 1000-h fuels.

Field measurements

Permanent monitoring plots were established in Feb-
ruary 2019 prior to treatment implementation. Each 
experimental unit had four randomly placed 0.08-ha 
plots. Within each plot, four 1 m2 quadrats were posi-
tioned at 2.2 m N from each subplot center [subplot 
centers were 8 m from plot center at cardinal bearings 
(0°, 90°, 180°, 270°)], yielding 288 quadrats across 
18 experimental units. In each quadrat, we recorded 
percent cover of all vascular plant species less than 
1 m tall and separately estimated cover for functional 
groups: forbs, graminoids, sedges/rushes, legumes, 
woody shrubs, tree seedlings, and vines. Because 
functional groups were assessed independently, total 
cover could exceed 100%. Pretreatment data were col-
lected in summer 2019, and post-treatment data in 
summer 2022.

Data analysis

Plants were categorized into seven functional groups: 
forbs, grasses, sedges legumes, shrubs, trees, and 
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vines. Ferns were excluded due to low occurrence. 
Forbs, grasses, sedges and legumes were considered 
herbaceous plants, while shrubs, trees, and vines were 
considered woody plants. Plants were defined as for-
age if they belonged to legumes, cool-season grasses, 
or warm-season grasses and met assumed criteria for 
nutritive value and persistence based on established 
nutritional requirements for lactating goats (Briske 
1993; NRC 2007; Pierce et al. 2017). Although goats 
consume woody browse, analyses focused on her-
baceous forage species that are relevant to Missouri 
agricultural systems dominated by sheep and cat-
tle (USDA 2022). Plants were considered woodland 
indicator species according the expert opinion of Far-
rington (2009) as published in Kinkead et al. (2013). 
Coefficient of conservation values (c-values) were 

sourced from Ladd and Thomas (2015). Floristic 
quality assessment (FQI) values were calculated using 
the following equation (Swink & Wilhelm 1979):

Cover estimates were recorded as ranges, as such. 
midpoint values were used. Changes in cover and flo-
ristic metrics (species richness, mean C, FQI, Shan-
non diversity) were calculated as differences between 
2022 and 2019 values at the quadrat level.

Treatment effects on vegetation change were ana-
lyzed using linear mixed-effects models with treat-
ment as a fixed effect and block as a random effect. 
Models were fit using the lme4 package (Bates et al. 

FQI = Mean C per quadratx

×

√

Number of Species per Quadrat

Fig. 1   Map of the study’s experimental design, which is a ran-
domized complete block design with three blocks of six treat-
ments (n = 18 experimental units). In each experimental treat-

ment unit, we established four plots, each of which contained 
four 1 × 1 m quadrats for vegetation sampling
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2015), and statistical significance was determined 
using the analysis of variance function via the lmerT-
est package (Kuznetsova et  al. 2017). Post-hoc pair-
wise comparisons were conducted using estimated 
marginal means with Tukey’s HSD adjustment 
(emmeans package; Lenth 2023). All graphs were 
created using the ggplot2 package (Wickham 2016).

To identify plant species associated with specific 
treatments, we conducted species-treatment associa-
tion analysis using the multipatt function in the indic-
species package (De Cáceres and Legendre 2009). 
This analysis identifies species that are statistically 
more abundant and/or frequent in certain treatments 
compared to others, serving as biological indicators 
of how treatments affect plant community composi-
tion. This analysis was performed using only 2022 
post-treatment data (n = 249 species) with 999 per-
mutations. Species were considered indicators when 
indicator values exceeded 0.4 (p < 0.05) and occurred 
in at least 30 quadrats.

Non-metric multidimensional scaling (NMDS) 
ordination was used to visualize shifts in forage 
community composition based on Bray–Curtis dis-
similarities. Cover values for each forage functional 
group (warm-season grasses, cool-season grasses, 
forbs, legumes) were square-root transformed. We 
ran a three-dimensional NMDS (k = 3) using meta-
MDS in vegan package (Oksanen et  al. 2022) with 
200 random starts to ensure the solution was stable. 
Ordination quality was assessed using stress values, 
with values < 0.15 indicating sufficient representation 
of community patterns (Clarke 1993).

Treatment effects on overall plant composition 
were tested using PERMANOV (adonis2; 999 permu-
tations) with treatment, year, and their interaction as 
fixed effects. Homogeneity of multivariate dispersion 
was assessed using betadisper, and pairwise compari-
sons were conducted using adjusted PERMANOVA 
tests (RVAideMemoire; Herve 2024). Environmen-
tal vector fitting (envfit; 999 permutations) was used 
to identify forage functional groups associated with 
ordination axes. All analyses were performed in R 
version 4.5.0 (R Core Team 2024).

Results

We evaluated vegetation responses 3 years after ini-
tial treatment implementation. Results are presented 

as changes from pre- (2019) to post-treatment (2022) 
conditions (calculated as 2022 measurements–2019 
measurements), organized by forage composition, 
woodland indicators and community composition 
shifts, and floristic quality metrics.

Hypothesis 1: Changes to forage composition

Management treatments produced measurable shifts 
in forage plant species coverage (p < 0.001, F = 4.84; 
Fig.  2), although no individual treatment differed 
significantly from the control. However, trends 
were observed: forage increased in the prescribed 
fire (2.3 ± 0.8%), prescribed fire + spring browse 
(2.1 ± 0.8%), and spring browse (1.1 ± 1.3%) treat-
ments while forage decreased in the dormant bud+fall 
browse treatment (−6.1 ± 0.6%).The significant treat-
ment effect observed was that forage coverage was 
significantly higher in the prescribed fire, prescribed 
fire + spring browse, and spring browse treatments 
compared to the dormant bud+fall browse treatment. 
Both herbaceous and woody plant coverage were 
significantly affected by the treatments (herbaceous: 
p < 0.001, F = 16.85; woody: p < 0.00001, F = 6.40; 
Fig. 3). Herbaceous plants increased in the fire treat-
ments (prescribed fire + spring browse: 12.7 ± 1.5%; 
prescribed fire: 10.2 ± 1.35%), which were signifi-
cantly greater than the control. Woody plants signifi-
cantly decreased only in the prescribed fire treatment 
(prescribed fire: 27.2 ± 1.5%). Although not signifi-
cantly different from the control, there was a nota-
ble trend in the dormant bud + fall browse treatment, 
where all plant coverage (i.e., herbaceous and woody 
vegetation) was slightly reduced.

The PERMANOVA indicated a significant 
Treatment × Year interaction (p < 0.001, F = 2.79, 
R2 = 0.053), demonstrating that plant functional 
groups changed over time in treatment-specific ways 
(Fig.  4). The three-dimensional NMDS ordination 
(stress = 0.138) adequately represented multivari-
ate community structure, and multivariate dispersion 
did not differ among treatments (betadisper: F = 1.84, 
p = 0.102), confirming that differences reflect compo-
sitional shifts rather than differences in community 
variability.

The three-dimensional NMDS ordination 
(stress = 0.138) outperformed the two-dimensional 
solution (stress = 0.219), so we present all three axis 
combinations to fully capture community trajectories 
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Fig. 2   Change in forage 
coverage (post-treatment 
minus pre-treatment 
values) in the control (C), 
fall browse (FB), dormant 
bud + fall browse (DBFB), 
spring browse (SB), spring 
browse + prescribed fire 
(SBRx), and prescribed fire 
(Rx) treatments. Forage 
species include legumes and 
palatable warm-season and 
cool-season grasses. The 
dashed line at zero indicates 
no change. Different letters 
indicate significant differ-
ences among treatments 
(Tukey HSD, p < 0.05)

Fig. 3   Change in woody and herbaceous plant species cover-
age (pre-treatment minus post-treatment value) in the control 
(C), fall browse (FB), dormant bud + fall browse (DBFB), 
spring browse (SB), spring browse + prescribed fire (SBRx), 

and prescribed fire (Rx) treatments. The dashed line at zero 
indicates no change. Different letters indicate significant differ-
ences (Tukey HSD, p < 0.05)
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Fig. 4   Three dimensional 
NMDS ordination of forage 
function group compas-
sion (stress = 0.138) shown 
as three two-dimensional 
projects: A NMDS1 vs 
NMDS2, B NMDS2 versus 
NMDS3, and C NMDS1 
versus NMDS3. Circles 
indicate 2019 centroids; 
triangles indicate 2022 
centroids. Treatments are: 
control (C), fall browse 
(FB), dormant bud + fall 
browse (DBFB), spring 
browse (SB), spring 
browse + prescribed fire 
(SBRx), and prescribed fire 
(Rx) treatments. Dashed 
vectors show direction of 
increasing functional group 
cover. Cool-season grass 
vector omitted from panel B 
due to minimal association 
with those axes
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(Fig.  4). Functional groups were distributed across 
multiple axes: cool-season grasses loaded primar-
ily on NMDS1 (r2 = 0.40, p < 0.001), while warm-
season grasses loaded on both NMDS1 and NMDS3 
(r2 = 0.65, p < 0.001). Legumes were most strongly 
associated with NMDS2 (r2 = 0.71, p < 0.001), 
and forbs loaded across all three axes (r2 = 0.76, 
p < 0.001).

Among all treatments, spring browse produced 
the most pronounced shift toward a grass-dominated 
state—a forage structure that is particularly desirable 
for silvopasture. This shift is most apparent in the 
NMDS1 vs NMDS3 projection (Fig. 4), where spring 
browse moved strongly in the direction of the warm-
season grass vector. Warm-season grasses increased 
by 35% (8.86–11.95%), cool-season grasses increased 
modestly (5.5–7.81%), and legume cover remained 
stable (4.77–4.45%). Forb cover, however, dropped 
sharply (10.94–4.10%). This trajectory differed sig-
nificantly from all other treatments except fall browse 
(pairwise PERMANOVA, all p < 0.05). In contrast, 
both fire treatments (Rx and SBRx) shifted commu-
nities toward forb-dominated conditions, reaching 
12.73% and 15.88% forb cover, respectively.

While the ordination revealed clear differences in 
overall community trajectories, the univariate tests 
of individual plant groups showed fewer treatment-
level differences. Cool-season grass (p = 0.64) and 

warm-season grass (p = 0.053) did not significantly 
vary among treatments, implying that the treatments 
affected the relative balance of functional groups 
more than the total amount of grass. Forbs showed 
strong treatment effects (p < 0.001, F = 20.40)–both 
fire treatments significantly increased forb coverage 
in comparison to the control. Legumes also varied 
significantly among treatments (p < 0.001, F = 5.46). 
Legume coverage significantly increased in the spring 
browse + prescribed fire treatment in comparison to 
the control.

Hypothesis 2: Species‑level responses

Analysis revealed significant differences in wood-
land indicator species (Table  S1) coverage among 
treatments (p < 0.001, F = 8.0; Fig. 5). Prescribed fire 
alone significantly increased woodland indicator spe-
cies coverage, consistent with the fire-adapted nature 
of oak woodlands. Positive trends were observed in 
the spring browsing (1.37 ± 1.33%) and the spring 
browsing + prescribed fire (4.99 ± 0.68%) treatments 
but were statistically similar to the control. In con-
trast, dormant bud + fall browse showed a negative 
trend of woodland indicator species.

To assess which plant species were associated 
with different management practices, we conducted 

Fig. 5   Relativized change 
of woodland indicator spe-
cies coverage from pretreat-
ment to posttreatment con-
ditions in the control (C), 
fall browse (FB), dormant 
bud + fall browse (DBFB), 
spring browse (SB), spring 
browse + prescribed fire 
(SBRx), and prescribed fire 
(Rx) treatments. Different 
letters indicate significant 
differences (Tukey HSD, 
p < 0.05)
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species-treatment association analysis. This analysis 
revealed that only 9 of 249 species (3.6%) showed 
significant treatment associations, and none were 
exclusive to a single treatment (Table  1). Notably, 
hairy panic grass (Dichanthelium implicatum Sw., 
C-value = 7), the only conservative species identi-
fied as an indicator species, was associated with all 
browsing treatments (p = 0.002). Dittany (Cunila 
origanoides L.), a Missouri woodland indicator spe-
cies as defined by the Missouri Department of Con-
servation, showed significant associations with all 
treatments except spring browse + fire (p = 0.011, 
stat = 0.41). Ruderal species including toxic white 
snakeroot (Ageratina altissima L.) and broomsedge 
(Andropogon virginicus L.) were primarily associ-
ated with spring browsing, prescribed fire, and their 
combination.

Hypothesis 3: Floristic quality and community 
stability

Management treatments had varying impacts on the 
life history composition of forbs. Specifically, for 
annual forbs, the results showed a significant differ-
ence (p < 0.05; F = 2.94), while for perennial forbs, 
the results were even more pronounced (p < 0.001; 
F = 6.23; Fig. 6). Generally, annual forbs were sparse 
in the study area, averaging less than 3% cover in 
each treatment in 2019, and no treatment significantly 
affected their coverage. In contrast, for perennials, 

the prescribed fire treatment alone had a significant 
effect, resulting in an increase of 7.8 ± 1.45%. Cov-
erage also trended upward in the spring browse 
(1.23 ± 1.58%) and spring browse + prescribed fire 
treatments (5.58 ± 1.59%). Both fire treatments and 
the spring browse treatment showed a significant 
increase in perennial coverage compared to the dor-
mant bud+fall browse treatment.

Management treatments significantly influenced 
all analyzed floristic quality metrics: species richness 
(p < 0.001, F = 8.2), Mean C (p < 0.05, F = 2.59), Flo-
ristic Quality Assessment (FQA; p < 0.01, F = 3.7), 
and the Shannon Index (p < 0.05, F = 2.85; see 
Fig. 7). Species richness significantly increased under 
fire treatments compared to the control and to the dor-
mant bud+fall browse and spring browse treatments. 
However, Mean C significantly declined under fire 
treatments compared to the control. Notably, Mean 
C was neutral to slightly positive in the dormant 
bud + fall browse treatments. For FQA, no individual 
treatment differed significantly from the control, but 
both fire treatments produced a significantly more 
positive response compared to the dormant bud + fall 
browse treatment. The Shannon Index also increased 
significantly under the prescribed fire treatment com-
pared to the control.

Table 1   Plant species showing significant associations (p < 0.05) with one or more treatments based on species-treatment associa-
tion analysis (multipatt; De Cáceres and Legendre 2009)

Indicator values (stat) range from 0 to 1, with higher values indicating stronger associations. C-values indicate species conservation 
value: ≤ 3 = ruderal, 4—6 = matrix, ≥ 7 = conservative. Bold species indicate Missouri woodland indicator species as defined by the 
Missouri Department of Conservation (distinct from treatment-associated species identified by this analysis). Within the control (C), 
fall browse (FB), dormant bud + fall browse (DBFB), spring browse (SB), spring browse + prescribed fire (SBRx), and prescribed fire 
(Rx) columns, 0 s indicate a non-significant association while 1 s indicate a significant association

Scientific Name Common name C-value C FB DBFB SB SBRx Rx stat P

Ageratina altissima White Snakeroot 2 1 0 0 1 1 1 0.553 0.001
Acalypha virginica Virginia mercury 2 0 1 0 1 1 1 0.543 0.022
Andropogon virginicus Broom Sedge 2 0 1 1 1 1 0 0.512 0.029
Geum canadense White avens 2 1 0 0 1 1 1 0.427 0.035
Sanicula canadensis Canadian Black Snakeroot 3 1 0 0 1 1 1 0.410 0.003
Quercus alba White Oak 4 1 1 1 1 0 1 0.510 0.033
Hylodesmum nudiflorum Bare-Stemmed Tick Trefoil 4 1 1 0 1 1 1 0.471 0.051
Cunila origanoides Dittany 6 1 1 1 1 0 1 0.408 0.011
Dichanthelium implicatum Hairy Panic Grass 7 0 1 1 1 1 0 0.454 0.002
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Summary table of trade offs—treatment responses to 
metrics

Discussion

Historically, the Central Hardwoods Region was 
dominated by open forests—savannas and woodlands 
with widely spaced canopies, minimal midstories, 
and abundant ground flora shaped by fire and grazing 
(Hanberry et al. 2014; Pile Knapp et al. 2024). These 
formerly open forests are now overly dense with dep-
auperate and often invasive ground flora. Private land-
owners need a variety of options for stewarding, and 
creating economic opportunities from, these degraded 
woodland landscapes. For woodland silvopasture to 
be economically viable, adequate herbaceous forage 
must be available and typically includes a mixture 
of C3 (cool-season) and C4 (warm-season) grasses, 

which provide complementary seasonal growth pat-
terns and extend forage availability across the grow-
ing season (Pierce et  al. 2017), and legumes which 
contribute additional nutritional value through higher 
crude protein concentrations (Frame et al. 1998).

However, the prevailing management paradigm 
holds that woodland grazing degrades ecological 
integrity which has limited this tool to land stewards 
and producers alike. Our study suggests that targeted 
browsing with goats may be a viable first step in 
developing silvopasture systems in degraded wood-
lands, although the timing and intensity of browsing 
critically influences whether plant communities shift 
toward desirable forage conditions or experience 
suppression.

Treatment effects of forage functional groups

Spring browsing emerged as the most effective treat-
ment for developing silvopasture-quality forage. It 

Fig. 6   Change in annual and perennial forb cover from pre-
treatment to post-treatment conditions in the control (C), 
fall browse (FB), dormant bud + fall browse (DBFB), spring 

browse (SB), spring browse + prescribed fire (SBRx), and pre-
scribed fire (Rx) treatments. Letters indicate significant differ-
ences (Tukey HSD, α = 0.05)
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promoted warm-season grasses, maintained legumes, 
and reduced forb pressure—without degrading floris-
tic quality or woodland indicator species. While cool-
season and warm-season grass cover did not differ 
significantly among treatments, treatments influenced 
the relative balance of functional groups more than 
absolute grass abundance. This distinction matters for 
silvopasture management: spring browsing may not 
dramatically increase grass cover, but it may shift the 
balance away from forbs and toward a grass-legume 
forage base which are desirable and effective condi-
tions for silvopasture systems.

The mechanism behind spring browsing’s effec-
tiveness likely involves the timing of defoliation 
relative to plant phenology. Spring browsing reduces 

woody midstory cover, increasing light availability 
in the understory (Beebe et al. 2024). Compensatory 
growth responses may favor grasses, which possess 
basal meristems that permit continued leaf elonga-
tion following defoliation (Briske 1996; McNaughton 
1979). Many forbs, in contrast, rely on apical mer-
istems at shoot tips that are more vulnerable to 
removal, limiting regrowth when defoliated during 
active growth (Briske 1996; Crawley 1983). This dif-
ferential response from grasses and forbs in response 
to herbivory explains the observed shift toward grass-
dominated communities with spring browsing.

Fall browsing revealed a slight positive trend 
in the composition of cool-season grasses. Woody 
defoliation in the midstory occurred during the peak 

Fig. 7   Change in floristic quality metrics from pre-treat-
ment to post-treatment conditions in the in the control (C), 
fall browse (FB), dormant bud + fall browse (DBFB), spring 
browse (SB), spring browse + prescribed fire (SBRx), and pre-
scribed fire (Rx) treatments. Mean relativized change in flo-

ristic quality metrics by treatment. A Species richness (num-
ber of species per plot), B mean coefficient of conservatism 
(C-value), C species richness (number of species per plot), and 
D Shannon Evenness Index. Error bars show ± SE. Different 
letters indicate significant differences (Tukey HSD, p < 0.05)
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growing season of C3 grasses. This, combined with 
increased light and active plant growth, may have 
supported compensatory growth. While the results 
indicate that fall browsing alone may not be the most 
effective tool for restoration efforts, it could offer pro-
ducers an expanded opportunity for whole-farm inte-
gration and pasture rest without causing significant 
ecological degradation.

Combining fall browsing with dormant season 
browsing created a compounding disturbance that 
suppressed forage production and led to a decline 
in the cover of all functional plant groups. Dormant 
browsing in early spring may have stressed emerging 
plants before they had developed enough leaf area for 
compensatory regrowth (Briske and Richards 1995). 
When fall browsing occurred later that year, herba-
ceous species may have lacked the necessary carbo-
hydrate reserves to recover from this second defolia-
tion event (  University of Missouri Extension  n.d.). 
However, this combined browsing treatment did not 
significantly reduce woody stem density (Beebe et al. 
2024), indicating that the midstory canopy recovered 
after defoliation and continued to shade the under-
story. These results suggest that dormant + fall brows-
ing may be better suited for site renovation where the 
goal is to reduce all vegetation before seeding and 
underscores that the timing and frequency of brows-
ing require careful consideration. Specifically, our 
results indicate that rotational grazing rest periods 
common in open pasture management may not be 
applicable to woodland settings, where plants may 
require a full growing season to rebuild carbohydrate 
reserves following defoliation.

Fire treatments increased forb cover while sub-
stantially reducing mid- and understory woody stem 
densities, consistent with prior work in this system 
(Beebe et  al. 2024) and other Central Hardwood 
woodlands (Hutchinson et  al. 2005; Knapp et  al. 
2015). While an excellent tool for woodland restora-
tion, fire-driven canopy and midstory removal cre-
ated light and resource conditions that favored rapid 
forb expansion (Reid et  al. 2020), including ruderal 
species, but did not consistently promote grami-
noids or legumes. Although some forbs are accept-
able in grazing systems, forb-dominated communities 
typically offer lower forage quality and may include 
unpalatable or toxic species (Hodgson 1990; Launch-
baugh and Walker 2006). For instance, white snake-
root (Ageratina altissima), a perennial forb which 

increased following fire treatments, contains trem-
etol and is toxic to cattle, sheep, and goats (Beier 
and Norman 1990). In contrast, spring browsing, 
despite producing more modest reductions in woody 
stems (Beebe et  al. 2024), appeared to reduce com-
petitive pressure that allowed grasses to capitalize on 
increased light without triggering strong post-distur-
bance forb responses.

Species‑level and indicator responses

Beyond functional groups, certain plant species serve 
as ecological indicators, signaling environmental con-
ditions and management trajectories through their 
life history requirements. In the Central Hardwoods, 
the Missouri Department of Conservation has identi-
fied woodland indicator species that reflect the open 
woodland conditions both restoration and silvopasture 
seek to recover. Prescribed fire was the most effective 
treatment for increasing woodland indicator species 
coverage, consistent with the fire-adapted ecology of 
Central Hardwood woodlands (Hanberry and Abrams 
2018; Nuzzo 1986; Pile Knapp et al. 2024).

Despite this effectiveness, only 9 out of 249 spe-
cies (3.6%) showed significant associations with the 
treatments, and no species was exclusively linked to a 
single treatment. This limited species-level response 
indicates resistance to compositional change, likely 
from the dominance of perennial species and suffi-
cient belowground plant structures, such as buds and 
rhizomes (Halpern 1988; Klimes˘ová and Klimeš 
2007; McGlone et al. 2011). Under these conditions, 
the three-year treatment window and/or disturbance 
intensity were not enough to substantially influence 
species-level community composition.

While the overall species-level responses were 
limited, some notably undesirable forages appeared 
to be associated with spring browsing, prescribed 
fire, and their combination. These included white 
snakeroot (mentioned in the previous discussion) and 
broomsedge (Andropogon virginicus L.). These spe-
cies likely responded to disturbance in general rather 
than selective grazing pressure. However, land stew-
ards should remain mindful that selective grazing can 
influence community composition with sufficient time 
and grazing pressure (Augustine and McNaughton 
1998; Crawley 1983), and monitoring species-level 
responses is critical for successful land stewardship or 
silvopasture adoption.
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Community stability and resiliency

The abundance of forbs, including the relative propor-
tion of annuals versus perennials, can be influenced 
by disturbance type and seasonality, with important 
implications for both production and conservation 
objectives (Grime 1977; Hobbs and Huenneke 1992). 
In our study, annual forb coverage remained low and 
did not differ among treatments, indicating that tar-
geted browsing does not destabilize woodland plant 
communities (Tilman and Downing 1994).

Floristic metrics provide insight into ecologi-
cal integrity and resilience. Species richness, mean 
coefficient of conservatism (mean C), and Floristic 
Quality Assessment (FQA) integrate diversity with 
life-history traits and habitat fidelity, allowing assess-
ment beyond abundance alone (Swink and Wilhelm 
1979; Taft et al. 1997). Both fire treatments increased 
richness, a finding which other studies corroborate 
(Holzmueller et  al. 2009; Lettow et  al. 2014), indi-
cating that fire is a stronger driver of diversity than 
browsing in this system. However, mean C values 
declined significantly under both fire treatments while 
FQA values remained neutral.

Critically, browsing treatments did not reduce spe-
cies richness, mean C values, or FQA scores. This 
challenges the prevailing assumption, embedded in 
many cost-share programs and management guide-
lines, that livestock grazing inherently degrades 
woodland ecological integrity. When properly timed, 
targeted goat browsing can improve forage composi-
tion while maintaining the floristic quality that con-
servation programs seek to protect.

Study limitations

Several logistical and financial constraints limit the 
broader applicability of this study. Rotational graz-
ing requires portable electric fencing, which is time-
intensive to install and move in woodland settings. 
Emerging virtual fence technologies, combined with 
available cost-share programs, may offer a more 
practical solution for land stewards seeking to imple-
ment rotational browsing in woodland settings. Fur-
thermore, grazing at our estimated medium to high 
stocking density across over 50 acres was conducted 
by a professional goat contractor. While effective, 
this approach may not be economically feasible for 
many private landowners. More realistic scenarios 

may involve smaller personal herds managed at lower 
intensity. Our findings may be most applicable to 
larger landowners or organizations (e.g., land trusts, 
agencies, or non-profits), with greater capacity for 
intensive rotational management infrastructure and 
labor.

Additionally, this study assessed forage composi-
tion and cover but not forage yield. For land stew-
ards evaluating economic viability, quantifying for-
age biomass and nutritional quality under different 
management regimes remains an important research 
need. Furthermore, this study represents an initial 
entry point into woodland-based livestock systems, 
and future work should explore pathways toward sil-
vopasture grazing enterprises in which producers 
derive income from livestock production rather than 
vegetation management services alone. Finally, this 
study also spanned only three years, a relatively short 
timeframe for detecting long-term ecological trajecto-
ries, and drought conditions in 2022 likely influenced 
plant community responses.

Management recommendations: goats versus fire

Both targeted browsing and prescribed fire offer 
viable pathways for managing woodland vegetation, 
but they produce distinct outcomes. These tradeoffs, 
summarized in Table 2, illustrate how browsing and 
fire differentially influence forage production, floris-
tic integrity, and woodland structural outcomes. The 
choice between these tools should be guided by spe-
cific management objectives.

For silvopasture and forage production Spring 
browsing was most effective, shifting communi-
ties toward warm-season grass dominance while 
maintaining legumes and reducing forbs, and with-
out degrading floristic quality or woodland indica-
tor species. Fall browsing produced more modest 
effects, trending toward cool-season grasses, which 
may extend seasonal forage availability.
For woodland restoration Prescribed fire excelled 
at increasing species richness and woodland indi-
cator species, though diversity gains included rud-
eral species. The combination of spring browsing 
and fire increased forage and legumes but was the 
only treatment negatively associated with white 
oak and dittany, suggesting compounded distur-
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bance may exceed tolerance thresholds for some 
species valued for restoration and wildlife habitat.
For site renovation The dormant bud + fall browse 
treatment consistently reduced coverage across 
nearly all functional groups, which may suit con-
texts where the goal is suppressing existing vegeta-
tion before seeding or planting improved forages.

Conclusion

This study provides evidence that targeted goat 
browsing can be a viable management tool for bal-
ancing the objectives of woodland restoration and sil-
vopasture in the Central Hardwoods Region, though 
outcomes depend strongly on browse timing and 
frequency. Across treatments, spring browsing most 
consistently supported high-quality forage while 
maintaining floristic quality and woodland indicator 
species, whereas prescribed fire more strongly pro-
moted restoration outcomes but shifted communi-
ties toward greater forb dominance and lower mean 
conservatism values. Combined browsing and fire 
produced mixed results, suggesting that compounded 
disturbances may exceed tolerance thresholds for 

some species of conservation concern, while repeated 
browsing regimes generally yielded poor outcomes 
except where vegetation reduction is desired for site 
renovation.

Overall, our findings challenge the widespread 
assumption that livestock grazing and woodland 
conservation are incompatible. When appropriately 
timed, targeted goat browsing maintained floristic 
quality, supported woodland indicator species, and 
promoted desirable forage composition without the 
negative ecological consequences often attributed 
to woodland grazing. These results suggest that sil-
vopasture systems in degraded Central Hardwood 
woodlands may simultaneously achieve production 
and conservation objectives, potentially providing 
land stewards with economic incentives to engage 
in woodland management that also delivers ecologi-
cal benefits. Despite their reputation for mischief and 
chaos, goats may deserve greater recognition as effec-
tive stewards of woodland ecosystems when managed 
appropriately.
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