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Invasive exotic species are one of the greatest threats facing 
working pine forests of the southeastern U.S. (hereinafter, South-
east). Planted pines comprise over 16.8 million ha across the 
Southeast, most of which is composed of shortleaf (Pinus echinata) 
and loblolly (P. taeda) pine (Oswalt et al. 2019). Besides negative 
effects on biodiversity and ecological processes, invasive species 
can reduce timber productivity through direct mortality, modify 
nutrient availability, and reduce growth of regenerating seedlings 
(Skulman et al. 2004, Lázaro-Lobo et al. 2021, Mayfield et al. 2021). 
Invasive species occur over 7.7 million ha of the Southeast and are 
spreading at a rate of over 59,000 ha per yr (Miller et al. 2013). 
The economic impacts of these invasions have been conservatively 
reported at US$17.31 billion over the past 60 yr, with most of these 
costs associated with the loss of natural resources (Fantle-Lepczyk 
et al. 2022). Natural resource managers in the Southeast therefore 

require accurate knowledge about any factors which could facili-
tate or impede the spread of invasive species in working lands of 
this region.

Sericea lespedeza (L espedeza cuneata; hereafter sericea) is one 
of the most aggressive invasive plant species in the southern and 
central U.S. (Miller et al. 2013, Oswalt et al. 2015). Sericea can in-
vade disturbed and remnant plant communities, displacing native 
vegetation through shading and allelopathic chemicals (Adams et 
al. 1973, Brandon et al. 2004). Introduction of sericea can cause 
native grass and forb species richness to decline by almost 70% and 
biomass to decline by over 90% (Eddy and Moore 1998), though 
the magnitude of effects can be scale-dependent (McMillan et al. 
2023). Many species of insects avoid sericea, and colonization can 
reduce the invertebrate richness of an area by over 60% (Bugg and 
Dutcher 1989, Eddy and Moore 1998). Furthermore, sericea is a 
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poor food provider for socio-economically important wildlife spe-
cies such as white-tailed deer (Odocoileus virginianus) and north-
ern bobwhite (Colinus virginianus; Newlon et al. 1964, McKinney 
et al. 2023). Northern bobwhite are largely incapable of digesting 
the hard shell of sericea seeds, such that birds quickly starve when 
fed sericea (Newlon et al. 1964, Baldwin Blocksome 2006). 

Many methods have been proposed to impede the spread of 
sericea, though results are often inconsistent. Herbicide appli-
cation can be effective at reducing sericea cover, at least at local 
scales; however, effectiveness can differ based on active ingredients 
used and the timing of application in relation to seasonal changes 
in sericea physiology (e.g., Bradley and Masters 2007, Brooke et 
al. 2015, Brooke and Harper 2016, Turner et al. 2023). Prescribed 
burns have yielded mixed results as a method to reduce sericea 
coverage (Cummings et al. 2007, Wong et al. 2012, Alexander et al. 
2021, Sherrill et al. 2022). Fires may destroy above-ground biomass 
and reduce the competitive ability of remaining plants (Alexander 
et al. 2021) but can scarify seeds and promote germination (Wong 
et al. 2012). Inconsistencies among studies could be explained by 
variations in the timing, intensity, and application of treatments, 
though the effectiveness of management strategies is also affect-
ed by site characteristics such as climate, vegetation communities, 
and other disturbances such as cattle grazing (Eiswerth and John-
son 2002, Nyamai et al. 2011). Most studies researching methods 
of sericea control have occurred in the Great Plains or old-field ar-
eas of the eastern U.S. (Kroger et al. 2002, Farris and Murray 2009, 
Turner et al. 2023), but the degree to which these strategies may be 
applicable to other regions and vegetation types is uncertain.

Relatively little work has examined the spread and control of 
sericea in the working pine forests of the Southeast. These pine 
forests are generally thinned at mid-rotation to reduce compe-
tition. However, proper thinning also reduces canopy cover and 
allows for greater sunlight penetration and increased understory 
plant diversity (Peitz et al. 2001). In stands managed for a variety of 
commercially and culturally important species such as the north-
ern bobwhite, white-tailed deer, and gopher tortoise (Gopherus 
polyphemus), mid-rotation thinning is often combined with pre-
scribed burns and herbicide application to promote and maintain 
early-successional understory vegetation conditions which pro-
vide habitat for these species (Burke et al. 2008, Mixon et al. 2009, 
Greene et al. 2016, Greene et al. 2019).

The intensity of mid-rotation timber thinning depends on spe-
cific management objectives, as managing for bobwhite or deer of-
ten requires greater thinning intensity than is financially optimal 
for timber production (Huang 2009, Davis et al. 2017). Greater in-
tensity thinning is associated with increased understory sunlight, 
potentially facilitating the proliferation of sericea or other invasive 

species compared to lower intensity thinning (Ghazoul 2004, Reb-
beck et al. 2017, Bekris et al. 2021). Timber thinning may also pro-
mote invasive species through understory disturbance (Moreira 
et al. 2013) and can facilitate the spread of sericea to uninvaded 
stands if operational machinery travels from sericea-rich areas 
without proper cleaning (Eddy et al. 2003). Furthermore, imple-
menting prescribed burns in thinned stands could further facili-
tate sericea spread. Most prescribed fires in the southeastern U.S. 
occur in the late-winter or early spring (Cummins et al. 2023), 
potentially scarifying sericea seeds and promoting sericea spread 
(Wong et al. 2012, Alexander et al. 2021). Only one study of which 
we are aware has investigated the effects of timber thinning and 
management actions on sericea spread. Pitman (2006) found that 
sericea showed little response to timber harvest in stands of long-
leaf pine (P. palustris) in Louisiana; however, this study investigat-
ed responses to harvest at previously planted sericea plots. Study 
plots used by Pitman (2006) were also exposed to a single harvest 
intensity, prescribed fire, and mechanical disking, potentially con-
founding the effects of each treatment on facilitating or impeding 
the spread of sericea.

Currently, little is known about the capacity for timber thinning 
operations to facilitate the spread of sericea under more natural 
conditions without sericea plantings, especially for working lob-
lolly forests in the Southeast. Furthermore, no studies of which we 
are aware have rigorously investigated how the intensity of timber 
thinning may interact with common wildlife management prac-
tices to affect sericea invasions. The objectives of our study were 
to assess the potentially interacting effects of mid-rotation timber 
thinning intensity, early growing season prescribed fire, and her-
bicide application on the distribution and establishment of sericea 
in working pine forests of the Southeast. We predicted that ser-
icea cover would increase over time post-thinning, particularly 
in stands of greater thinning intensity. We further predicted that 
early growing season fire would lead to short-term reductions in 
sericea due to destruction of above-ground biomass, but only her-
bicide application would affect long-term sericea cover reductions 
post-thinning.

Methods
Study Area

Our study was conducted among five loblolly pine forests 
(hereinafter, stands) in Greene and Hancock counties of the Pied-
mont region of central Georgia. Stand sizes ranged from 36–53 
ha and were 13–21 yr old before thinning was initiated. Four of 
the five stands were primarily on moderately eroded Lloyd grav-
elly loam and Cataula-Cecil complex soils, though two stands 
were also composed of either Cecil gravelly sandy loam or Pacolet 
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sandy loam soils (USDA NRCS 2019). The fifth stand was com-
posed largely of Alley-Vaucluse-Lucy complex, Fuquay loamy 
sand, Lakeland sand, and Vaucluse-Norfolk complex soils (USDA 
NRCS 2019). Site index was relatively uniform across stands, rang-
ing from 24–25 m with a base age of 25 yr (Colter 2019).

Experimental Design and Treatment Implementation
We used a split-plot design to test for effects of timber thin-

ning, fire, and herbicide application on sericea cover. Each stand 
was divided into three roughly even-sized plots of 12–18 ha which 
were randomly assigned to one of three experimental treatments: 
thinning to 9.2, 13.8, or 18.4 basal area (m2 ha–1). Timber thinning 
occurred between April and July of 2017. We do not possess data 
on sericea coverage at plots prior to thinning, but instead draw 
conclusions by comparing changes in sericea coverage over time 
across a range of thinning intensities. Experimental units were also 
randomly assigned to treatment levels within stands to minimize 
the effects of any potential spatial biases in pre-thinning sericea 
distribution. Sericea occurrence was low immediately after thin-
ning (see Results), suggesting that sericea coverage was likely low 
prior to manipulations. We note that the objective of our study was 
to assess the potential for timber thinning practices to facilitate 
invasion by sericea into Southeastern pine forests, rather than to 
assess control methods in established sericea areas, thereby neces-
sitating study plots with low initial sericea coverage. Furthermore, 
assessing our objective required applying treatments in a manner 
typically undertaken by forest managers in the Southeast, rather 
than specifically optimized to control sericea.

Study plots were further subdivided into two subplots of 6–9 ha 
and randomly assigned to either a prescribed fire or no fire treat-
ment. Prescribed burns were implemented on fire subplots on a 
2-yr burn rotation. Burns were conducted in 2018 and 2020 during 
March–April to mimic the timing of most prescribed fires used for 
promoting herbaceous vegetation communities in the Southeast 
(Cummins et al. 2023). Burning occurred on days with tempera-
tures between 17–28 C, 33–59% relative humidity, and ≤6 km h–1 
wind speeds. Flame height of prescribed burns varied from 0.3–0.6 
m with an average rate of spread of 20–40 m hour–1 (Colter 2019, 
Keene et al. 2021).

Starting in fall 2019, subplots were subdivided again into two 
sub-subplots of 3–5 ha and randomly assigned to either an her-
bicide treatment or no herbicide treatment. The most frequently 
applied herbicide mixture to control non-pine vegetation in pine 
plantations in the Southeast is imazapyr (Arsenal® AC, BASF Cor-
poration, Research Triangle Park, North Carolina) + metsulfuron 
methyl (Escort® XP, Bayer CropScience, Cary, North Carolina) 
which is applied to >30,000 ha annually (Shepard et al. 2004). On 

working forest lands, this mixture is often used during site prepa-
ration, herbaceous weed control, and conifer release. Mixture rates 
vary depending on the amount and composition of competing 
vegetation (e.g., Miller 1990, Jones and Chamberlain 2004, Shep-
ard et al. 2004, Iglay et al. 2014). In September 2019, we applied 
a broadcast herbicide treatment via skidder using a mixture of  
0.59 L of Arsenal® AC (imazapyr;), 0.03 L of Escort® X P (metsul-
fur on methyl), and 0.38 L of RRSI Sunset® (methylated seed oil 
concentrate; Red River Specialties, Inc., Shreveport, Louisiana) 
per 114 L tank applied to 0.4 ha. Imazapyr is a broad-spectrum 
herbicide commonly used by forest managers to control woody 
brush at mid-rotation, although it is also labeled to control a vari-
ety of herbaceous species. Metsulfuron methyl is a pre- and post- 
emergent herbicide commonly mixed with imazapyr to broaden 
the control of broadleaf weeds and several annual grasses. Meth-
ylated seed oil is used as a spray adjuvant to maximize the per-
formance of post-emergent herbicides. Arsenal® AC is listed for 
control of members of the Lespedeza genus while Escort® XP is 
specifically listed for control of sericea. Our application rates are 
roughly equivalent to manufacturer specifications for control of 
sericea with Escort® XP but below manufacture specifications for 
control of Lespedeza with Arsenal® AC; however, application rates 
were in line with common application rates for control of non-pine 
vegetation at mid-rotation in the region. Our study design led to 
four different treatments at the sub-subplot level: Control (no fire 
or herbicide), Fire (fire but no herbicide), Herbicide (herbicide but 
no fire), and Mix (both fire and herbicide).

Vegetation Measurements
We conducted vegetation surveys from July–August annually 

during 2017–2021 along 20 m line transects established in each 
subplot. We used a stratified random design to choose transect 
locations by overlaying a 50 × 50 m grid over the subplot and ran-
domly selecting 10 cells for transect establishment. This design led 
to an average of 5 transects per sub-subplot (range 3–7). Transects 
were oriented perpendicular to harvest rows of the pine stands. 
We assessed the cover of understory plant species by measuring 
the horizontal cover of each understory plant (<2 m in height) as 
in Canfield (1941). We placed a tape measure 0.5 m high along 
the transect and measured the horizontal width of intersection 
between each understory plant and the tape measure. We then 
summed the coverage of all sericea plants and divided by the tran-
sect length to calculate the total percentage cover of sericea for 
each survey. Plots were thinned to three different average basal area 
levels, but we also assessed the basal area at each transect to account 
for potential heterogeneity within plots. We used a 10-factor wedge 
prism to measure basal area at the midpoint of each line transect 
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in 2017. We used basal area as a measure of the local thinning in-
tensity at each transect.

Statistical Analysis
Due to the low cover of sericea in the study area (see Results), 

we used logistic regression to model the presence or absence of 
sericea on vegetation surveys. We modelled the probability of ser-
icea occurrence (Pi,t ) at transect i  in year t  based on local thinning 
intensity (TIi ), fire treatment (Fi,t ), herbicide treatment (Hi,t ), and 
the interaction between fire and herbicide (Fi,t Hi,t ) as follows:

logit(Pi,t ) = b0,i
(transect) + β1TIt + β2Fi,t + β3Fi,tTIt + β4Hi,t +  

β5Hi,tTIt + β6Fi,tHi,t + β7Fi,tHi,tTIt + β8Ri,t + βYt

We incorporated a temporal effect for fire and herbicide treat-
ments because the prescribed burns began in 2018, and herbicide 
application began after the 2019 vegetation surveys. Transects in 
the fire treatment therefore started in the control treatment in 
2017 before switching to the fire treatment in 2018–2021. Similar-
ly, transects could stay in the control treatment from 2017–2019 
before switching to the herbicide treatment for 2020–2021, or 
could switch from the control treatment to the fire treatment in 
2018 and then from the fire treatment to the mix treatment from 
2020–2021. Prescribed burns were initiated on a 2-yr rotation 
while herbicide application only occurred in the fall of 2019. Un-
der both treatments, the vegetation response could differ between 
the first growing season post-treatment (treatment year) and sec-
ond growing season post-treatment (recovery year). With only one 
application of herbicides in late 2019, we were unable to estimate 
separate recovery effects for each treatment. We therefore assumed 
that the effect of the recovery year (Ri,t ) would be similar between 
fire and herbicide treatments. We estimated separate effects for 
each year 2018–2021 (βYt), with 2017 corresponding to the inter-
cept, to account for differences in weather or other environmental 
conditions between years which could affect sericea growth. We 
also incorporated interaction effects between thinning intensity, 
fire, and herbicide application.

To account for repeat surveys at the same transects across years, 
we estimated separate intercepts for each transect (b0,i

(transect )). Be-
cause transects were nested within subplots in the experimental 
design, we modeled the transect-specific intercepts as arising from 
a Normal distribution with a subplot-specific mean (b0, k

(subplot )):

b0,i
(transect ) ~ Norm (b0, k

(subplot ), σ (subplot ))

with the subscript k denoting the subplot associated with tran-
sect i. We used a similar framework to nest subplots within plots 
(b0,m

( plot ), σ ( plot )) and plots within stands (b0,n
( stand ), σ ( stand )).

We fit our model in a Bayesian framework with Markov chain 
Monte Carlo (MCMC) simulations in the NIMBLE package  

(de Valpine et al. 2017) in R (R Core Team 2020). We incorporat-
ed vague Normal and Uniform priors on all parameters. Posterior 
distributions were estimated using three MCMC chains of 50,000 
iterations and a burn-in period of 3000 iterations. We assessed 
model convergence through the Gelman-Rubin statistic and visual 
inspection of MCMC chains. We present posterior medians and 
95% credible intervals (CrI) of the posterior samples for logit-scale 
β parameters in the Results.

Results
We detected sericea on 192 (13.9%) of the 1377 vegetation sur-

veys performed during 2017–2021. During the first year (2017), 
sericea was detected at all stands but only 30 of 50 subplots, aver-
aging detection on 10% of surveys per subplot (range 0–40%). By 
2021, sericea was detected at all stands and subplots with sericea 
detected on 28% of surveys per subplot on average (range 0–80%). 
Though occurrence of sericea was highly variable across subplots, 
most of this variation was explained by stand-level differences in 
sericea coverage (see below). Sericea was not a dominant member 
of the understory vegetation community in our study area when 
present. The total cover of sericea at occupied sites averaged 2.3% 
(SD = 3.3%) and never exceeded 23% for any vegetation survey.

The probability of sericea occurrence on vegetation surveys 
varied by stand, year, and treatment. The probability of occurrence 
was generally higher in one of the stands dominated by moder-
ately-eroded Lloyd gravelly loam and Cataula-Cecil complex soils 
(back-transformed estimate of b0,1

( stand ): 0.18, 95% CrI 0.06–0.46) 
than in the other stands (average back-transformed estimate of 
b0,2:5

( stand ): 0.05, 95% CrI 0.02–0.11), though uncertainty was high. 
Probability of occurrence increased during 2018 (1.45; 0.78–2.13) 
and 2021 (2.15; 1.39–2.92) but declined during 2020 (-1.81; -3.41– 
-0.55, Figure 1). After controlling for effects of stand and year, we 
found that both herbicide application (-2.04; -3.22– -0.95) and 
prescribed fire (-0.98; -1.80– -0.16) significantly decreased the 
probability of occurrence of sericea (Figure 2). The probability of 
occurrence increased in the recovery year (0.97; 0.06–1.88, i.e., 
second growing season after treatment) for both treatments; how-
ever, recovery-year occurrence probability was equivalent between 
control and fire treatments but lower in any herbicide treatment 
(herbicide only or mix, Figure 2). We did not detect an effect of 
thinning intensity (-0.19; -0.59–0.19) or any interaction among 
thinning intensity and any of the treatments (herbicide: 0.01, 
CrI -0.72–0.69; fire: 0.14, -0.37–0.64; fire and herbicide: -0.16, 
-1.19–0.88). We also did not detect an interaction between herbi-
cide application and prescribed fire (0.94; -0.32–2.20) on sericea 
occurrence.
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Discussion
We f ound little indication that mid-rotation timber thinning 

promoted the spread of sericea into working pine stands. Seri-
cea was a generally uncommon member of the understory veg-
etation community post-thinning, and we found no relationship 
between thinning intensity and sericea occurrence. An effect of 
timber thinning could have been masked if sericea coverage varied 
widely pre-thinning, such that we were unable to detect the effect 
without comparing pre-and-post thinning data. This explanation 
seems unlikely, as sericea only constituted a minor component of 
the understory vegetation across all stands regardless of thinning 
intensity, even several years post-thinning. The negligible effect 
of thinning intensity on sericea spread observed in our study is 
similar to Pitman (2006), who found that sericea does not rapidly 
spread through managed pine forest following timber thinning. 

The lack of response by sericea to different thinning intensities 
may reflect the history of the study area. In the Southeast, sericea 
is most common and persistent in areas where it has historically 
been planted, such as roadsides and reclaimed mines (Lemke et 
al. 2013, Miller et al. 2013). In contrast, our study sites have never, 
to our knowledge, been seeded with sericea, and it was likely in-
troduced by animals or equipment. Furthermore, herbicides were 
applied at all stands prior to tree planting before the study began. 
This lack of a colonization foothold may have prevented sericea 
from responding more to variation in thinning intensity.

In contrast to the results for timber thinning intensity, we found 
strong negative and persistent effects of herbicide application on 
occurrence of sericea. We cannot definitively separate the effects of 
the two herbicides through our study design; however, metsulfu-
ron-methyl has frequently been found to be effective or moderately 
effective at controlling sericea (Bradley and Masters 2007, Brooke 
et al. 2017), including for multiple growing seasons post-treatment 
(Kroger et al. 2002). Sericea occurrence increased only slightly in 
the second growing season post-spraying, and remained below 
control levels, suggesting that the herbicide mixture may effective-
ly reduce sericea coverage post-disturbance for at least 2 yr in our 
study system. Forest managers in the Southeast commonly apply 
an Arsenal® AC and Escort® XP mixture following mid-rotation 
thinning to reduce non-pine woody vegetation and increase cov-
erage of understory herbaceous vegetation important to a variety 
of wildlife species. Our results suggest that this treatment can also 
provide the added benefit of impeding any potential spread of ser-
icea into pine forests post-thinning.

Early growing season burning had a more complicated effect on 
sericea occurrence than did herbicide application. Though sericea 
coverage was initially decreased in the months after burning, early 
growing season burns were not able to generate sustained sericea 
suppression beyond the growing season following the burn. This 
lack of sustained fire effect may be attributable to the timing of the 
burns. Burning may scarify seeds and stimulate germination in the 

Figure 1. Model-predicted probability of occurrence of sericea lespedeza (Lespedeza cuneata) at 
vegetation survey transects at five pine stands thinned mid-rotation in central Georgia, 2017–2018. 
Predictions were generated under the control treatment (no prescribed fire or herbicide application) 
at the mean thinning intensity across transects (16.8 m2 ha–1 basal area). Means and 95% credible 
intervals are shown.

Figure 2. Model-predicted probability of occurrence of sericea lespedeza (Lespedeza cuneata) at 
pine stands in central Georgia in relation to four management treatments: neither prescribed fire 
nor herbicide application (Control), prescribed fire (Fire), herbicide application (Herbicide), or both 
prescribed fire and herbicide application (Mix). Predictions were generated for 2017 at the mean 
thinning intensity across transects (16.8 m2 ha–1 basal area). Means and 95% credible intervals  
are shown. Prescribed fire and herbicide application were implemented with a treatment year  
(first growing season since treatment, dark gray) and recovery year (second growing season since 
treatment, light gray).
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spring (Wong et al. 2012), though we note that early growing sea-
son burning did not increase sericea coverage above control lev-
els in our study. Prescribed burns later in the growing season can 
achieve effective control by reducing seed production and survival 
during the non-growing season (Alexander et al. 2021), however, 
these are unlikely to be an effective strategy for slowing sericea 
invasions in the Southeast because prescribed burns in this region 
are generally preformed during the late winter and early spring 
(Cummins et al. 2023). Our results suggest that herbicide applica-
tion is likely to be more effective than early growing season burns 
for impeding potential sericea invasions into loblolly pine stands 
post-thinning, though the long-term effects of these management 
actions on sericea are unknown.

We also found that the probability of sericea occurrence varied 
over time, independent of treatment effects. These fluctuations are 
likely attributed to changing environmental conditions rather than 
a long-term response to timber thinning or initial thinning inten-
sity. The probability of occurrence was greatest during the last year 
of the study (2021); however, the year before had the least proba-
bility of occurrence with almost no cover of sericea. This region of 
central Georgia experienced moderate-to-severe drought from the 
late summer through early winter of 2019 (NOAA NCEI 2023). 
Severe drought may have reduced the seed yield of sericea during 
2019 (Hoveland et al. 1971), thereby leading to low coverage the 
following year. Our study area then experienced wetter conditions 
in 2020, which could have led to the substantial increase in sericea 
occurrence by 2021.

Though we found generally low sericea occurrence at our study 
sites, our results should not be taken to mean that sericea is not a 
problematic invasive species in the Southeast. Sericea is one of the 
worst invasive species in southeastern forests and is spreading at 
a rate of 3076 ha per yr (Miller et al. 2013, Oswalt et al. 2015). In-
stead, our results and those of Pitman (2006) suggest that varying 
the intensity of timber thinning may do little to further facilitate 
the spread of sericea regardless of whether stands are already in-
vaded by sericea or not. Furthermore, any potential invasions can 
be reduced, but not completely eradicated, through application of 
an herbicide mixture that is frequently used in the Southeast for 
conifer release and herbaceous weed control. Our results show that 
three commonly applied management actions, mid-rotation thin-
ning, early growing season prescribed burns, and herbicide appli-
cation, are unlikely to facilitate invasions of sericea into working 
pine forest of Georgia.
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