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Patch-Burn Grazing (PBG) is a rangeland management strategy that aims to promote heterogeneity across
a landscape by burning rotating discrete patches of land, which draws cattle to the most recently burned
areas. This is in contrast to Annual-Burn Grazing (ABG), which is a commonly used management prac-
tice across the rangelands of the midwestern United States that tends to homogenize the grazing land-
scape. PBG has been thought to promote biodiversity of a variety of taxa, including birds, small mammals,
Key Words: and plants. However, the impacts of PBG on invertebrate communities are not well understood. Here we
Cattle ) ) investigate the effects of these alternative fire-grazing management strategies on soil-dwelling inverte-
Community dynamics brate communities in a tallgrass prairie rangeland ecosystem. Specifically, we examine the effects of each
Heterogeneity management style on overall biodiversity and variability of belowground invertebrates across the land-
Rangeland management s e . S
Soil invertebrates scape, as well as the responses within individual burn areas of PBG. We found that soil-dwelling inverte-
Tallgrass prairie brate richness at the plot-scale was higher in ABG compared to PBG, while community composition and
abundance did not differ between the two management methods. Additionally, richness, evenness, and
abundance of belowground invertebrates did not differ across the PBG landscape based on years since
burning. Finally, beta-diversity of belowground invertebrates across the landscape did not differ between
PBG and ABG. Overall, our results suggest that PBG does not differ from ABG in its impact on biodi-
versity in belowground invertebrate communities. Further research investigating why some taxa (e.g.,
birds, small mammals) respond differently than others (e.g., belowground invertebrates) would help in-
form land management decisions across the region. Understanding these dynamics expands our insights
surrounding how heterogeneity driven by fire-grazing interactions impacts rangeland invertebrates.
© 2025 The Society for Range Management. Published by Elsevier Inc. All rights are reserved, including
those for text and data mining, Al training, and similar technologies.

Introduction

Habitat heterogeneity plays a fundamental role in driving bi-
ological diversity, particularly in grassland ecosystems (Baer et
al., 2020; Hovick et al., 2015; Tews et al., 2004). Increased habi-
tat heterogeneity generally increases biodiversity across the land-
scape due to increased niche availability (Hamm and Drossel, 2017;
Pereira et al., 2012; Thomsen et al., 2022), with niche partition-
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ing allowing for a greater number of species to coexist within the
same overall area (Gilbert et al.,, 2008; Salas-Lopez et al., 2022;
Villanueva-Bonilla et al., 2019). Therefore, land management strate-
gies that increase landscape heterogeneity in grasslands might be
expected to result in increased biodiversity across a variety of taxa.

Grasslands cover over a quarter of Earth’s terrestrial surface,
including 80% of agriculturally active land, and harbour remark-
ably high levels of biodiversity (Boval and Dixon, 2012; Petermann
and Buzhdygan, 2021; Zhang et al., 2023). In the mesic grasslands
of the central United States, annual burning and grazing (ABG) is
a conventional management practice that leads to relatively ho-
mogenous grazing pressure across the landscape (Coppedge et al.,
2008; Ricketts and Sandercock, 2016; Vermeire et al., 2004). Patch
burn grazing (PBG), is an alternative approach to ABG that pro-
motes landscape heterogeneity by influencing grazing patterns via
burning discrete patches of land, typically in a three year
rotating burn cycle (Augustine and Derner, 2015; Scasta et al,,
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2016; Weir et al., 2013). Thus, across a landscape one patch is
burned in the current year, one patch was burned one year prior,
and the third patch was burned two years prior. PBG has been
shown to have positive effects on the biodiversity of grassland
birds and small mammals (Augustine and Derner, 2015; Derner
et al., 2009; Ricketts and Sandercock, 2016). However, the impacts
of PBG on other taxa, such as invertebrates, remains largely unex-
plored, particularly belowground.

Invertebrates are important for many ecosystem functions (e.g.,
seed translocation, pollination, and nutrient cycling) (Blouin et al.,
2013; Elizalde et al., 2020; Losey and Vaughan, 2006). Soil inverte-
brates in particular contribute to grassland functioning and stabil-
ity, where over half of plant production is belowground in roots
(Sun et al, 2021). Soil fauna enhance rates of litter decomposi-
tion (Aronson et al., 2014; Griffiths et al.,, 2021; Zeng et al., 2024),
thereby increasing nutrient cycling and soil formation. Additionally,
soil invertebrates are indicators of ecosystem health due to their
sensitivity to environmental changes (Cifuentes-Croquevielle et al.,
2020; Manu et al., 2022; Rainio and Niemela, 2003), with their
composition and abundance frequently correlating with the diver-
sity of plants in an ecosystem (Eisenhauer et al., 2013; Liebhold
et al., 2018; Palmersheim et al., 2022). Therefore, assessing the be-
lowground invertebrate community can provide insight into overall
health and functioning of an ecosystem.

Using a long-term replicated PBG experiment in a tallgrass
prairie ecosystem, we addressed three major questions. (1) Does
fine-scale (1 m?2) belowground invertebrate abundance, diversity
(evenness and richness), and composition differ across PBG com-
pared to ABG? Time since exposure to fire is variable for soil in-
vertebrates in PBG (burned in current year, 1 year prior, or two
years prior depending on the patch), but consistent in ABG (al-
ways burned in current year). We hypothesized that invertebrate
abundance and diversity would likely differ between PBG and ABG,
with PBG increasing belowground invertebrate abundance due to
variable burning allowing for more soil habitat niches. (2) Does
variance in belowground invertebrate abundance and biodiversity
differ across PBG compared to ABG? Due to the spatially variable
burning and grazing landscape promoted by PBG, we expected that
belowground invertebrates would be more heterogeneously dis-
tributed across the landscape with PBG than with ABG. Finally,
(3) does belowground invertebrate community abundance, biodi-
versity, and composition differ based on years since burning? We
expect that with increasing time since fire, belowground inverte-
brates would recover from the disturbance, leading to increased
invertebrate abundances and higher diversity with increasing time
since burning.

Methods
Study site

This study took place at the Konza Prairie Biological Station
(KPBS) located in Manhattan, Kansas. KPBS is a ~8,600 acres of
native tallgrass prairie ecosystem, dominated by Andropogon ger-
ardii, Sorghastrum nutans, Dalea multiflora, Rhus glabra, and Amor-
pha canescens (Blair, 2024). The climate is a warm, mesic system
typified by warm, wet summers and dry, cold winters. Annual rain-
fall averages 803 mm, with an average daily maximum tempera-
ture of 19.5°C, average daily minimum temperature of 6.2°C, and
mean daily temperature of 12.8°C (Nippert, 2024).

Study design

Within the boundaries of KPBS, we collected data within units
where either an ABG or PBG strategy (N=2 each) has been em-
ployed for several cycles, starting in 2010 (south unit) and 2011
(north unit). Two units were under ABG management (93 ha and

76 ha) and burned in the spring each year. Each of the two PBG
units (455 ha and 219 ha) were split into three watersheds, with
the watersheds in a rotation of tri-annual spring burning, such that
in any given year there was one watershed that had been burned
that year (0 years since burning), one burned the year previous (1
year since burning), and one burned two years previous (2 years
since burning).

Sampling

In each watershed, four 50-m transects were established,
spaced randomly across the upland areas. Plots were established
at 16 m and 38 m along each transect, resulting in eight plots per
watershed for a total of 64 plots across all grazing units (N=16
in ABG; N=48 in PBG). In each plot, a 30 x 30 x 30 cm block of
soil was targeted for removal (0.027 m3). In some cases, soil blocks
were less than the target depth of 30 cm due to the presence of
rocks or very hard soil. Each block of soil was removed from each
plot, broken down by hand, and any invertebrates visible to the
naked eye were removed and immediately suspended in a 99:1
solution of 140 proof ethanol and glycerol for preservation. Be-
lowground invertebrate collection took place from October 18-22,
2021. Samples were returned to the lab, where they were identi-
fied to taxonomic order and morphospecies. Each plot’s samples
were then air dried for approximately one hour at room tempera-
ture and weighed. Unfortunately, samples from one PBG watershed
(€C3SC) were lost in shipping, which resulted in one PBG watershed
being excluded from these analyses. Three plots were excluded be-
cause they had extremely high amounts of endogenic worms (28
endogenic worms, compared to a mean of 4 across all other plots),
while an additional two were removed due the inability to dig to
30 cm deep in soil, resulting in very few specimens collected.

Statistical analysis

All analyses were conducted in R (version 4.3.2) (R Core Team,
2023). Morphospecies richness was calculated as the total number
of unique morphospecies present within each soil sample. Mor-
phospecies were determined based on distinct morphological char-
acteristics such as body size, color, shape and patterns. Morphos-
pecies identification was consistent across all samples, and a refer-
ence collection was maintained to ensure consistent identification
throughout the study.

To examine univariate biodiversity metrics (richness and even-
ness) and abundance data at the fine-scale (0.09 m?), we used
bootstrapping to account for the uneven sampling effort across
ABG versus PBG management areas and the well documented rela-
tionship between area sampled and biodiversity (Connor and Mc-
Coy, 1979; Dengler, 2009; Lawton, 1999; Rosenzweig, 1995). Using
the “boot” package (Canty et al., 2024), we subsampled 16 of the
PBG plots for a comparable sample size with ABG plots, repeat-
ing the subsampling 1000 times to develop a distribution of PBG
invertebrate richness, evenness, and abundance. We then used z-
score calculations to compare the PBG distributions to the mean
ABG values for richness, evenness, and abundance.

To calculate beta-diversity for the PBG management area, we
again employed a bootstrapping approach to ensure robustness in
our analysis. Using the “vegan” package (Oksanen et al., 2024) with
the Bray-Curtis dissimilarity method, we calculated beta-diversity
across 1000 iterations. In each iteration, we randomly sampled 16
plots from the PBG dataset with replacement, generating a dissimi-
larity matrix to derive the mean beta-diversity value for that itera-
tion. For comparison, we also calculated the mean beta-diversity
for the ABG management area without bootstrapping. Then we
computed the z-score to assess the statistical significance of dif-
ferences in beta-diversity between the PBG and ABG management
areas, providing a P-value for the observed difference.
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To examine the effects of fire management on invertebrate
community composition, we conducted two permutational multi-
variate analysis of variance (PERMANOVA) using the “vegan” pack-
age (Oksanen et al., 2022). Because an entire PBG watershed had
lost samples (removing the ability to examine years since burn for
that unit), we only utilized the north unit data for this analysis.
Additionally, when comparing ABG to PBG overall, we subset down
to 16 PBG plots to balance the design compared to ABG sample
number. This analysis was repeated using a different subsample of
16 PBG plots with comparable results (Table S1). We visualized the
community differences using Nonmetric Multidimensional Scaling
(NMDS) based on the Bray-Curtis dissimilarity index. This analysis
was repeated using all data from both ABG and PBG management
areas (north and south units) to determine the effect of years since
burning on belowground invertebrate community composition.

We assessed differences in community dispersion among plots
within each management area (ABG vs PBG) using the betadisper
function of the “vegan” package (Oksanen et al., 2022), subsetting
the data as described above for the PERMANOVA analyses. These
models were then repeated utilizing all data to test for effects of
years since burning. Similarity Percentage Analysis (SIMPER) was
used to determine the taxa that were primary drivers of observed
differences in community composition found in the PERMANOVAs.

Results
ABG vs PBG treatment

Richness, evenness, and abundance

In total 52 unique morphospecies were identified in the 16
ABG plots and 104 unique morphospecies were identified in the
48 PBG plots (Tables S1 and S2). PBG possessed 80 species that
were not found in ABG. Likewise, ABG possessed 28 species not
found in PBG. However, because richness is known to increase
with increasing sampling effort, we used bootstrapping to correct
for the much higher sample size in PBG compared to ABG (48
plots vs 16 plots, respectively) when examining the effects of man-
agement type. After bootstrapping, we found that morphospecies
richness was significantly higher in ABG (5.867) than PBG (4.976)
(z-score=1.95, P=0.026; Fig. 1A). However, no significant differ-
ences were observed for belowground invertebrate morphospecies
evenness (z-score=1.28, P=0.100; Fig. 1B) or abundance (z-score:
—1.13, P=0.130; Fig. 1C).

Beta-diversity
No significant difference was observed between ABG and PBG
in beta-diversity (z-score =0.34, P=0.368; Fig. 2).

Community composition

No significant difference was observed in the mean community
composition of belowground invertebrates between the ABG and
PBG treatments (F;,7 =1.24, P=0.146; Fig. 3A), nor in the compo-
sitional variance among plots within each treatment (F;,7 =0.82,
P=0.369; Fig. 3A). Despite the lack of significant differences based
on years since burning, epigeic (soil-surface dwelling) earthworms
consistently had higher abundances in PBG than ABG, explaining
22.5% of difference in community composition between PBG vs.
ABG. Epigeic earthworm abundances averaged 3.50 individuals per
plot in ABG, compared to 6.75 per plot in PBGO, 6.75 per plot in
PBG.

Years since burning

Richness, evenness, and abundance

No significant difference was observed for morphospecies
richness (F349=190, P=0.141; Fig. 4A), evenness (F;46=0.78,
P=0.506; Fig. 4B), or abundance (F;49=0.78, P=0.511; Fig. 4C)
based on the number of years since burning.

Community composition

No statistically significant difference in belowground inverte-
brate community composition was observed across watersheds
based on the number of years since burning (F;,; =1.24, P=0.187;
Fig. 3B). Additionally, no significant difference was observed in
community variance among the watershed plots based on years
since burning (F3 ;7 =0.89, P=0.467; Fig. 3B).

Discussion

Understanding the dynamics of invertebrate communities pro-
vides insight into ecosystem health and resilience (Chowdhury
et al,, 2023; Parikh et al., 2021). In this study, we examined the
effects of different burning and grazing management (ABG vs.
PBG) and years since fire on belowground community composi-
tion and abundance of invertebrate morphospecies. Overall, our
results do not support the prediction of patch-burn grazing pro-
moting biodiversity in belowground invertebrate communities. In-
stead, we recorded increased belowground invertebrate richness
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Figure 1. ABG had higher mean richness of belowground invertebrates compared to PBG (A), but the management treatments did not differ in belowground invertebrate
evenness (B) or abundance (C). The density distribution of bootstrapped PBG mean values are visualized as red solid lines and ABG mean values as blue dashed lines. Panels
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Figure 2. Beta-diversity of belowground invertebrates did not differ between ABG and PBG. ABG mean beta-diversity is shown as a blue dashed line and the density

distribution of bootstrapped PBG beta-diversity is shown as a solid red line.
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with years since burning indicated along the x-axis for each management treatment. Each box represents the interquartile range (IQR), with the horizontal line indicating the
median. Whiskers extend to 1.5 times the IQR, and individual points represent raw data values for each plot. Outliers beyond the whiskers are shown as individual points.

in ABG compared to PBG. Additionally, we did not observe differ-
ences in landscape variability in diversity (beta-diversity) or com-
munity composition of belowground invertebrates between ABG
and PBG treatments. Together, these results suggest that PBG does
not impact biodiversity of belowground invertebrates compared to
ABG, despite increasing biodiversity of other taxa (e.g., birds and
small mammals) (Augustine and Derner, 2015; Derner et al., 2009;
Ricketts and Sandercock, 2016).

The literature lacks consensus related to the impacts of fire on
invertebrate communities (Certini et al., 2021; Kral et al., 2017).
Fire’s most direct effect is combustion. However, because they are
below the soil-surface, belowground invertebrates escape direct
combustion in fire (Kral et al., 2017). Therefore, it is important to
consider the indirect effects of fire in an ecosystem in relation to
the responses of belowground invertebrates. These indirect effects
include changes in soil temperature, moisture, and organic matter.
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While it is possible that belowground invertebrates could ex-
perience heat stress from fire, these effects are generally limited
to <5 c¢cm belowground (Kral et al., 2017). Fire often appears to
not have an impact on deeper soil dwelling invertebrates (Pressler
et al.,, 2019; Warren et al., 1987), which is largely consistent with
our results. However, soil moisture is expected to change in re-
sponse to burning, with fire reducing soil moisture and causing
belowground invertebrate mortality (Kral et al., 2017, 2016; but
see Tsiafouli et al., 2005). The lack of differences in soil inverte-
brate communities between ABG and PBG in our study may be
attributed to the low annual rainfall of our study year (632 mm
compared to the average of 803 mm). This decreased rainfall may
have resulted in an across the board decrease in soil moisture for
both our land management treatments, thereby muting the soil in-
vertebrate responses.

Changes in soil organic matter can also impact soil inverte-
brates. In particular, removal of the litter layer by fire results in
decreased moisture, increased temperature, and decreased organic
matter inputs (Certini et al., 2021; Kral et al., 2017, 2016). There-
fore, areas burned in a three-year rotation are expected to have
greater soil organic matter than areas burned annually (Abdalla
et al., 2021; Duane Kitchen et al., 2009; Fynn et al., 2003; Soong
and Cotrufo, 2015). However, the strongest responses to fire are
reported in soil invertebrates living in or near the litter layer,
while the responses of soil invertebrates living deeper tends to be
highly variable (Certini et al., 2021; Kral et al., 2017). In our results,
we did not directly target the litter layer. Instead, we removed a
30 x 30 x30 cm cube of soil and quantified all present inverte-
brates. Therefore, because we aggregated all belowground inverte-
brates, any potential differences in those that reside in the litter
layer may have been missed. Our study demonstrates that deeper
dwelling invertebrates may be more stable in their response to fire.

Despite lack of strong effects on invertebrate biodiversity as a
whole, some epigeic earthworms did respond to fire treatment,
with roughly double the abundance in PBG compared to ABG. This
result is mirrored in the existing literature, which demonstrates
that earthworm populations generally decrease as an immediate
response to fire, especially epigeic species (Bhadauria et al., 2000;
Certini et al., 2021). Earthworms provide a variety of ecosystem
services, such as the breakdown the organic material, nutrient cy-
cling, and overall changes in soil structure (Blouin et al., 2013;
Schon and Dominati, 2020; Sharma et al., 2017). These ecosystem
services may be desirable from a management perspective. There-
fore, the increase in the number of epigeic earthworms in PBG
compared to ABG may indicate that PBG may promote some pa-
rameters of soil health.

Overall, our results highlight the remarkable stability and re-
silience of belowground invertebrates. Despite the application of
different fire-grazing treatments, the belowground soil invertebrate
communities were similarly heterogeneous in ABG and PBG man-
agement areas. This lack of response may be because grassland
communities are already fire adapted, and a one- versus three-year
burn interval might not be large enough to make a difference in
response (Koltz et al., 2018). However, the increased invertebrate
richness in ABG is a pattern that is worth further exploration.

While our study sheds light on the impacts of ABG and PBG
on belowground invertebrate biodiversity, a few limitations should
be acknowledged. First, the spatial extent of the different manage-
ment units varied significantly. The difference in spatial extent be-
tween management units should not impact the fine-scale (alpha)
diversity measurements. Although the larger spatial scale of PBG
could have influenced our beta-diversity calculations (with the ex-
pectation that beta-diversity should be positively correlated with
area), we are confident in our result that PBG does not increase
beta-diversity relative to ABG because the PBG units in our study
were substantially larger than the ABG units. The increased sam-

pling effort in PBG compared to ABG likely did impact gamma di-
versity in our study, which was much higher in PBG, and obscures
our ability to determine the species that are driving patterns of
increased richness in ABG at the plot level (alpha diversity) com-
pared to bootstrapped PBG subsamples (Tables S3 and S4).

While our bootstrapping approach allowed for a standardized
comparison of richness between ABG and PBG despite differences
in sample size, it is important to recognize that bootstrapped rich-
ness values may not fully reflect the actual richness observed in
the field. In our raw data, PBG contained a greater total number
of unique morphospecies due to its larger sample size. However,
when bootstrapped to a comparable sample size, ABG exhibited
significantly higher richness. This highlights the influence of sam-
pling effort on richness estimates and reinforces the importance of
using standardized methods for comparisons across treatments.

Finally, our sampling design focused on upland areas in one
year, potentially overlooking important belowground communities
in other habitats or over time within the study site. These limita-
tions underscore the need for future research, in particular control-
ling for the spatial extent of management units in studies of PBG,
an issue that exists for many patch-burn grazing studies.

Implications

The findings of this study offer insight for both scientific under-
standing and management of rangeland ecosystems. Our research
highlights the resistance of belowground invertebrate communi-
ties to fire/grazing management, suggesting that these invertebrate
populations can withstand the disturbances caused by fire with
minimal changes in their abundance or diversity. From a manage-
ment perspective, our results indicate that PBG largely does not
differ from ABG in its effects on belowground invertebrates. How-
ever, PBG may still be an appropriate management strategy for
managers aiming to promote biodiversity of other taxa. The lack
of significant impact of years since burning on soil invertebrates
within PBG areas suggests that either soils are remarkable buffers
of belowground fauna or that these fauna are fire-adapted. Further
research is necessary to fully understand the complex interactions
between fire, grazing, and invertebrate communities, which will ul-
timately guide more informed and sustainable rangeland manage-
ment decisions.
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