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Abstract

Context Plant invasions of native ecosystems are one
of the main causes of declines in biodiversity via
system-simplification. Restoring native biodiversity
can be particularly challenging in landscapes where
invasive species have become dominant and where a
new set of feedbacks reinforce an invaded state and
preclude restoration actions. We lack an understand-
ing of the response of invaded systems to landscape-
level manipulations to restore pattern and process
relationships and how to identify these relationships
when they do not appear at the expected scale.
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Objectives To better understand how fire and graz-
ing influence landscape-level heterogeneity in invaded
landscapes, we assess the scale at which grazing
pressure and seasonality mediate the success of re-
introducing a historical disturbance regime, grazing
driven by fire (termed pyric herbivory), to an invasive
plant-dominated landscape.

Methods We manipulated grazing timing and inten-
sity in exotic grass-dominated grasslands managed for
landscape heterogeneity with spring fire and grazing.
In pastures under patch-burn grazing management, we
evaluated the spatial and temporal variability of plant
functional groups and vegetation structure among and
within patches managed with separate grazing sys-
tems: season-long stocking and intensive early
stocking.

Results Warm- and cool-season grasses exhibited
greater among-patch variability in invasive-plant
dominated grassland under intensive early grazing
than traditional season-long grazing, but landscape-
level heterogeneity, as measured through vegetation
structure was minimal and invariable under both levels
of grazing pressure, which contrasts findings in native-
dominated systems. Moreover, within-patch hetero-
geneity for these functional groups was detected;
contrasting the prediction that among-patch hetero-
geneity, in mesic grasslands, manifests from within-
patch homogeneity.

Conclusions In invaded grasslands, manipulation of
grazing pressure as a process that drives heteroge-
neous vegetation patterns influences native and non-
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native grass heterogeneity, but not heterogeneity of
vegetation structure, within and among patches man-
aged with fire. Fire and grazing-moderated hetero-
geneity patterns observed in native grass-dominated
grasslands likely differ from invasive grass-dominated
grasslands with implications for using pyric herbivory
in invaded systems.

Keywords Biological invasion - Fire-grazer
interaction - Information visualization - Non-
stationarity - Patch-burn grazing - Semi-variance

Introduction

The simplification of complexity in nature has been a
prominent feature of the Anthropocene and is one of
the leading reasons for continued declines in native
biodiversity within the world’s remaining intact
ecosystems (McGill et al. 2015). Plant invasions into
native ecosystems are one of the main causes of
declines in biodiversity via system-simplification
(D’Antonio and Vitousek 1992; D’Antonio et al.
2000). Homogenization (increased uniformity) of
landscapes has coincided with decreases in species
diversity and changes in ecosystem function (D’An-
tonio and Vitousek 1992). Plant invasions are sources
of system perturbation that substantially alter the
hierarchical structure of a landscape (Seastedt et al.
2008; Twidwell et al. 2016). Examples are evident
from every vegetated continent. They include notori-
ous invaders such as Gamba grass (Andropogon
gayanus) in northern Australia’s savannas (Setterfield
et al. 2010), Buffel grass (Cenchrus ciliaris) in tropical
savannas, and cheatgrass (Bromus tectorum) and tall
fescue (Schedonorus arundinaceous) in the western
and central rangelands of North America (Brooks et al.
2004; Gaertner et al. 2012; McGranahan et al. 2013b;
Twidwell et al. 2016). Invasions such as these disrupt
the biotic and abiotic interactions and resulting spatial
order that typically occur following disturbance. The
complete loss or reduction of unique aspects or
properties of terrestrial systems resulting from inva-
sions underpins the collapse of complexity and
resilience in many ecological systems (Allen and
Holling 2010; Soranno et al. 2014; Oliver et al. 2015).
For these reasons, recognition of the loss of ecosystem
complexity through the reduction of microhabitat
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abundance for ecosystem constituents has gained
global attention and motivated efforts to restore
structural heterogeneity in invaded landscapes (Lor-
eau et al. 2001; Tews et al. 2004; Suding and Hobbs
2009).

Even with such recognition, restoring complexity in
landscapes dominated by an invasive plant species has
proven difficult. The effects of invasions are, for all
practical purposes, irreversible, resulting in systematic
changes in the feedbacks operating within the system
that make it more challenging to restore heterogeneity
at scales necessary for non-plant taxa to respond and
increase in abundance (McGranahan et al. 2013a;
Maresh Nelson et al. 2018). Novel methods have
successfully reintroduced and manipulated historical
disturbance regimes to increase landscape-level
heterogeneity in the absence of exotic invasions
(Fuhlendorf et al. 2012, 2017) and such approaches
are being explored in landscapes dominated by exotic
invasive species to mimic the feedbacks known to
provide microhabitats for native species that evolved
in complex and heterogeneous habitats (Davies et al.
2009; Delaney et al. 2016; Duchardt et al. 2016). In
temperate grasslands, the occurrence of fire resulted in
spatially discrete patches of vegetation that attracted
moderate to large grazer densities and promoted
spatial heterogeneity of vegetation on the grassland
landscape (Fig. 1). This process is called the “fire-
grazer interaction (or pyric herbivory)” (Fuhlendorf
et al. 2009). When re-introduced to native grasslands
previously managed for homogeneity, this process has
been shown to restore the hierarchy of discrete spatial
scales of vegetation pattern required by consumer
guilds (Engle et al. 2008; Fuhlendorf et al. 2009;
Ricketts and Sandercock 2016) but the effect has not
been observed to the same degree in grasslands
invaded by an exotic grass after introducing fire-
grazer interactions (Fig. 1c; McGranahan et al. 2013a;
Duchardt et al. 2016; Scasta et al. 2016).

In cases where systems exhibit strong threshold
behavior that precludes overcoming newly entrenched
feedbacks with a simple reinstatement of the original
processes, alternative pathways that alter the intensity
and duration of disturbance regimes can overcome
thresholds in some cases and restore a semblance of
the original structure and function (Twidwell et al.
2013). Disturbances generate heterogeneity of spatial
patterns in vegetation that interacts with environmen-
tal conditions to shape ecosystem recovery (Franklin



Landscape Ecol (2018) 33:2103-2119

2105

(a)
b
=) _ ;
0 \
W AL "\‘, X
é A\ (“\‘\\\ T ‘
S fl\J \\ "
[ N
o)) 154 W a ‘ , x&
: [, Wi

Rl oot e DR A iy ‘Jmm/

0 years 1 years 2 years
Time since fire
| (b)
,S Native
Q0
£
k=)
2 Tall fescue
c
S
©
>
5
>
0 years 1 years 2 years

Time since fire

—
()
~

-

Variability in vegetation
structure among spatial units

Within-patch

Fig. 1 Conceptual diagram of the expected vegetation response
to fire and grazing in native versus invasive-dominated systems
under different grazing systems. a Vegetation structure with the
interaction of spatially and temporally discrete fires and grazing;
in native-dominated landscapes with pyric herbivory managed
with season-long stocking, moderate grazing pressure is most
effective because it results in the lowest vegetative structure in
the burn patch and the highest levels of variability among
patches (modified from Scasta et al. 2016). b Tall fescue reduces
the ability of fire and grazing (dark green arrows) to drive patch

et al. 2000; Lindenmayer et al. 2008). Accordingly,
manipulations of disturbance components (i.e., inten-
sity or timing) that modify the contemporary environ-
ment and the persistent effects, or legacies, of past

Among-patch

contrast of vegetation structure (dashed green line) under
season-long stocking, relative to native grasslands (solid green
line). ¢ Spatial variability expected in vegetation structure of
native- and invasive-dominated landscapes managed with fire
and grazing and season-long stocking. In native systems
managed with fire and grazing, low within-patch variability
begets high among-patch variability. In invaded grasslands,
intensive early stocking (IES) is expected to lower within-patch
variability relative to season-long stocking and increase among-
patch variability. (Color figure online)

events are likely tools for managing systems invaded
by plants that alter feedback relationships (Davies
et al. 2009; Gaertner et al. 2014; Bowman et al. 2015;
Johnstone et al. 2016). Given that the range of
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variability in fire and grazer relationships are tightly
controlled in experiments today (Fuhlendorf et al.
2009; Twidwell et al. 2016), manipulation of the fire
and grazer interaction beyond moderate stocking of
cattle for an entire growing season may provide an
alternative understanding of how structural hetero-
geneity manifests in a heavily invaded, uniform
landscape.

Here, we conduct a multi-scale assessment to
determine whether altering the intensity and duration
of grazing following focal fire can promote landscape-
level heterogeneity in grassland dominated by the
invasive grass, tall fescue (Fig. 1). We manipulated
the intensity and duration of grazing following focal
fire by doubling the number of grazing animals and
cutting the duration of the grazing period in half. This
strategy aims to reduce non-native cool-season grass
cover and increase native warm-season grasses in
efforts to build potential fuel loads for subsequent
prescribed fires.

First, we test for the emergence of heterogeneity
among patches, which is defined by the extent of the
fire treatment and where heterogeneity typically
emerges at the landscape-level in native grassland
following focal fire-grazer interactions (Fig. 1). How-
ever, spatial and temporal heterogeneity results from a
variety of hierarchically organized forces (Allen and
Starr 1982; O’Neill 1986; Holling 1992), so the scale
at which heterogeneity emerges and the means by
which a landscape acquires spatial order is often
unknown before restoration actions (Allen et al. 2002).
We, therefore, also test for the presence of homo-
geneity in vegetation structure within patches because
it is at this scale where precursors to among-patch
heterogeneity might first emerge (McGranahan et al.
2016; Bielski et al. 2018). Among-patch heterogeneity
occurs when each patch with varying time since fire
supports homogenous vegetation structure that is
unique to each patch (Fig. 1b). This second test poses
a ‘big’ data problem, where conventional approaches
to detect variation in vegetation responses to manage-
ment may not succeed. This invaded grassland is in a
fundamentally different ecological state characterized
by a new set of reinforcing feedbacks with deep
hysteretic behavior (Fig. 1b, ¢) (McGranahan et al.
2012a, b). Scaling relationships between landscape
structure and ecosystem processes also vary across
scales of observation (Turner 1989; Peters et al. 2004;
Wu 2004) and such pattern-process relationships are
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not necessarily fixed or meet observer expectations
(Bielski et al. 2018). In such instances, semivariance
analysis has been used to detect scales of variability in
ecological data (e.g., Koerner and Collins 2013), but
this analysis is often based on data measured at a single
point in space or time. Here, we use vegetation data on
vegetation structure and plant functional groups
collected at three periods in the growing season and
a data visualization technique that borrows from
applications used in ecoinformatics (Michener and
Jones 2012) to detect the scale of spatial order, when it
arises, and determine how long heterogeneity persists
following the manipulation of the fire-grazer
interaction.

Thus, our primary objectives are to (1) determine
whether intensive early stocking in pastures under
patch-burn grazing can create contrast in vegetation
structure among management patches through recur-
sive grazing within management patches, and (2)
assess the temporal dynamics of spatial heterogeneity
in these invasive-dominated pastures by quantifying
the magnitude of spatial variability in vegetation
structure within management patches over three
periods after prescribed fire in a growing season. We
hypothesize that in intensive early stocked (IES)
pastures: (1) if recursive grazing reduces exotic cool-
season grasses within a patch, the landscape-level
uniformity in vegetation structure driven by the
prevalence of exotic cool-season grasses will be
diminished compared with pastures managed with
traditional season-long stocking (SLS) (Fig. 1c), and
(2) mid-growing season removal of grazers in IES
pastures will promote end-of-summer prevalence of
native warm-season grasses relative to SLS pastures;
thereby providing an indication that IES can force
invasive-dominated grassland in the desired direction
for restoring native tallgrass prairie. Testing these
hypotheses will allow us to understand both the
spatiotemporal emergence of complexity in land-
scapes where controlled disturbance (i.e., fire and
grazing) is employed to restore components of the
disturbance regime, and what the effects of changing
grazing intensity in invasive grass-dominated land-
scapes managed with prescribed fire might be on
landscape-level heterogeneity.
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Methods
Study area and experimental design

The study was conducted on invasive C; grass-
dominated grasslands managed by the Iowa Depart-
ment of Natural Resources in the Grand River
Grasslands (GRG) region of southern Iowa, USA
(40°42'N, 94°5'W; Fig. S1). Supplementary material
contains further explanation of environmental charac-
teristics. This study was implemented on four pastures
ranging in size from 23 to 32 ha. To restore landscape-
level structural heterogeneity expected in native
tallgrass prairie, historic fire intervals for this region
were implemented by burning a spatially-discrete
patch composing a third of the area of the pasture once
every 3 years. During any given year, one patch was
burned in the early growing season (mid-March—early
April) before cattle were released on the pasture for the
growing season (April-September). As a result, each
landscape replicate (i.e., a pasture) functioned as a
shifting mosaic and consisted of the following man-
agement patches: burned in the spring of the current
year (0 years since fire [hereafter, YSF]), last year (1
YSF), and 2 years ago (2 YSF). In this grassland
management framework, where hierarchical patch
structure resulting from the combined effects of fire
and grazing was expected (Wu and Loucks 1995), a
patch was an experimental unit within a pasture. Next,
within the patch, a transect was established (described
below) to measure the within-patch variability in plant
measurements. Also, we detected functional group-
specific swards and fine-scale variation in individual
plant communities with semivariance analysis (de-
scribed below). Hereafter, a sward refers to a spatially
distinct grouping of a plant functional group detected
along the transect (Roughgarden 1977; Forman and
Godron 1981).

This fire/grazing regime was implemented in 2006
on four pastures that were stocked over the growing
season at moderate rates and grazed for 5 months from
early April to early September (Pillsbury et al. 2011).
Past work in this study area indicated tall fescue
modifies the fuel bed to the extent that its presence
limits both fire spread and the concomitant creation of
landscape-scale heterogeneity by grazers attracted to
the recently burned patch in the study pastures
managed with season-long stocking and patch-burning
(Pillsbury et al. 2011; McGranahan et al

2012b, 2013b; Scasta et al. 2016). In 2014, grazing
intensity and timing of grazing were altered in two of
the pastures with the knowledge that simple re-
introduction of the fire regime coupled with moderate
grazing intensity was less effective in restoring
vegetation heterogeneity at the among-patch scale
(McGranahan et al. 2012b) than what was reported in
native-dominated tallgrass prairie in Oklahoma
(McGranahan et al. 2013a), where recursive grazing
in the recently-burned patch promoted variability in
vegetation structure at the landscape-scale (Bielski
et al. 2018). Each pasture was assigned randomly to
one of two grazing treatments: (1) conventional
season-long stocking (SLS) with cattle stocked from
early April through early September (same grazing
treatment established in 2006) and (2) intensive early
stocking (IES) with cattle stocked from early April
through early July. To maintain comparable grazing
pressure among all pastures, stocking rates were set to
arrive at similar end-of-season aboveground plant
mass for all pastures. The target for end-of-season
aboveground plant mass was 5000 kg/ha which was
estimated to be the amount of fine fuel needed for
spatially uniform prescribed fire in the subsequent
year (H. Hillhouse unpublished data). One assumption
of the patch-burn grazing framework is spatially
uniform prescribed fire is required to create land-
scape-level heterogeneity (McGranahan et al. 2012b;
Bielski et al. 2018). Each pasture was stocked with
cross-bred Black Angus cows or heifers (Bos taurus)
at rates based on forage availability, which were free
to graze an entire pasture (i.e., no interior fencing).

Field methods
Plant community

To examine how grazing intensity affected spatial
heterogeneity in the plant community, we established
a permanent 300 m transect in each patch in each of
the four pastures (2 SLS, 2 IES), summing to 12
transects. Transect locations spanned all topographic
positions (hill top, slope, bottom) present within each
individual patch. Vegetation measurements were
taken within a 25 x 50-cm quadrat placed at 3-m
intervals along each transect (100 quadrats/patch). To
assess whether spatial heterogeneity was present
throughout the growing season or if it manifested at
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different times of the season within each patch, we
collected data in June, August, and November of 2014
and 2015. These periods corresponded with the early,
mid, and post-grazing season. In SLS pastures,
vegetation measurements in June and August occurred
while cattle were free to graze, while vegetation data
for November corresponded to the post-grazing season
when cattle had been removed. In IES pastures, June
vegetation measurements pertain to when cattle were
free to graze, while August and November measure-
ments correspond to when cattle had been removed. In
previous studies investigating fire-grazer interactions
in mesic grasslands under patch-burn management,
vegetation was measured in the mid-summer (June—
July), when variability of vegetation structure among
experimental patches is evident (McGranahan et al.
2012b).

Vegetation visual obstruction readings (VOR) were
recorded at each quadrat, with a Robel pole placed at
the center of the quadrat (Robel et al. 1970). Litter
depth data were taken at three points within each
quadrat. We visually estimated percentage cover of
bare ground and litter cover, and canopy cover of plant
functional groups (total live herbaceous, total grass,
warm-season grasses, cool-season grasses, forbs,
woody plants, and standing dead) in 0.5-m quadrats
using a cover class index: 0-5, 5-25, 25-50, 50-75,
75-95, 95-100% (Daubenmire 1959).

Data analysis

Testing for landscape-level heterogeneity (among
patches)

In native tallgrass pastures with patches of varying
time since fire, spatial heterogeneity in vegetation
structure is typically apparent at the landscape-scale,
or at the among-patch scale (Fuhlendorf and Engle
2004). Among-patch spatial heterogeneity in vegeta-
tion structure (VOR and vegetation height) and
canopy cover of functional plant groups were individ-
ually calculated as the standard deviation of patch-
level means among experimentally burned patches
with varying time since fire (0, 1, and 2 YSF; hereafter,
management patches). At the among-patch scale,
spatial variability in individual plant group measure-
ments including VOR, vegetation height, and func-
tional group cover was calculated as the mean standard
deviation in individual plant group measurements
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among experimentally burned patches. To test
whether IES and SLS pastures varied in spatial
variability in plant groups and if an interaction
occurred with grazing treatments over our six sam-
pling events, we compared means of among-patch
spatial variability using permutational analysis of
variance (perANOVA) in the R statistical environment
(Anderson and Ter Braak 2003; R Development Core
Team 2018). A significantly greater mean standard
deviation for pastures managed with IES indicates that
adjustment in grazing pressure created spatial vari-
ability among-patches for an individual plant group to
a greater extent than SLS management. We report
exact p values to allow readers to distinguish between
significant effects (p < 0.05) and marginally signifi-
cant effects that may still warrant attention
0.05 <p<0.1).

To determine whether plant community measure-
ments are the same across grazing treatment and a
patch’s fire history, we tested for variation of mean
VOR, litter depth, bare ground and litter cover, and
plant functional group cover among patches, grazing
treatment, and their interaction using a permutational
multivariate analysis of variance (PERMANOVA)
(Oksanen et al. 2013). PERMANOVA is a useful tool
when analyzing ecological data with low replications
(n = 2 pastures for each grazing treatment). When the
number of replications relative to the number of
variables under scrutiny is low, PERMANOVA is a
robust distance-based approach to test for dissimilarity
in community structure between ecological commu-
nities unlike classical multivariate analysis of variance
(MANOVA), which requires the total number of
sample units to be large relative to the number of
variables (Anderson and Walsh 2013). In this study,
PERMANOVA was performed using a Bray—Curtis
distance of In(x + 1) transformation. Data were
analyzed using grazing treatment (IES and SLS) and
among management patches (0, 1, 2 YSF) as fixed
factors. Next, principal component analysis (PCA) on
VOR, litter depth and percentage cover of plant
functional groups, standing dead, bare ground, and
litter was used to investigate the relationship of plant
community composition between grazing treatments
and among management patches. PCA was conducted
on plant community data pooled across sampling
events and pastures.
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Testing for homogeneity within patches

A precursor to landscape-level heterogeneity (i.e.,
spatial variability among patches in pastures) in patch-
burned grazed grassland is the presence of homogene-
ity of vegetation structure within patches (Fig. la;
Fuhlendorf and Engle 2001); thus we tested for the
presence of homogeneity (or low heterogeneity) of
vegetation measurements within patches. Spatial
heterogeneity at the within-patch scale was calculated
as the mean standard deviation in mean vegetation
structure (i.e., VOR and vegetation height) and
functional group cover within each patch’s 300-m
transect. To determine whether IES and SLS pastures
varied in within-patch heterogeneity of vegetation
structure and functional group cover, we tested for a
difference in their mean standard deviation of transect
measurements in our study pastures. We also tested for
any potential interaction with grazing treatment com-
parisons over our six sampling periods. Grazing
treatment and sampling period main effects and their
interaction were evaluated using perANOVA (Ander-
son and Ter Braak 2003). A significantly lower within-
patch mean standard deviation in pastures managed
with IES would indicate that adjustment in grazing
pressure created greater within-patch homogeneity for
an individual plant group than SLS management
(Fig. 1c), which is thought to be a precursor to among-
patch variability (Fig. lc; McGranahan et al.
2012b, 2016; Bielski et al. 2018).

Identifying patch-level structural heterogeneity

To quantify structural heterogeneity and sward size
within management patches, we used semivariance
analysis to create semivariograms on vegetation data
collected along each patch’s 300-m transect (Fig. 2)
using the robust estimator in R package “geoR”
(Ribeiro Jr et al. 2016). A semivariogram was created
for each patch within each pasture for each sampling
period to examine how grazing treatment affected
within-patch variation in vegetation throughout the
study. Semivariograms show the average spatial
correlation in data measured at known locations of
increasing distance. Of the four common semivari-
ogram models used in the analysis of spatial struc-
ture—Ilinear, exponential, spherical, and Gaussian—
Gaussian had the best fit under restricted maximum
likelihood for the majority of sampling occasions, so

we report our semivariance results with Gaussian
covariance structure. Data collected along the perma-
nently established transects and used in separate
semivariance analyses included percentage cover of
warm-season grasses, cool-season grasses, forbs,
standing dead vegetation, bare ground, and litter
cover, totaling six cover types. These functional
groups were found to be highly variable across
pastures and aided in determining contrasts in vege-
tation among grazing treatments and patches with
varying time since fire (described in Results for PCA).
Therefore, we focused on these groups while total live
herbaceous, total grass, and litter depth were left out of
further analysis. Woody plants made up less than 5%
of total percentage cover and were also excluded from
the analysis.

By calculating the sill, where semivariance
increases with distance until reaching an asymptote
(Fig. 2b), we were able to calculate the predominant
scale of patchiness of each variable of interest in each
grazing treatment (Fig. 2a). Size or mean diameter of a
plant group’s sward along each transect was identified
by the distance beyond which pairs of observations no
longer exhibit spatial autocorrelation (Fig. 2b). The
transect data sets were all spatially continuous (i.e., no
missing data), and transect data for each YSF patch
within each landscape replicate (pasture) were aver-
aged to provide information for overall within-patch
heterogeneity. Sampling period-specific semivari-
ograms were produced for each management patch
and plant cover-type. Semivariograms (n = 216) were
compiled into a polar coordinate plot by YSF patch-
type and season (June, August, and November) to
more easily illustrate the scale of patchiness of each
plant measurement over the course of the study period
(Fig. 3). Each polar coordinate figure depicts the
difference in semivariance within a given patch
between grazing treatments by illustrating the sill
(variation within patch) and lag (sward size) at one
point in time (Step 1), differences in semivariance
structure between treatments within all patches at one
point in time, ordered in terms of YSF (Step 2),
differences in semivariance structure between treat-
ments within all patches over three functional time
steps within a year (Step 3), and shows differences
between treatments in the range of semivariance
within patches for each functional time step through-
out the two-year study (Step 4, Fig. 3).
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Fig. 2 Conceptual diagram of expected vegetation structure in
response to fire-grazer interaction in pastures under patch-burn
grazing management as observed in native-dominated grassland
a Expected transect vegetation height and b semivariograms
with different sill (within-patch heterogeneity) and range
(within-patch sward size) values. Range is expected to increase
progressively from the landscapes with different times since

Results

Testing for landscape-level heterogeneity (among
patches)

When comparing vegetation structure (VOR and
vegetation height) between grazing treatments, differ-
ences in among-patch heterogeneity were not apparent
(Table 1). However, variation in among-patch hetero-
geneity in some constituents of these vegetation
structure measurements was evident (Fig. 4). Grami-
noid (warm- and cool-season grasses) heterogeneity
among patches in [ES pastures was greater than in SLS
pastures (Table 1). Analysis of among-patch hetero-
geneity of warm-season grasses revealed significant
main effects of seasonal period (Fs;, = 3.68,
p=0.02) and grazing system (F;, = 8.86,
p =0.02) in addition to a significant sampling
period-by-grazing system interaction (Fsj, =2.17,
p = 0.01). Warm-season grass heterogeneity was three
times greater in IES pastures than SLS pastures across
sampling periods; these differences were most evident
in June and August (Fig. 4). The significant interaction
term revealed warm-season grass among-patch hetero-
geneity (i.e., standard deviation of patch means) was
greater in IES pastures in August of both years.
Among-patch heterogeneity of cool-season grasses in
IES pastures was two-fold higher than SLS pastures
(F112 = 11.79, p = 0.003; Table 1); neither seasonal
period or the interaction term was significant. Litter
and bare ground exhibited the highest levels of among-
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focal disturbance: < 1 year since fire (YSF; green), 1 year since
fire (black), and 2 years since fire (grey), reflecting the expected
increasing size of the dominant vegetation swards with an
increase in time since focal disturbances. The expected average
distance between vegetation swards is revealed by repeated
peaks in the semivariogram. (Color figure online)

patch heterogeneity for any functional group over the
study period (Fig. 4). Cover of forbs, standing dead,
litter, and bare ground among patches did not differ
across grazing treatments over the course of the study
(grazing treatment main effect, p > 0.10; Fig. 4).
Differences in seasonal among-patch heterogeneity
were clear for these functional groups with June
sampling events exhibiting the highest levels of spatial
variability. However, in both years, forb cover among-
patch heterogeneity was lowest in November but not
significantly different between June and August
(interaction term, Fs;, =3.54, p =0.03). Means
(£ SE) of plant functional groups for each manage-
ment patch-type across the study period are presented
in supplementary material (Fig. S4).

PERMANOVA showed that vegetation community
structure differed as a result of grazing (F; ¢g = 4.89,
p =0.01) and fire (F;¢3 = 16.77, p =0.001) treat-
ments. However, a non-significant grazing system X
fire treatment interaction indicates plant communities
in patches with varying years since fire in IES and SLS
pastures did not respond differently to the fire-grazer
interaction (F;eg = 1.11, p = 0.17). This result bol-
sters the lack of variation in VOR and vegetation
height between grazing treatments in our among-patch
heterogeneity analysis above (Table 1). PCA ordina-
tion provided an additional indication of small differ-
ences in patches among grazing and fire treatments
(Fig. 5). The first two axes of the PCA accounted for
56% of the variance in the data. The order of
importance of plant structure and functional group
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Fig. 3 Walk-through of visualization process using polar
coordinate plots to illustrate semivariogram results in a
clockwise direction for plant functional groups in experimental
landscapes under intensive early stocking (IES) and season-long
stocking (SLS) grazing treatments. Circles indicate patches in
intensive early stocking pastures; triangles depict patches in

measurements on PCA axis 1 was litter depth, warm-
season grasses, standing dead, bare ground, litter
cover, forbs and cool-season grasses (Fig. 5). Litter

Semivariance over course of study
(June 2014 —> November 2015) =

>2yr

<tyr

1shbny
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<1yr

season-long stocking. Symbol size indicates range (lag) or patch
size of detected functional group patch: smallest is a patch less
than 10 m in diameter while largest symbol is a patch of 30 m or
greater in diameter. Shading indicates seasonal variance: June
(dark blue) and August (azure blue). (Color figure online)

depth, litter cover, and standing dead grasses had
positive coefficients for PC axis-1, and bare ground,
forbs, and warm-season grasses had negative to central
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Table 1 Spatial variability (mean standard deviation among patches = SE) in vegetation components in pastures with pyric her-
bivory under intensive early stocking (IES) and season-long stocking (SLS) grazing treatments

Plant measurement Within-patch Among-patch

IES SLS 1IES SLS
VOR (cm) 0.5 (0.02) 0.48 (0.02) 0.25 (0.03) 0.22 (0.04)
Vegetation height (cm) 4.88 (0.50) 4.8 (0.30) 1.66 (0.30) 1.59 (0.47)
Warm-season grass (%) 9.1 (1.40) 7.67 (0.97) 4.99 (1.64) 1.34 (0.32)*
Cool-season grass (%) 19.8 (0.54) 20.9 (0.43) 11.9 (1.68) 4.88 (0.68)*
Forb (%) 16.7 (0.83) 15.1 (0.71) 8.43 (1.98) 3.88 (0.63)
Litter (%) 18.0 (1.13) 17.5 (1.06) 17.4 (2.62) 21.1 (2.63)
Standing dead (%) 9.59 (1.06) 10.8 (1.11) 4.72 (1.30) 5.4 (0.89)
Bare ground (%) 18.50 (0.88) 16.8 (1.05)* 17.4 (2.64) 20.1 (2.37)

Asterisks represent results of the PerANOVA for differences in means of management groups: *p < 0.05
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20
101
0 —— —— —_
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% Warm-season grasses (%) | ’ Cool-season grasses (%) I
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101 e E——
0 . . : . . : : . : : . :
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2014 2014 2014 2015 2015 2015 2014 2014 2014 2015 2015 2015

Sampling period

Fig. 4 Among-patch variability (standard deviation of mea-
surements) in vegetation components in pastures managed with
pyric herbivory under intensive early stocking (IES) and season-

coefficients for PC axis-1. The order of importance of
plant structure and functional group measurements on
PCA axis-2 was warm-season grasses, litter depth,
bare ground, litter cover, VOR, and cool-season
grasses. Warm-season grasses, litter depth, and litter
cover had positive coefficients for PC axis-2, while
bare ground and cool-season grasses had negative
coefficients for PC axis-2 (Fig.5). Total live
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long stocking (SLS) grazing treatments at Grand River
Grasslands in southwest ITowa, USA

herbaceous cover, VOR, and total grass cover
appeared to contribute very little to differences in
the plant community among grazing and fire treat-
ments. A slight separation occurred orthogonally
between grazing treatments and appeared to be driven
by warm-season grasses and cool-season grasses
(Fig. 5). Separation occurred among fire treatments
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Fig. 5 Multivariate ordination of principal components on
standardized vegetation measurements pooled across sampling
events and pastures. Symbols are as follows: shapes represent
grazing treatments of IES (circles), and SLS (triangles); colors
represent years since fire of current year burn (black), previous
year burn (gray), and 2 years post-fire (light gray)

along PC axis-1 and appeared to be driven by forbs,
litter depth, litter cover, and standing dead.

Testing for spatial variability within patches

Within-patch variability of each plant measurement
responded similarly among grazing treatments (graz-
ing treatment main effect: p > 0.10, Table 1, Fig. S3),
although variability in bare ground cover was greater
in IES patches (F; 1, = 11.46, p = 0.01). Significant
grazing treatment-by-sampling period interaction
terms indicated within-patch variability was greater
in SLS than IES pastures for visual obstruction in June
2015 (Fs12=2.38, p=0.03) and standing dead
vegetation cover in November 2015 (Fs;, = 1.23,
p = 0.001). In contrast, within-patch variability of
warm-season grass cover was significantly greater in
IES during August 2015 (Fs ., =4.11, p = 0.001;
Fig. S3).

Analysis of fine-scale structural heterogeneity in
patches with semivariance analysis showed few long-
term patterns emerged in values of sill (patch variance)
(Fig. 6, Table S1) and lag (sward size) (Fig. S2,
Table S2). Figure 6 shows the range of variability in
each functional plant group that existed within the
pastures managed with IES and SLS at any given time
for three periods of the growing season and for
2 years.

Spatial variation in the distribution (heterogeneity)
within plant functional groups was evident in a nested
manner that encompassed season and the level of
grazing pressure (Fig. 6). Heterogeneity in the cover
of warm-season and cool-season grasses and forbs
within patches was especially pronounced in patches
exposed to IES (Fig. 6), whereas cover of litter,
standing dead, and bare ground was not variable across
grazing system and season (Fig. 6, Table S1). YSF
patch and season-specific semivariance and lag values
presented in Fig. 6 and Fig. S2, respectively, are
reported in Tables S1 and S2 in the supplementary
material.

Discussion

Evaluating ecological processes at one spatial or
temporal scale and their interactions with processes at
another scale is a critical step in understanding multi-
scaled problems, such as invasive species (Soranno
et al. 2014). This approach allows identification of
feedback mechanisms that can drive a system away
from its original state or can have a dampening effect
that counteracts change (Suding and Hobbs 2009). We
tested the initial role of adaptive management through
experimental manipulation with IES to return a system
to a native grass-dominated state through adjusting
grazing timing and pressure (Fig. 1c). By evaluating
nested dynamics of plant functional group composi-
tion and vegetation structure across multiple spa-
tiotemporal scales, we show that the detection of
heterogeneity in exotic-dominated grassland depends
on the scale under scrutiny. We detected heterogeneity
in pastures managed with both moderate (SLS) and
heavy grazing pressure (IES); however, by distilling
information from numerous semivariograms, we
demonstrate that maximal variance in vegetation
emerges at a fine scale, the within-patch scale, in tall
fescue-dominated pastures unlike native-dominated
pastures where maximal variance occurs at the among-
patch scale (e.g., Fuhlendorf and Engle 2004; Bielski
et al. 2018). This finding occurred irrespective of the
level of grazing pressure.

Among-patch heterogeneity

When evaluating spatial variability at the landscape-
level, the multivariate ordination of the plant
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Intensive e ar|y Season-| ong «Fig. 6 Within—patc.h semivariogram results .frog{ Six functiqnal
groups. Blue shading emphasizes the variability that exists

StOCkan StOCking within the landscape at any given time for three periods of the
year and for 2 years. Shading indicates seasonal variance: June
(dark blue), August (azure blue), and November (light blue). For
ease of interpretation, these seasonal periods are denoted only in
the first column of polar coordinate plots. The first half (clock-
wise) of the coordinate plot pertains to 2014 data while second-
half pertains to 2015 data. See Fig. 3 for interpretation. (Color
figure online)

grasses

Warm-season

community indicated pastures managed with SLS
supported greater among-patch heterogeneity than
intensive early stocked IES pastures. However,
heterogeneity among patches in vegetation structural
measurements (visual obstruction and vegetation
height) did not differ by grazing system. Instead, two
integral components of vegetation structure exhibited
different levels of heterogeneity among patches man-
aged with IES and SLS. In IES pasture, the cover of
warm- and cool-season grasses, which com-
posed ~ 70% of pasture cover, showed marked
variability among patches when compared to SLS
pastures. But, the mechanisms underlying these
differences were unclear. Although some level of
landscape-scale heterogeneity was observed through
among patch variability for the graminoid components
within both grazing treatments, visualization of semi-
variance results revealed high heterogeneity in the
distribution of grass cover at the within patch-level.
The lack of an inverse relationship, in grass cover
heterogeneity, between the within-and among-patch
scales suggests tall fescue-dominated grasslands do
not respond to the application of fire and grazing in the
same way as native-dominated tallgrass prairie (Fuh-
lendorf and Engle 2004; Bielski et al. 2018). This was
true for both moderate or high grazing intensity. This
result demonstrates that the response of grasslands to
the re-introduction of the fire-grazer interaction is not
consistent across grasslands (McGranahan et al.
2013a) in meeting the conservation objective of
restoring landscape-level heterogeneity of vegetation
structure.

As observed by McGranahan et al. (2013a) in our
study system, overall vegetation structure did not
contrast among management patches and only litter
and bare ground cover were consistently high in patch
contrast (Fig. 4, S4), suggesting fire spread in the
Grand River Grasslands was sufficient to remove litter
and create bare ground in recently-burned patches.

Cool-season
grasses

Litter Forbs

Standing dead

Bare ground
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Again, this result occurred for both IES and SLS
grazing. Thus, we suggest that landscape-level hetero-
geneity in plant functional group composition and
vegetation structure was limited less by grazing
intensity and more by tall fescue invasion, which
homogenizes the plant community (McGranahan et al.
2012b) and reduces vegetation height in the absence of
taller native grass species. We surmise the paucity of
taller native grasses in our study pastures inhibited
either grazing system from exhibiting clear hetero-
geneity in overall vegetation structure at the land-
scape-level; however, an increase in tall warm-season
grass cover has potential to alter this pattern.

Within-patch structural heterogeneity

Our semivariance analysis results demonstrate that
assessing structural heterogeneity in exotic-dominated
grasslands at a single spatiotemporal scale can be
misleading. If we had focused on a single spatiotem-
poral scale, such as June, we would have potentially
missed the emergence of heterogeneity and therefore
abandoned a grazing-mediated resource that may be
meaningful to some taxa (i.e., grassland birds and
butterflies; Moranz et al. 2014; Delaney et al. 2016;
Duchardt et al. 2016); or avoided exploring a change
in the scale at which heterogeneity emerges. Past
studies using semivariograms to detect spatial hetero-
geneity in plant communities based findings on a
single sampling period at peak plant community
production (i.e., mid-to-late summer) (e.g., Koerner
and Collins 2013). In our study, we employed scaling
and data visualization techniques to detect small-scale
sward structure within distinct patches across two
post-fire growing seasons and dormant seasons. We
found clear seasonal-dependencies for the emergence
of heterogeneity among dominant plant functional
groups over two growing seasons, and visualization of
our within-patch semivariance results illustrated the
role of grazing pressure in mediating vegetation
response to patch-burn grazing over the growing
season.

Grasses with different reproductive periods showed
divergent responses to grazing treatments. Unlike
cool-season grasses under IES, within-patch variabil-
ity of the warm-season grasses in IES pastures
fluctuated widely across seasons from very low in
the dormant season to pronounced patchiness during
the growing season as revealed by our polar coordinate

plots. When grazed throughout the growing season
under SLS, fine-scale sward structure of warm- and
cool-season grasses remained low across seasons. In
contrast, IES grazing altered seasonality and the
degree of warm- and cool-season grass sward structure
with pronounced variability in warm-season grass
cover in August (post-removal of cattle in IES) and
consistent patchiness of cool-season grass cover in
June and August.

Like graminoids, within-patch spatial autocorrela-
tion of forbs varied by season and grazing treatment.
Under IES, forb patchiness was strongest at the end of
the growing season (August), and sward size was
approximately 15 m. On the other hand, across
seasons, patchiness of forbs, as well as the presence
of distinct sward structure, was minimal in SLS
pastures. Large herbivores increase floristic diversity
in grazed mesic grasslands by altering plant commu-
nity structure (McNaughton 1983; Hartnett et al. 1996)
through selective grazing and increased resource
heterogeneity through soil disturbances (trampling)
and nutrient deposition (Collins and Calabrese 2012;
Limb et al. 2018). Distinct heterogeneity in forb cover
occurred in August after cattle removal from IES
pastures; whereas, forb patch structure remained low
and stable in SLS pastures across all seasons. We
surmise reduced resource competition between gra-
minoids and forbs because heavy grass herbivory early
in the season mediated season-specific forb hetero-
geneity in our tall fescue-dominated grassland.

Duration of grazing season

Furthermore, our experimental approach of adjusting
timing and intensity of grazing pressure has revealed
that manipulating a key driver of grassland structure
and function, grazing pressure, can return a critical
property, i.e., warm-season grasses, to landscapes that
were historically dominated by warm-season grasses.
Pooled mean warm-season grass cover was 47%
greater in IES than in SLS pastures: 7% higher in
IES for 2014, 54% higher in 2015. Removal of cattle in
early July appeared to allow warm-season grasses to
gain vigor and increase in spatial cover (Fig. S4).
Moreover, the increased VOR and litter cover for all 1
and 2 YSF patches in IES pastures in November 2015
met the expectation that IES could improve fire
potential. A potential explanation is that IES was
successful in maintaining cattle use of the recently-
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burned patch and drawing them away from non-
burned patches (e.g., the magnet effect, Archibald
et al. 2005). The magnet effect likely lowered the
probability of 2 YSF patches being grazed due to
accumulated dead plant material, thus increasing their
burn potential for the following year. Further, the
availability of forage in the 2 YSF patch may function
as a spatial refuge, which facilitates adaptive foraging
options and a more stable and productive environment
for herbivores (Yoganand and Owen-Smith 2014;
Sianga et al. 2017). For example, for wildebeest
(Connochaetes taurinus) at Kruger National Park,
South Africa, the ability to shift habitat use from
grazing lawns and recently-burned areas to seepzone
grasslands resulted in adequate nutrient intake
throughout the year (Yoganand and Owen-Smith
2014). Such functional heterogeneity in vegetation
resources may also act to sustain grassland herbivore
populations during drought (Owen-Smith 2004; Fuh-
lendorf et al. 2017; Raynor et al. 2017).

An additional aim of introducing IES grazing to
patch-burn grazed pastures was reducing cover of
cool-season grasses which are dominated by tall
fescue and other non-native C3 grasses in the GRG
ecosystem (McGranahan et al. 2012a; Delaney et al.
2016). Compared to SLS pastures (Fig. S4), low cool-
season grass cover in 0 YSF patches relative to 1 YSF
and 2 YSF patches in IES pastures in August 2015
offers additional evidence of focal grazing in the 0
YSF patch under this adaptive management scheme.
Focal grazing of the cool-season grasses early in the
grazing season in the O YSF patch inhibits plant
maturity, resulting in a high percentage of new
vegetative tillers that attracts further grazing through
the grazing season (Hobbs et al. 1991; Raynor et al.
2015, 2016).

Extant fire-grazer interactions

The potential to investigate the spatial extent of fire-
grazer interactions is limited in today’s highly frag-
mented and intensively managed landscapes. Follow-
ing the introduction of fences and today’s
management-intensive grazing systems, herbivores
no longer have opportunities to abandon expansive
landscapes in search of new regions with better forage
resources (Tucker et al. 2018). The potential to make
decisions at broader geographical scales could lead to
unexpected and alternative pattern-process
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relationships than those observed in studies of con-
fined grazers (this study; Raynor et al. 2017; Bielski
et al. 2018). Outside of a few unfragmented grassland
remnants (e.g., Greater Yellowstone Ecosystem), this
opportunity has been removed in modern North
American landscapes and represents a significant
change in large herbivore behavior (Axelrod 1985).
Assumptions based on past knowledge derived from
studies at broader spatial scales with a greater range of
disturbance regimes should not be used to understand
drivers of current-day ecological structure and func-
tion (Twidwell et al. 2016). For instance, without
removing cattle before the period of warm-season
grass reproduction in IES, we would not have learned
that this strategy can enhance native warm-season
grass abundance on an invaded landscape while
supporting landscape-level heterogeneity albeit at an
initial cost of lower among-patch variability (Fig. 5).
Before European settlement in this region, large
herbivores were not confined and could search for
alternative forage resources, thus releasing warm-
season grasses from grazing pressure. In this study, we
changed the timing and intensity of grazing in efforts
to return native grassland constituents to this invasive
grass-dominated landscape while simultaneously
mediating some level of heterogeneity at the land-
scape-scale.

Conclusion

Altering grazing intensity in invasive-dominated
grasslands managed with patch-burning could alter
the core assumptions about how vegetation structure is
distributed under patch-burn grazing management. By
adopting a data visualization process that allowed us to
detect when fine-scale heterogeneity emerged, we
could illustrate where signals of heterogeneity man-
ifest at the basal-level (i.e., within-patch) of the patch-
burn grazing framework. Relative to SLS pastures,
cover of warm- and cool-season grasses showed
greater variability among patches under IES. This
result depended on the time period under scrutiny with
warm- and cool-season grass cover variability being
highest in IES pastures in August after cattle removal.
By assessing the vegetation community across among-
and within-patch scales over the growing season, we
found that timing of fire and grazing can be used in
patch-burn grazing to reduce cool-season grass cover
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while increasing native grass cover and forb hetero-
geneity. Because this multi-scale evaluation results in
a new understanding of the role of grazing pressure in
grasslands managed with spring fire and grazing, the
spatiotemporal patterns we identified may also indi-
cate that SLS is insufficient to create spatial hetero-
geneity of vegetation structure in invaded pastures.
Adopting altered grazing practices under the patch-
burn grazing framework may be essential to create
temporal and spatial heterogeneity of vegetation
structure in the commonly-occurring, simple grass-
lands dominated by invasive grasses.
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