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Can cattle grazing contribute to
butterfly habitat? Using butterfly
behavior as an index of habitat
quality in an agroecosystem

Samantha K. Bussan* and Cheryl B. Schultz

School of Biological Sciences, Washington State University Vancouver, Vancouver, WA, United States

The provision of habitat on private agricultural land is vital to the persistence of
native species. This study aimed to understand how cattle grazing management
strategies influence butterfly behavior. We conducted behavioral experiments
with two species of common native butterflies, silvery blue butterflies
(Glaucopsyche lygdamus columbia) and ochre ringlet butterflies
(Coenonympha california eunomia), at two native prairies with no grazing; two
pastures grazed according to “conventional” management; and two pastures
grazed according to “conservation” management. We mapped butterfly flight
paths to quantify behavioral response to grazing management to test the
hypothesis that butterflies have lower diffusion rates in ungrazed and
conservation grazed prairies. We used turning angles, step lengths, and flight
time to calculate diffusion rates for each individual. We assessed butterfly
movement parameters as a function of sex, management type, and their
interaction using generalized linear mixed models and used partial least
squares regression to assess the effects of resource availability (host plant
volume and nectar inflorescence count) on butterfly diffusion rates. We
observed the highest silvery blue female step lengths and diffusion rates in
conventional grazing and lowest in native prairie. There was moderate
evidence that female silvery blue diffusion rates were higher in conservation
grazing than native prairie. Neither silvery blue nor ochre ringlet males differed in
their movement parameters between management types. Silvery blue diffusion
rates were closely associated with their primary host plants (Lupinus spp.). We
conclude that there is potential for conservation grazing to contribute to
butterfly habitat in the landscape if grazing management practices focus on
supporting a diverse plant community with host plants for focal species.
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Introduction

In December 2022, in the fifteenth meeting of the Conference of
the Parties, the International Union for the Conservation of Nature
called for at least 30% of global ecosystems to be conserved by 2030
(IUCN, 2022). However, protected conservation areas alone are
inadequate to preserve native species due to poor management, lack
of funding, spatial isolation, and containing only a small proportion
of total biodiversity (Watson et al., 2014; Butchart et al., 2015;
Kamal et al., 2015; Cortes Capano et al., 2019). The provision of
habitat outside of reserves is vital, as approximately as only 21.7% of
IUCN red list species have adequate protection in reserves
worldwide (Maxwell et al., 2020).

The IUCN also called for the recognition of the importance of
agriculture in contributions to biodiversity and habitat connectivity
in the face of massive habitat loss and degradation (IUCN, 2022).
For example, while the United States has lost 86% of its grassland
habitat since European colonization due to fire suppression,
urbanization, invasive species introduction, and conversion to
agriculture (Samson et al., 2004), approximately 85% of
remaining grassland and pastureland is privately owned (Bigelow
and Borchers, 2017). In addition, 90% percent of listed species are
found solely or in part on private land (Brook et al., 2003).

Livestock grazing occupies more than a third of all land in the
US (Bigelow and Borchers, 2017), and it is often considered to be
one of the largest threats to grassland habitat (Fleischner, 1994;
Noss, 1994). Grazing can influence grassland systems in both
positive and negative ways through herbivory, trampling, and
defecation, depending how the livestock are managed (Fleischner,
1994). Grazing may cause water pollution, soil compaction, erosion,
reduced plant and animal diversity, local extirpation of sensitive
species, and invasion of nonnative species (Fleischner, 1994; Manley
et al., 1997). Conversely, livestock grazing may also maintain plant
community diversity, reduce competitive dominance of invasive
grasses, lower vegetation height, and create heterogeneity on a
pasture and regional scale, which benefits many different taxa
(Weiss, 1999; Poyry et al., 2004; Jerrentrup et al., 2014; Zakkak
etal., 2014; Beck et al., 2015; WallisDeVries et al., 2016; Neilly et al.,
2018; Davis et al,, 2020). Studies attempting to quantify the effects of
grazing on various taxa often use occupancy or abundance of the
focal species as an indicator of habitat quality.

However, higher occupancy or abundance of the focal species is
not always sufficient to indicate higher habitat preference or higher
habitat quality (Van Horne, 1983; Bock and Jones, 2004), though it
is a common assumption. Studies using movement or behavior data
investigate habitat from the perspective of the focal species (Schultz
etal, 2019). A review by Crone et al. (2019) of 78 studies across taxa
(n = 18 vertebrates, 29 non-lepidopteran arthropods, 23
lepidopterans, and 8 “others”) that categorized movement
behavior paired with an independent measure of habitat quality,
such as resource density or abundance, showed that animals reduce
their rate of movement through high quality habitat compared to
low quality. This is because animals exhibit “area restricted search”
when encountering high quality habitat, meaning that they will
either take shorter steps between turns or larger turning angles, or
both (Kareiva and Odell, 1987; Korési et al., 2008; Crone et al., 2019;
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Dorfman et al,, 2022). This will effectively slow their rate of
movement, or diffusion rate (Kuefler et al, 2010; Brown et al.,
2017; Schultz et al., 2017; Pugesek and Crone, 2022). For example,
Kuefler et al. (2012) showed that rotifer diffusion rates were lower
with increased food availability and higher with increased rotifer
population density. Many studies have quantified movement
behavior to describe some aspect of habitat, land cover, or
resources animals encounter (e.g. Revilla et al., 2004; Stevens
et al, 2004; de Knegt et al, 2007; Kuefler et al., 2010; Lebeau
et al., 2015; Murphy and Boone, 2022). An animal’s movement
parameters (i.e. step lengths, turning angles, and diffusion rates) in
different habitats can indicate perceived habitat quality and provide
more information about habitat and management effects on a
species than abundance or occupancy estimates alone (Crone
et al., 2019; Schultz et al., 2019).

Butterflies are good indicators of ecosystem health because they
use different parts of the ecosystem in adult and larval stages and are
sensitive to changes in their environment (Kerr et al, 2000).
Prominent studies on the effects of grazing on grassland
butterflies in Europe have found positive effects of low-intensity
cattle grazing over large areas (often referred to as extensive
grazing) for butterfly communities and species (Poyry et al., 2004;
Thomas et al., 2009; Jerrentrup et al., 2014; WallisDeVries et al,,
2016; but see Kruess and Tscharntke, 2002). There is a consensus
within the European literature that historical megafaunal grazing
and current extensive cattle grazing has created shifting mosaics of
semi-natural grassland. This shifting mosaic increases heterogeneity
and niches available for butterflies on a pasture and regional scale,
while preventing forest encroachment (Balmer and Erhardt, 2000;
Nilsson et al., 2008; Konvicka et al., 2021).

There is comparatively little research on butterfly responses to
grazing in North America (Bussan, 2022). Most of the existing research
is concentrated in the Midwest, with mixed results (Vogel et al., 2007;
Debinski et al.,, 2011; Smith and Cherry, 2014; Delaney et al., 2016). In
addition, the North American literature has less of a focus than the
European literature on both satisfying conservation goals and
providing a livelihood for the farmer or rancher (Bussan, 2022). The
relative paucity of information on North American butterfly responses
to grazing makes management recommendations and predictions
difficult because differing evolutionary histories of grazing and
grassland types mean that direct comparisons to European butterflies
are not always appropriate.

We conducted an experiment using two common native
butterfly species in western Washington prairies in a landscape
with working cattle and dairy farms. We compared butterfly
diffusion rates as an index of habitat quality in grazed pastures
and in native prairie to determine factors that influence their
movement through these environments. We quantified aspects of
the habitat in which butterflies have lower diffusion rates, assuming
that perceived higher quality habitat results in lower diffusion rates.
Using butterfly movement parameters as an indicator, we tested
how cattle grazing management influenced behavioral responses to
grazed habitat. We expected that butterfly diffusion rates would be
highest in conventional grazing, intermediate in conservation
grazing, and lowest in native upland prairie. We also explored
how nectar and host plants and vegetation structure are associated
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with butterfly movement, given different habitat management. We
expected that butterfly diffusion rates would differ depending on the
resources available to them along their flight paths. Diffusion rates
would be lower when nectar and host plant density was high and
diftusion rates would be higher when nectar and host plant density
was low.

Materials and methods
Study area

Prior to European colonization, western Washington prairies
covered approximately 72,843 ha, but 97% of the original extent of
the prairies have been lost due to fire suppression, urbanization, and
conversion to agriculture (Washington Department of Fish and
Wildlife, 2022). Remnant prairies are restricted to a few isolated
reserves, a military base (Joint Base Lewis-McChord), or located on
working cattle ranches and dairy farms (Washington Department of
Fish and Wildlife, 2022). Remnants are often heavily degraded and
invaded by nonnative plants. Western Washington prairies are
botanically distinct from other North American prairies,
characterized by short bunchgrasses such as Roemer’s fescue
(Festuca roemeri) (Bowcutt and Hamman, 2016, pg. 21). First
peoples, including Nisqually, Puyallup, Duwamish, Steilacoom,
Squaxin Island, Chehalis, Clatsop, Cowlitz, Chinook, and many
others maintained the prairies through cultural burning and
traditional harvesting practices for thousands of years (Leopold and
Boyd, 1999; Noland and Carver, 2011, pg. 2; Hamman et al., 2011;
Velasco, 2021). Unlike the Great Plains and tallgrass prairies of the
Midwest, bison (Bison bison) were historically not present in western
Washington (Zontek, 2007, pg. 29); thus the prairies were primarily
grazed by elk (Cervus canidensis) (Noland and Carver, 2011, pg. 2).
The climate is Mediterranean, with warm, dry summers and wet, cool
winters (Western Regional Climate Center, 2022).

FIGURE 1

Silvery blue butterfly male (left; photo by Samantha Bussan) and ochre ringlet male (right; photo by Christopher Jason). Female silvery blue

butterflies are brown. Ochre ringlets do not exhibit sexual dimorphism.

10.3389/fevo.2023.1162060

Focal species and study sites

From April to September 2019, we observed two common native
butterfly species in different grazing management treatments, which
allowed us to account for differing habitat needs and phenology
(Figure 1). The first species, the silvery blue butterfly (Glaucopsyche
lygdamus; Doubleday, 1841; family Lycaenidae), is distributed
throughout the western US (Pelham, 2021); we worked with the
subspecies G.L columbia (Skinner 1917). Their host species are
members of the Fabaceae family, specifically lupines and vetches.
The adults fly from the end of April to early June in Western
Washington prairies (James and Nunnallee, 2011, pg. 206). The
second species, ochre ringlet (Coenonympha california, Westwood
1851; family Nymphalidae) is also distributed throughout the
western US (Pelham, 2021). Note that C. california’s taxonomy was
recently changed; it was formerly C. tullia (Zhang et al,, 2020). We
worked specifically with the subspecies C.c. eunomia (Dornfeld, 1967)
which is concentrated mainly in the South Salish Sea region (also
known as South Puget Sound). Ochre ringlets are hosted by various
grass species and are bivoltine. The adults fly from early May to mid-
July and from late July to September (James and Nunnallee, 2011,
pg. 326).

We chose six sites in western Washington (Table 1; Figure 2).
Four are part of the South Salish Sea prairie ecosystem in Thurston
County (Colvin Ranch, Riverbend Ranch, Johnson Prairie, and
West Rocky Prairie) and two are part of the Boistfort prairie
ecosystem in Lewis County (Maynard and Mary Mallonee’s
farms). Four sites are grazed as part of active cattle and dairy
farm operations. Of the grazed sites, two (Colvin Ranch and Mary
Mallonee’s farm) are managed according to conservation grazing
strategies, which involve rotational grazing with a spring deferment
period (Farruggia et al., 2012; Ravetto Enri et al., 2017). The other
two (Riverbend Ranch and Maynard Mallonee’s farm), are grazed
according to conventional grazing strategies, i.e. continuous grazing
with no spring deferment period. Rotational grazing is a grazing
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TABLE 1 Sites and their abbreviations belonging to the three
management categories.

Management
Category Sites Management
Conventional Maynard Continuous grazing
Grazing Mallonee’s
farm (MY)
Riverbend Continuous grazing
Ranch (RB)
Conservation Mary Rotational grazing with spring rest
Grazing Mallonee’s
farm (MA)
Colvin Rotational grazing with spring rest
Ranch (CO)
Native Johnson Invasive plant spot and broadcast

Upland Prairie Prairie (JP) treatment
Prescribed fire (approx. 3-5 yr FRI)

Native seeding

West Rocky
Prairie (WR)

Invasive plant spot and broadcast
treatment Prescribed burning (approx.
3-5 yr FRI)

Native seeding

system that moves livestock regularly between paddocks to allow
the plant community to recover between grazing periods.
Continuous grazing is a grazing system that allows the livestock
to have access to the entire pasture throughout the season (Blanchet
et al,, 2000). Both Maynard and Mary Mallonee’s farms fall under
the umbrella of Mallonee Family Farms, which is a certified organic
dairy farm, but they are located on different sites with different
management regimes. The two native upland prairies (Johnson
Prairie and West Rocky Prairie) are both part of the South Salish Sea
prairie ecosystem and are managed with prescribed fire chemical
and manual treatment of invasive plants, and native seeding.
Johnson Prairie is located on Joint Base Lewis McChord and is
owned by the US Department of Defense. West Rocky Prairie is
owned by the Washington Department of Fish and Wildlife.

Butterfly behavior and
movement observations

From April-September 2019, we quantified movement behavior at
sites in different management categories (Table 1). As some of the
grazed sites did not have native populations of the focal species, we
collected individual butterflies from source sites (Supplementary
Information) and transported them to the study site. Each individual
was novel to the study site. To quantify movement behavior, following
methods described by Schultz et al. (2012), we conducted observations
by releasing an individual butterfly and following it for up to 15 distinct
location points, for a maximum of 60 minutes. We chose the release
point by haphazardly selecting a location within the study site as far
from the site borders as possible, but within a resource patch if
available. We recorded the individual’s behavior and marked its
location with a pin flag every 15 seconds. If the butterfly remained in
the same location for more than one 15 second interval, we recorded
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the number of intervals at that location, and waited to place the pin flag
until the butterfly had moved from the location. An individual was
considered to have changed locations once it moved more than 30
centimeters from the previous point, which was based on the accuracy
of our GPS units (15-25 cm). All observers remained at least three
meters away from the butterfly for silvery blues and four meters away
for the more skittish ochre ringlets. After observation, each point on the
individual’s flight path was recorded with a decimeter accuracy GPS
unit (Thales ProMark " 3 April through August 1%, Trimble® Geo 7X
August 1% through the end of the season; decimeter accuracy was
achieved in post processing of the GPS data).

Behavior types recorded included flying, sitting, basking,
nectaring, ovipositing, plant walking, mud puddling, walking (on
the ground), and mating (Schultz, 1998; Sei, 2009). Some behaviors
are sex-specific; only males exhibit mud puddling behavior, and
only females oviposit and plant walk. We recorded which plant
species individuals chose for nectaring, ovipositing, or plant
walking. We randomly selected four location points along each
path using the app Random UX to measure habitat characteristics
(host plants, nectar plants, and vegetation height). Within a meter’s
radius of each point, we measured host plant volume (approximate
width x length x height of each host plant “patch” within the plot)
and counted flowering plant inflorescences. Following standard
protocol for obtaining reliable measures of forage production, we
used a Robel pole (Robel et al., 1970) placed on the center point to
obtain an index of vegetation height. A Robel pole has alternating
numbered bands for estimating the height of visual obstruction by
the vegetation. A higher band number indicated taller vegetation.

Data analysis

We modeled butterfly movement as correlated random walks
following the methods in Kareiva and Shigesada (1983) and Turchin
(2015). We included only successful flight paths in our calculations; a
flight path was considered successful if we recorded at least four distinct
consecutive location points and we did not detect effects of the
observer’s presence on butterfly behavior (e.g. angling their bodies to
“hide” from the observer or evasive flight patterns). To analyze our
flight path data, we first calculated the step lengths (distance between
points within a path) and turning angles (deviation from the straight
line) from our GPS data. Butterfly behavior can differ within habitat as
compared to habitat boundaries; previous studies have shown that this
change occurs within approximately 10-15 meters of habitat
boundaries (Haddad, 1999; Schultz and Crone, 2001; Ross et al.,
2005; Crone and Schultz, 2008; Schultz et al,, 2012). As our goal was
to assess within-habitat (i.e. within site or management type) behavior,
we used ArcMap Pro version 2.9 to create a 10 m buffer around all
pasture and prairie boundaries. All points and their associated step
lengths and turning angles that intersected the buffer were removed
from the following calculations, while retaining the path. We calculated
the within-habitat expected net squared displacement and the diffusion
rate (Supplementary Information) of each observed individual (Kareiva
and Shigesada, 1983; Turchin, 2015, pgs. 102, 139). Diffusion rate is a
metric that is derived from step lengths, turning angles, and time in
flight (Turchin, 2015, pgs. 102, 139); it is important to consider both
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Map of study sites, located in western Washington State.
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the direct measures of movement behavior and the diffusion coefficient
because they may show different patterns of movement responses (e.g.
Pugesek and Crone, 2022).

Effect of grazing management on butterfly
movement behavior

We used similar methods for silvery blues and ochre ringlets. We
fitted linear mixed models and generalized linear mixed models to
examine differences in movement parameters by management type and
sex. Preliminary data exploration showed potential side effects on
silvery blue movement parameters. We log transformed move
lengths to approximate normality and then used a linear mixed
model (LMM) to evaluate them in relation to management type, sex,
and an interaction between sex and management type. We also
included a random effect of individual to account for
pseudoreplication associated with repeated measurements of the
same individual and a random effect of site. To assess turning angles
as a measure of the tortuosity of the observation path (Turchin, 2015),
we first calculated the cosine of the turning angles, which allowed us to
assess how often individuals changed direction. More frequent
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direction reversals result in higher tortuosity (Turchin, 2015). Typical
LMMs cannot be used with circular data (Schultz et al., 2012), so we
scaled the cosine turning angles between zero (representing a 180°

reversal in movement direction) and one (representing a completely

straight line in movement direction) and logit transformed the

resulting scaled cosines to approximate normality (Brown et al,
2017; Warchola et al,, 2017). We used an LMM to assess the logit
transformed scaled cosine of the turning angles in relation to

management type, sex, and an interaction between sex and
management type (Brown et al, 2017; Warchola et al, 2017). As
above, we included random effects of individual and site. The step

length and turning angle LMMs were fitted using restricted maximum

likelihood (REML).

To evaluate diffusion rates, we used a generalized linear mixed

model (GLMM), with diffusion rates as the response variable; sex,

management type, and an interaction between sex and management

type as fixed effects; and site as a random effect. We did not need to

include a random effect of individual as diffusion rate is a path-level

measurement and there was only one measurement of diffusion rate

per individual. We used a gamma distribution with a log link for the

05
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response variable because the diffusion rates are bound by zero and
infinity but have a greater mass towards zero. To assess whether
there were differences in step lengths, turning angles, and diffusion
rates across management types and between sexes, we compared
estimated marginal means (Searle et al., 1980).

We followed similar procedures for ochre ringlet analysis.
However, we were unable to include ochre ringlet females in the
analysis due to low sample size per management type and site
(Table 2). Therefore, the models used a similar framework to the
silvery blues but used only male data and excluded female data. In
addition, though ochre ringlets are bivoltine, we did not account for the
two flights in the analysis due to low sample sizes in the second
flight (Table 2).

Results are reported according to the framework in Muff et al.
(2022), which describes relationships as having strong evidence,
moderate evidence, or weak evidence according to the range of p-
values as a “gradual language of evidence” rather than using an
arbitrary cutoff value for statistical significance. In accordance with
Muff et al. (2022), we report p-values between approximately 1 and 0.1
as having little or no evidence; p-values between 0.1 and 0.05 as weak
evidence, between 0.05 and 0.01 as moderate evidence, between 0.01
and 0.001 as strong evidence, and <0.001 as very strong evidence.

Resource impacts on butterfly
movement behavior

To assess the effects of habitat characteristics on butterfly
movement behavior, we used partial least squares regression
(PLSR; Wold, 1975). PLSR extracts latent factors that best
explain, or maximize, the covariance between the explanatory and
response variables (Chong and Jun, 2005; Carrascal et al., 2009).
PLSR is more appropriate than traditional methods such as multiple
regression or principal components analysis to assess multiple
correlated explanatory variables in relation to the response
variable (Chong and Jun, 2005; Carrascal et al., 2009; Scott and
Crone, 2021). Several of our explanatory variables were correlated;
Vicia sativa and Lupinus spp. can be both host and nectar plants for

10.3389/fevo.2023.1162060

silvery blues, so host volume measurements and nectar
inflorescence counts are correlated for those species.

For silvery blue butterflies, we fitted a PLSR model with
diffusion rates as the response variable and potential nectar
species, potential host species, site, and sex as explanatory
variables. We selected potential nectar and host species for
inclusion in the model based on whether we observed individual
butterflies attempt nectaring or oviposition on that species at least
once during the 2019 flight period. Of the three sites on which large
perennial lupines were present, Lupinus oreganus was found only
on one site (Mary Mallonee’s farm), while a related species, L.
albicaulis, was found on both other sites. To account for this, we
combined L. oreganus and L. albicaulis nectar counts and host
volume measurements to model them as Lupinus spp. nectar and
Lupinus spp. host volume. PLSR centers the data as part of the
algorithm (Mevik and Wehrens, 2007). The predictor variables were
scaled by dividing each variable by its standard deviation. We
validated the model using leave-one-out (LOO) cross validation.
We assessed statistical significance of the components based on the
minimum value of the root mean square error in the projection
(RMSEP), and on the percentage of variation in the diffusion rates
explained by each component (Supplementary Information)
(Chong and Jun, 2005; Carrascal et al., 2009).

We followed the same approach for ochre ringlets, with the
following differences. First, instead of using individual grass species
for host availability, we used the median Robel index number per path
as a proxy for vegetation height and therefore amount of grass
available. We were able to include female ringlet paths for this
analysis, but we were unable to account for site due to the limited
number of female paths on some sites (Table 2).

We assessed the effects of our predictor variables through two
complementary methods: variable importance in the projection (VIP)
and the regression coefficients (Chong and Jun, 2005). VIP qualitatively
assesses the importance of each variable using the vector of loading
weights on the components (Mchmood et al, 2012). Generally, a
variable is considered important if the VIP value is above 1, though
values above 0.8 may be marginally important (Mehmood et al., 2012).

TABLE 2 The total number of successful observations and steps by species and sex per site.

Ochre ringlets

Silvery blue butterflies

Female Male
Management Type Early Late Early Late
Conventional Grazing Riverbend Ranch 2(23) 1(7) 4(25) 1(13) 6 (30) 3(21)
Maynard Mallonee’s Farm 1(13) 2 (19) 5 (63) 0 (0) 5 (52) 4 (45)
Conservation Grazing Mary Mallonee’s Farm 1(13) 1(4) 109 3(22) 5(51) 5 (34)
Colvin Ranch 1(6) 1(5 5 (55) 3(18) 6 (31) 5 (43)
Native Upland Prairie Johnson Prairie 2 (10) 1(11) 5 (67) 4(29) 6 (31) 5 (61)
West Rocky Prairie 3(29) 2 (13) 4(43) 3(23) 5 (56) 5 (48)
Total per sex per species 10 (94) 7 (59) 24 (262) 14 (105) 33 (251) 27 (252)

Number of individuals are listed in regular text and total steps across individuals in parentheses. Steps are summed across individuals within the grouping and do not include any steps within the
buffer zone. Ochre ringlets are further separated by the flight period in which the observation was collected. The early flight ran May-July and the late flight ran July-September. Silvery blue
butterflies have only one flight period (May), so the data are not separated by flight period.
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We used the regression coefficients to interpret the direction and
magnitude of the effect of the predictor variables on butterfly
diffusion rates.

Package list

All analyses were completed in R version 4.2.1 (R Core Team 2022).
We used the following packages: moveHMM version 1.9 (Michelot et al.,
2016) for calculating move lengths and turning angles; Irme4 version 1.1-
30 (Bates et al., 2015) for LMMs and GLMMs; emmeans version 1.8.1-1
(Lenth, 2022) for estimated marginal means; DHARMa version 0.4.6
(Hartig, 2022) for model diagnostics; pls version 2.8-1 (Liland et al., 2022)
and plsVarSel version 0.9.8 (Mehmood et al, 2012) for partial least
squares regression; and Tidyverse 1.3.2 (Wickham et al, 2019) for data
processing and figure generation.

Results

We obtained 116 successful butterfly flight paths throughout
the season, with 61 silvery blue and 55 ochre ringlet observations
(Table 2). Our initial tally included 124 flight paths, but we excluded

10.3389/fevo.2023.1162060

five male ochre ringlet paths where the GPS failed to record data;
two male silvery blue paths that contained too many points in the
border buffer zone to allow for diffusion rate calculations; and one
silvery blue female whose field notes indicated that we had affected
her behavior. Our observations lasted an average of 16.0 minutes for
silvery blue females (ranged 1 min to 60 mins) and 14.2 minutes for
silvery blue males (range: 1-58 min). We observed ochre ringlet
females for an average of 36.8 minutes (range: 2.5-60 mins) and
males for 12.4 minutes (range: 1.3-60 mins). Across all sites and
management types, we calculated a median diffusion rate of 3.7 m*/s
(range: 0.4-17.7 m?/s) for silvery blue males and 2.3 m?/s (range:
0.1-25.6 m?/s) for silvery blue females. We calculated a median
diffusion rate of 3.9 m®/s (range: 0.2-32.8 m’/s) for ochre ringlet
males and 2.4 m?/s (range: 0.2-14.4 m?/s) for ochre ringlet females.

Effect of grazing management on butterfly
movement behavior

Silvery blue butterflies

Males and females differed in their responses to management
types in terms of step lengths and diffusion rates (Table 3;
Figures 3A, C; Supplementary Information Table 1). There was

TABLE 3 Results from silvery blue estimated marginal means comparison of step lengths, turning angles, and diffusion rates.

Movement
Contrast Females
Parameter
Est. SE d.f. t ratio P Est. SE d.f. t ratio P
Step length Native Prairi 0.045
ep lengths ative Prairie/ ~1.269 0.446 412 -2.844 ~0219 0.460 462 | 0476 0.656
Conventional gr. (Mod.)
i . .091
Conservation gr./ ~0.972 0.446 412 -2179 0.09 0.097 0.466 4.86 0.208 0.843
Conventional gr. (Weak)
Conservation gr./
) . 0.297 0.446 4.12 0.666 0.541 0.316 0.448 417 0.706 0.518
Native Prairie
Est. SE d.f. t ratio P Est. SE d.f. t ratio P
Cos turning angles Native Prairie/
) -0.393 0.727 7.16 ~0.540 0.605 -1.359 0.767 8.27 -1.773 0.113
Conventional gr.
Conservation gr./
i -0.18 0.726 7.16 -0.248 0.811 -1.228 0.801 9.75 -1.534 0.157
Conventional gr.
Conservation gr./ 0213 0.732 7.33 0.290 0.780 0.131 0.726 7.16 0.181 0.862
Native Prairie
Ratio SE d.f. Z ratio P Ratio SE d.f. Z ratio P
Diffusion rates Native Prairie/ 0.224 0.104 - 3223 0-001 0.936 0.478 - —0130 0.897
Conventional gr. (Strong)
Conservation gr./
) 0.588 0.276 - -1.131 0.258 1.088 0.574 - 0.160 0.873
Conventional gr.
Conservation gr./ 2.622 1.26 2.005 0-045 1.163 0.560 0313 0.754
Native Prairie : ) ! (Mod.) ’ ’ ’ ’

P values are labeled with their corresponding evidence level according to Muff et al. (2022). If no level is labeled, there was no evidence of a difference between the categories. Est. refers to the
estimate of the difference in means between the management types. The estimate is on the scale of the transformed data (log step lengths and logit of the scaled cosine turning angles). For
GLMMs, the model computes the ratio of the comparison, instead of the difference between the categories. SE refers to standard error of the mean, and d.f. refers to degrees of freedom. Step length
and turning angle degrees of freedom were calculated with the Kenward-Roger method. We do not provide d.f. for diffusion rates due to the difficulty of estimating d.f. in GLMMs with small
sample sizes in R (Bolker et al,, 2009). Bold text indicates at least weak levels of evidence.
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strong evidence that female diffusion rates were lower in native
prairie than conventional grazing, moderate evidence that diffusion
rates were lower in native prairie than in conservation grazing, and
no evidence that diffusion rates differed between conservation and
conventional grazing (Table 3; Figure 3C). There was moderate
evidence that females took shorter steps in native upland prairie
than conventional grazing, while there was weak evidence that their
step lengths were shorter in conservation grazing than conventional
grazing and no evidence that their step lengths differed between
conservation grazing and native upland prairie (Table 3; Figure 3A).
Males did not differ in their move lengths or diffusion rates between
management types (Figures 3A, C). We did not observe differences
between sex or management type in terms of the logit transformed
cosine turning angles (Table 3; Figure 3B).

Ochre ringlets

There was no evidence of an effect of management type on
ochre ringlet male step lengths, cosine turning angles, or diffusion
rates (Table 4; Figures 4A-C; Supplementary Information Table 2).
Their behavior was similar across all management types.

10.3389/fevo.2023.1162060

Resource impacts on butterfly
movement behavior

Silvery blue butterflies

We observed 40 flower species in bloom across the six sites
throughout the silvery blue butterfly flight season (Supplementary
Information Table 3). We observed silvery blues nectaring or
attempting to nectar on thirteen species (Table 5; Figure 5A). We
observed oviposition and plant walking behavior from a total of 11
individuals. Three females showed oviposition and plant walking
behavior at Johnson Prairie; three females oviposited and plant
walked and an additional two individuals plant walked at Mary
Mallonee’s farm; and one individual oviposited, one oviposited and
plant walked, and one individual plant walked at West Rocky
Prairie. Host plant availability differed greatly across the six sites
(Figure 5B). Though Vicia sativa is a potential host plant, all
oviposition and plant walking behavior during our observations
occurred on large perennial Lupinus spp. (L. oreganus and L.
albicaulis). We saw only one instance of an individual exhibiting
plant walking behavior on V. sativa, at Riverbend Ranch, which

A Mean Step Lengths Mean Scaled Cosine Turning Angles
16 —_ 1.0
. I A
308
12 3
—_ L
S )
=" 9056
=) <<
=
g ° 2
E— 6 504
@ '
i 5
8 0.2
2
0 0.0
Conventional Conservation Native Upland Conventional Conservation Native Upland
Grazing Grazing Prairie Grazing Grazing Prairie
C P
Mean Diffusion Rate
14
12 o
@10
~
E
2 8 Sex
©
o < Female
'5 6 < Male
3
E
a 4 1
2 o I
0
Conventional Conservation Native Upland
Grazing Grazing Prairie

FIGURE 3

Silvery blue movement parameters by management type and sex. All error bars represent bootstrapped 95% prediction intervals. Female movement
parameters are in yellow and male movement parameters are in blue. (A) Mean step length in meters. (B) Mean scaled cosine of the turning angles.
Cosine turning angles were scaled between 0 (180° reversal) and 1 (straight line). (C) Mean diffusion rate in meters squared/second.
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TABLE 4 Results from ochre ringlet male estimated marginal means comparison of step lengths, turning angles, and diffusion rates.

Movement Parameter Contrast

Est. SE d.f. t ratio p
Step lengths Native Prairie/Conventional gr. 0.135 0.416 291 0.184 0.865
Conservation gr./Conventional gr. 0.079 0.431 3.24 0.184 0.865
Conservation gr./Native Prairie -0.056 0.414 2.76 -0.136 0.902

‘ ‘ Est. SE d.f. t ratio P
Cos turning angles Native Prairie/Conventional gr. 0.304 0.577 2.78 0.526 0.638
Conservation gr./Conventional gr. -0.630 0.643 3.43 -0.980 0.391
Conservation gr./Native Prairie -0.933 0.566 2.09 -1.650 0.235

‘ ‘ Ratio SE d.f. Z ratio Je)
Diffusion rates Native Prairie/Conventional gr. 1.269 0.599 - 0.505 0.614
Conservation gr./Conventional gr. 1.141 0.618 - 0.244 0.807
Conservation gr./Native Prairie 0.899 0.497 - -0.192 0.848

Est. refers to the estimate of the difference in means between the management types. The estimate is on the scale of the transformed data (log step lengths and logit of the scaled cosine turning
angles). SE refers to standard error of the mean, and d.f. refers to degrees of freedom. Step length and turning angle degrees of freedom were calculated with the Kenward-Roger method. We do
not provide d.f. for diffusion rates due to the difficulty of estimating d.f. in GLMMs with small sample sizes in R (Bolker et al, 2009).
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FIGURE 4

Male ochre ringlet movement parameters by management type. All error bars represent bootstrapped 95% prediction intervals. (A) Mean step length
in meters. (B) Mean cosine of the turning angles. Cosine turning angles were scaled between 0 (180° reversal) and 1 (straight line). (C) Mean diffusion
rate in meters squared/second.
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TABLE 5 Silvery blue nectaring observations, time spent, and percent
time nectaring on each plant species.

Number of Time spent
Nectar nectaring nectaring Percent
species observations (minutes) time (%)
Camassia 44.0 50.87
quamash 176
Cerastium 0.5 0.58
arvense 2
Collinsia 0.75 0.87
parviflora 3
Geramium 1.0 0.58
molle 4
Geranium 0.25 0.87
dissectum 1
Leucanthemum 10.75 12.43
vulgare 43
Lupinus 2.25 2.60
albicaulis 9
Myosotis 1.25 1.45
discolor 5
Microsteris 0.25 0.29
gracilis 1
Trifolium 9.75 11.27
repens 39
Trifolium 0.5 0.58
subterraneum 2
Vicia sativa 40 10.0 11.56
Viola adunca 18 4.5 5.20
Total 343 85.75 100

A nectaring observation was defined as an attempt at probing the flower with the proboscis at
the 15 second interval. The entire interval was assigned to that plant species.

occurred after the observation had already ended. The individual
left the plant without laying an egg.

Our silvery blue PLSR results and model validation
(Supplementary Information) indicated that the first two
components were significant and cumulatively accounted for
54.25% of the variation in silvery blue diffusion rates (Rz; 46.65%
and 7.60% respectively). Our VIP results and regression coefficients
indicated that the sites Riverbend Ranch (conventional grazing) and
West Rocky Prairie (native upland prairie) had strong but opposite
effects on silvery blue diffusion rates; diffusion rates were higher at
Riverbend than West Rocky Prairie (Figures 6A-C). Riverbend had
the highest VIP value and largest regression coefficients in the
model (Figures 6A-C). Lupinus spp. volume and nectar count as
well as V. sativa nectar count also had high VIP values and were
associated with lower diffusion rates (Figures 6A-C). V. sativa host
volume and most nectar species had little influence on silvery blue
diffusion rates, with a few exceptions. C. parviflora and L. vulgare
nectar counts both had high VIP values and were associated with
higher diffusion rates (Figures 6A-C). Despite 50% of silvery blue
nectaring behavior taking place on Camassia quamash (Table 5), C.
quamash had little effect on diffusion rates (Figure 6C). V. sativa
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nectar and host measurements were less closely associated with each
other than Lupinus spp. nectar and host measurements were
(Figure 6D). Both components were loosely associated with a
gradient of diffusion rates. Lupinus spp. host and Lupinus spp.
nectar were associated with lower diffusion rates on both
components. Variables such as site (Riverbend), which is a
conventional grazing site, and L. vulgare were associated with
higher diffusion rates on Component 1. On Component 2, site
(Maynard Mallonee’s farm), which is the other conventional
grazing site, was associated with higher diffusion rates (Figure 6D).

Ochre ringlets

We observed 37 flower species in bloom across both ochre
ringlet flight seasons (Supplementary Information Table 4). We
observed ochre ringlets nectaring or attempting to nectar on 11
different species throughout both seasons (Table 6; Figure 7). L.
vulgare and Daucus carota were the two most used nectar species
(Table 6). We observed three females exhibiting oviposition
behavior, one of which was on Carex inops, and the other two on
thatch. We also observed plant walking behavior from four other
individuals, all of which was spent crawling around in thatch near
the base of plants. Ringlet female oviposition and plant walking
behavior occurred in all three management types.

The ochre ringlet PLSR model was unstable because there was
too little variation in the model; we were unable to use LOO to
validate our model. Therefore we are unable to report the results of
the ochre ringlet PLSR.

Discussion

Animal movement behavior has been used in many contexts to
evaluate aspects of habitat or habitat quality (e.g. Dumont et al.,
2007; Korosi et al., 2008; Dias et al., 2009; Dodge et al., 2014; Crone
et al., 2019; Murphy and Boone, 2022; Pugesek and Crone, 2022);
however, studies of butterfly movement have rarely been applied to
evaluate habitat under grazing management (Bussan, 2022; but see
Schtickzelle et al., 2007; Ehl et al.,, 2019). We quantified within-
habitat diffusion rates to understand butterfly perceptions of habitat
quality in conventional grazing, conservation grazing, and native
upland prairie. We conclude that there is potential for conservation
grazing to contribute to habitat in the landscape for native
butterflies as long as pastures are managed to encourage diverse
plant communities and important resources for focal species.

Effect of grazing management on butterfly
movement behavior

Animals take shorter steps, larger turning angles, and have smaller
diffusion rates in habitats that they perceive as high quality (Crone
et al,, 2019). This pattern has frequently been observed in butterflies;
many studies have found evidence that butterflies have higher diffusion
rates (Schultz, 1998; Fownes and Roland, 2002; Ovaskainen, 2004; Ross
et al., 2005; Brown et al., 2017; Schultz et al., 2017; Warchola et al.,
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(A) Sampled silvery blue nectar species inflorescence count summed by site over the flight season. Nectar inflorescences were sampled on a path
scale. (B) Sampled silvery blue host volume measurements summed by site in m*. Host volume was sampled on a path scale.

2017), longer steps (Stanton, 1982; Fownes and Roland, 2002; Ross
et al,, 2005; Brown et al., 2017; Schultz et al., 2017) and smaller turning
angles in matrix or lower quality habitats than in high quality habitats
(Brown et al., 2017; Schultz et al., 2017; Warchola et al., 2017). Our
observed median diffusion rates for both species within habitat types
were comparable to other similar studies. For example, Schultz et al.
(2017) observed lycaenids of similar size to silvery blues (25-30 mm
wingspan) to have diffusion rates approximately 0.1-6.9 m/s in field
margins with good nectar resources, 0.1-2.6 m*/s in seminatural
habitats, and 1.4-15.1 m?/s in agricultural fields. The authors
observed slightly higher diffusion rates for nymphalids than we
observed for ochre ringlets, but the nymphalids in their study were
slightly larger (> 40 mm wingspan compared to 35 mm ochre ringlets)
and wing span is strongly correlated with diffusion rate (Schultz et al,,
2017). They observed nymphalid species to have median diffusion rates
approximately 6.7-48.3 m®/s in field margins, 1.5-14.3 m?/s in
seminatural grasslands, and 2.77-12.95 m?/s in agricultural fields.

In our study, male and female silvery blues differed in their
responses to management type; female diffusion rates and step
lengths differed among management types, while males did not
differ in any movement parameter between management types.
Female silvery blue turning angles did not differ among habitat
types, though they still exhibited area restricted search behavior
through reduced step lengths and lower diffusion rates in native
upland prairie (Dorfman et al., 2022). Female diffusion rates and
step lengths were highest in conventional grazing and lowest in
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native upland prairie, suggesting that females exhibited area
restricted search more often in native upland prairie (Dorfman
et al,, 2022; Pugesek and Crone, 2022) and perceived prairie as
higher quality habitat than conventionally grazed pastures (Crone
et al, 2019). This is likely because of the higher host plant
availability in native prairie than conventional grazing (see
Discussion: Resource impacts on butterfly movement behavior
below). Many other studies have found that female butterflies
have lower diftusion rates and step lengths in high quality habitat,
which is often characterized by high host plant availability (Root
and Kareiva, 1984; Schultz, 1998; Schultz et al., 2012; Brown et al.,
2017; Warchola et al., 2017).

Female diffusion rates were higher in conservation grazing than
native upland prairie, while female step lengths were lower in
conservation grazing than conventional grazing. These results
suggest that female silvery blues perceived the conservation
grazing sites as intermediate quality between conventional grazing
and native upland prairie (Crone et al., 2019; Schultz et al., 2019). In
highly fragmented, human dominated landscapes, it may not be
possible to provide enough high quality habitat on reserves to
maintain species populations. Other studies have shown that
intermediate quality habitat can still contribute to resource
availability and increase animal populations in the landscape. For
example, Kahara et al. (2022) found that each 100 ha increase in
intermediate quality habitat over poor quality in California’s
Central Valley resulted in 86 more mallards (Anas platyrhynchos)
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using the habitat. In addition, models accounting for the presence of
intermediate habitat in addition to low and high quality performed
better than models accounting for only low and high quality
(Kahara et al., 2022). Our results provide support for the
importance of intermediate quality habitat and the importance of
providing this outside of reserves; female silvery blues still
oviposited and took shorter step lengths in conservation grazing
than conventional grazing, though this was heavily dependent on
the resources present (see Resource impacts on butterfly
movement behavior).

Both silvery blue males and ochre ringlet males showed little
difference in any movement parameter between management types,
which is unsurprising. Male butterflies are often less sensitive to
habitat than females because of differing behavioral traits (Fischer
et al,, 1999). Males tend to focus on finding mates, while female
butterflies must oviposit and are therefore usually more closely
associated with their host plants (Rusterholz and Erhardt, 2000;
Fischer and Fiedler, 2001; Schultz et al., 2012). We were unable to
obtain enough female ochre ringlet observations to include them in
the grazing management analysis, but their median diffusion rates
across all sites were also lower than the median male diffusion rates.
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It is likely that if ochre ringlets do respond in terms of their
movement behavior to differences in habitat quality between
management types, the response would be driven by the females
(Rusterholz and Erhardt, 2000; Fischer and Fiedler, 2001; Sei, 2009).

We tested butterfly diffusion rates under different types of
grazing management. Rotational grazing is frequently
recommended as a way to improve habitat heterogeneity and
therefore butterfly community diversity in the landscape (e.g.
Balmer and Erhardt, 2000; Poyry et al., 2004; WallisDeVries et al.,
2016), yet little attention has been paid in the literature to
quantitatively testing the effects of continuous and rotational
grazing on butterfly populations or communities (Bussan, 2022).
Ravetto Enri et al. (2017) found “biodiversity-friendly” cattle
grazing systems, or rotational grazing with a rest period for one
paddock during the main flowering period, to have positive effects
on butterfly abundance, richness, and flower cover. However, an
important confounding factor is stocking rate. Farruggia et al.
(2012) compared rotational grazing with a rest period for one
paddock to continuous grazing at low and high stocking rates. At
low stocking rates, there was little difference in butterfly species
richness or abundance between management types, but at high
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TABLE 6 Ochre ringlet nectaring observations, time spent, and percent
time nectaring by plant species.

Number of Time spent
Nectar nectaring nectaring Percent
species observations (minutes) time (%)
Achillea 2.0
millefolium 8 0.76
Capsella 0.25
bursa-pastoris 1 0.10
Crepis capillaris 1 0.25 0.10
Cytisus 1.25
scoparius 5 0.48
Daucus carota 364 91.00 35.88
Hypochaeris 3.25
radicata 13 1.28
Leucanthemum 126.75
vulgare 507 50.00
Lomatium 11.75
triternatum 47 4.49
Ranunculus 6.75
occidentalis 27 2.58
Solidago spp. 23 5.75 2.20
Trifolium 4.0
repens 16 1.53
Total time 1013 253.25 100

A nectaring observation was defined as an attempt at probing the flower with the proboscis at
the 15 second interval. The entire interval was assigned to that plant species.

stocking rates, richness and abundance was higher in rotational
grazing than continuous. In our study, there was some evidence that
silvery blue females did perceive rotational grazing with a spring
rest period (conservation grazing) as higher quality than
conventional grazing.

Both silvery blue butterflies and ochre ringlets are common,
relatively generalist species. As a result, they may not react as
strongly to differences between sites and management types as a
more sensitive species (Murphy et al,, 2011; Henry et al,, 2019).
Even our “conventional” grazing pastures did not cover the full
range of grazing practices in the region, as producers willing to
allow access to their land for butterfly experiments were already
interested in conservation. Two grazed sites in the experiment were
certified organic farms (Mary and Maynard Mallonee’s farms), and
the other two, regardless of grazing strategy, use little to no
pesticides, which is not the case at all farms and ranches in the
region. All four grazed sites maintain a minimum stubble height of
three inches (7.6 ¢cm) in accordance with accepted sustainable
grazing practices for the region (Fransen et al., 2017). It is
possible that we may have seen more of a contrast in movement
rates if we had access to pastures that were grazed more heavily or
used pesticides.
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Resource impacts on butterfly
movement behavior

The impact of cattle grazing on butterflies is mediated by
grazing effects on resources (host plants and nectar plants)
(Kruess and Tscharntke, 2002; Schtickzelle et al., 2007; van Klink
et al, 2015). Consistent with many previous studies on animal
movement (e.g. Zalucki and Kitching, 1982; Kuefler and Haddad,
2006; Dumont et al., 2007; Dias et al., 2009; Avgar et al., 2013;
Dodge et al., 2014; Murphy and Boone, 2022), we observed strong
effects of resource availability on the path scale on butterfly
diftusion rates. Here we discuss mainly silvery blue diffusion rate
responses to resources, since we were unable to include the results
of the ochre ringlet PLSR model due to poor model fit.

Host plant availability had strong effects on silvery blue
diffusion rates. As in previous studies on lycaenid movement (e.g.
Schultz, 1998; Schultz and Crone, 2001; Schultz et al., 2012;
Warchola et al, 2017), silvery blue female diffusion rates were
strongly associated with their host plants. Greater availability of
their preferred host plants (large perennial Lupinus spp.) on a flight
path resulted in slower silvery blue diffusion rates, indicating that
when host plants are present, individuals perceive habitat as higher
value (i.e. resource-rich). Despite being hosted by a variety of
Fabaceae species throughout the Pacific Northwest (Pyle and
LaBar, 2018, pg. 235), silvery blue females only oviposited on
large Lupinus spp. in our observations. This clear preference for
Lupinus spp. was reflected in the PLSR model, as V. sativa host
measurements had a low VIP value, while Lupinus spp. host
measurements had a high VIP value and were associated with
lower diffusion rates. Both native upland prairie sites (lowest
diffusion rates and step lengths) and one conservation grazing site
(Mary Mallonee’s farm) had large perennial Lupinus spp. present,
while both conventional grazing sites (highest diffusion rates and
step lengths) and the other conservation grazing site (Colvin Ranch)
did not. We observed oviposition and plant walking behavior by
silvery blue females on both the native prairies and on Mary
Mallonee’s farm, but not on the other sites. This suggests that
management for butterflies under cattle grazing should focus on
improving plant community diversity to provide host plants for a
variety of species, as well as adding specific host plants for
focal species.

Lupinus spp. plants are often considered to be undesirable by
farmers and ranchers as they are toxic to cattle and may cause
pregnant cows to abort their fetuses (Panter et al., 2002). However,
cattle generally will not eat Lupinus spp. unless their other forage
has been depleted (Lopez-Ortiz et al., 2007), and we observed cattle
to remove individual grass leaves from under Lupinus plants
without touching the plant itself (Bussan, pers. observation).

Adult butterflies are usually nectar generalists (Graves and
Shapiro, 2003), though they may still exhibit preferences for some
plant species over others (Thomas and Schultz, 2016). We observed
silvery blues to frequently use the native plant C. quamash in our
nectar observations, although this was not reflected in the diffusion
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Sampled ringlet nectar species inflorescence count summed by site over both flight seasons. Nectar inflorescences were sampled on a path scale.

rates in our PLSR model. Nonnative plants can provide valuable
resources for butterflies in degraded landscapes (Graves and
Shapiro, 2003; Hardy and Dennis, 2008). V. sativa, a nonnative
plant, was associated with lower diffusion rates for silvery blue
butterflies and therefore higher perceived habitat quality. V. sativa
was often one of the few nectar species available on grazed sites. We
observed ochre ringlets to nectar mainly on D. carota and L.
vulgare. D. carota was one of the few late season nectar plants
available on our sites, demonstrating the importance of nectar
through the full butterfly flight season. There are relatively few
late season nectar species available in the landscape in western
Washington (Bowcutt and Hamman, 2016). Nectar is important for
other ringlet species as well: Sei (2009) observed that maritime
ringlet (Coenonympha nipisquit) females nectared more often in
areas with a high larval survival rate, though it was unclear if the
nectar was a causal factor in the larval survival rate. Silvery blues
and ochre ringlets nectared on mostly different species, even in parts
of their flight period that overlapped, highlighting both the
importance of understanding the biological needs of individual
species, and of providing a variety of resources through
heterogeneous management in the landscape (Dennis, 2004;
Dennis et al., 2006; Jerrentrup et al., 2014; Joubert-van der Merwe
et al.,, 2019).

Grazed pastures may have potential to act as corridors between
native prairie reserves. Butterflies are known to reach higher
densities in habitat patches connected by corridors than patches
that are unconnected (Haddad and Baum, 1999; Haddad and
Tewksbury, 2005). Butterflies move faster in matrix habitat
(Haddad and Tewksbury, 2005; Brown et al., 2017; Schultz et al,,
2017; Crone et al., 2019) so providing a series of “stepping stones”
with important resources between reserves could increase
connectivity in fragmented landscapes (Schultz, 1998). We
speculate that conservation grazing pastures, as potential
providers of intermediate habitat quality, may act as both habitat
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and valuable stepping stones for migration between high quality
native prairies in the highly fragmented landscape of
western Washington.

Diftusion rates are an integrated method used in the current
literature for comparing incidence of area restricted search across
habitats or management types (Pugesek and Crone, 2022); lower
diffusion rates indicate a higher incidence of area restricted search
behavior, which in turn indicates perception of high habitat quality
(Crone et al,, 2019). The analysis of movement behavior can provide
more reliable estimates of habitat quality than occupancy or abundance
data (Winker et al,, 1995). Movement parameters such as step lengths,
turning angles, and diffusion rates are often used to discriminate
between “habitat” and “non-habitat” (i.e. matrix habitat, with border
habitat as a third option) (e.g. Schultz, 1998; Ross et al., 2005; Murphy
and Boone, 2022). We applied diffusion rates as a more sensitive
indicator of habitat quality on a fine scale and show that conservation
grazing may be an important source of intermediate quality habitat in
the landscape. However, it is important to note that our study
measured only butterfly behavioral response to potential habitat
quality, and makes the assumption that differences in movement
parameters indicate differences in quality (Crone et al, 2019). In
addition, our analysis assessed mainly external effects on butterfly
movement, and did not take into account internal factors (see Nathan
et al,, 2008 for further discussion), such as butterfly age or body mass.
We did classify wing wear as a proxy for age, but were unable to include
it in the analysis due to limited sample size and the fact that it is
confounded by changes in the plant community as the season
progresses. Future studies should measure vital rates of butterflies
under different grazing management strategies to directly measure
habitat quality (Schultz et al., 2019). Demographic studies would
indicate whether conservation grazing has the potential to become
an ecological trap (Schlaepfer et al., 2002) by attracting females to lay
eggs, only to face reduced larval survival due to trampling or other
effects of cattle grazing.
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Implications for conservation of
native butterflies

We conclude that there is potential for grazed land to contribute
to butterfly habitat in the landscape, though prairie refugia should
be maintained for sensitive species. Grazed habitats may be able to
contribute to butterfly habitat if important resources, especially host
and nectar plants, are available. Therefore, to support a wide range
of butterfly species, grazing practices that support the greatest
diversity of host plants should be encouraged, such as rotational
grazing with a spring rest period (Ravetto Enri et al., 2017). While
the TUCN recommends that 30% of the world’s ecosystems be
conserved by 2030 (IUCN, 2022), protected conservation areas
alone are not enough to achieve this goal (Watson et al,, 2014;
Butchart et al., 2015). Incorporating conservation grazing into the
agricultural landscape will be an important tool to conserve native
species in light of accelerating habitat and biodiversity loss.
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