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CHAPTER 1. INTRODUCTION
This dissertation examines ecological weed cottydhe prairie deer mouse
(Peromyscus maniculatus bairdii). It is designed to understand the history, copiaary
challenges, and future prospects for the contrale#ds with the aid of small mammal seed

predation.

1.1 Corn-Soybean Agriculture

Corn-soybean agriculture, the annual rotation ohgdanted as a monoculture and
then soybean planted as a monoculture, in the Mithuwe US involves intensive use of
chemical and mechanical management to reduce veeedshaintain soil fertility. Some
consequences of this management strategy areghefibiodiversity (number of species),
increased nutrient (nitrogen, phosphorous, andnicgaatter) loss from fields, and the
origin of herbicide tolerant weeds (weeds whichabke to grow and produce seed when
sprayed with chemicals intended to kill them). Hoer new strategies provide a means to
ameliorate some of these negative effects and pee®vices that benefit society. One such
strategy is multifunctional agriculture, which protas the management of non-crop services,
such as clean water, in conjunction with the préidacof commodities such as corn and

soybean.

1.2 Wildlifein Agriculture
While most common wildlife in the Midwest may irdet with corn-soybean
agriculture at some point during the year, no \wete is as abundant and persistent in this

system as the prairie deer mouse. It has long ke&wn that small mammals are common



residents of corn-soybean agriculture, and thatgel proportion of their diet consists of
waste grain (corn and soybean) and weed seedsdbtipgr 1978). It has also been clear that
prairie deer mice are the most abundant and patbmtialuable small mammal in these
intensive agricultural systems (Whitaker 1966, Kknd Young 1986, Cardina et al. 1996,
Williams et al. 2009). However, these studies Hawad conflicting results regarding the

diet and weed control efficacy of this species. fdtlewing suite of studies is designed to
address the origins, ongoing conflicts, and poééfiiture efficacy of deer mouse

management for the control of weed populations.

1.3 Dissertation Organization

1.3.1 Evolution of Jaw Mor phology

It is clear from a multitude of studies that padeer mice are well-adapted to the
corn-soybean rotations of the Midwestern UnitedeStaas they successfully reproduce,
persist through winters, and maintain high popafatevels in most years. What is less clear
is by what mechanisms they have successfully atllthis novel habitaB. m. bairdii is a
generalist and omnivore, which provides opportufotythe small mammal to use novel and
highly nutritious food items such as waste graimild/deer mice were likely competent at
processing large seeds historically, the large amofuwaste grain and its importance for
overwinter survival may have provided a strong raltselection force on the mice.

If this natural selection force were presents iikely that the morphology of mouse
skeletal structures used for mastication would rewaved significantly since the

implementation of intensive corn-soybean agriceltim order to test this, we compared the



morphology of masticatory structures between specgibefore 1910 and from 2012-2013,
to establish any evolutionary changes in the sirest
1.3.2 Weed Seed Preferences

The second chapter of this study examines seedrprefes of prairie deer mice. We
focus on two economically important weed seeddaiband velvetleaf. While previous
studies have found no preference for the seed {ypdsams et al. 2009), foraging theory
predicts a strong preference between these selkdefdre, | sought to understand if the
method of assessing seed preference and the amangef seeds within the method
influence the outcomes of such studies. Also, #éiselts are based on more natural conditions
of mixed seed availability and declining ratesettirn. Thus, the results better reflect
foraging behavior of the species.
1.3.3 Fecal | sotopes

It is difficult to directly evaluate the diet ofn&ll mammals over a long period of time
and also have fine scale resolution. Thereforgaluated the potential of using fecal
material, collected readily in many studies, tced®iine trophic ecology in corn-soybean
agriculture. In this chapter, | describe three radthof fecal material collection, the quality
of dietary resolution, and the applicability offdifent methods of collection.
1.3.4 Foraging in Fear

It is well-documented that animals forage accaydma perceived risk of predation.
For example, extensive studies have been doneataate the foraging behavior of mice on
moonlit (risky) nights and relative to cover. Hoveemthe erosion of farmland presents a
novel risk to prairie deer mice. The light soil, ialhis being exposed by erosion and the loss

of dark topsoil is combined with harvesting of ngail biomass. The light soil contrasts



with a dark fur color of deer mice, enhancing caoispusness, and producing an
environment that may be riskier than the darkdssmd thick vegetation that once covered
much of the Midwestern US. Thus, this chapter asses/hether prairie deer mice are aware
of this increased risk, and forage less intensiirelyhese areas.
1.3.5 Multifunctional Agriculture

Given the negative effects of agriculture on enwinental sustainability, as well as
the negative effects of intensive agriculture amfiiture of agriculture, many are calling for
a focus on managing not just commodity productir,other services from farm fields as
well. This management strategy focuses on the gtamuof non-commodity goods and
services and utilizes ecological tools for the ng@maent of the system. This type of
management promotes the use of native speciesasutie prairie deer mouse, to aid in the
control of pests, such as weeds and insects. Howevguch an intensive agricultural
system, such as the corn-soybean agriculture d¥ltbevestern US, it is not understood if
the farmers and extension agents of the regioarmenable to such ideas. Therefore this
chapter is designed to evaluate the perspectivisoers, private agricultural consultants,
and public extension agents relative to multifusredl agriculture. If the appropriate amount
of support exists, there is a greater potentiatffierimplementation of the other findings in

this study.
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CHAPTER 2. RAPID MORPHOLOGICAL CHANGE IN THE MASTICATORY
STRUCTURES OF AN IMPORTANT ECOSYSTEM SERVICE PROVIDER
A paper to be submitted #l.OS ONE

John W. Doudna and Brent J. Danielson

ABSTRACT

Humans have altered the biotic and abiotic envirema conditions of most
organisms. In some cases, such as intensive d@grieuan organism’s entire ecosystem is
converted to novel conditions. Thus, it is strikthgt some species continue to thrive under
such conditions. The prairie deer mouBer myscus maniculatus bairdii) is an example of
such an organism, and so we sought to understaatiralle evolutionary adaptation played
in the success of this species, with particulaeregdt in adaptations to novel foods. In order to
understand the evolutionary history of this spéctessticatory structures, we examined the
maxilla, zygomatic plate, and mandible of hist@pecimens collected prior to 1910 to
specimens collected after 2010. We found that nidesli zygomatic plates, and maxilla
have all changed significantly since 1910 (p<0.@hy that morphological development has
shifted (intercepts: upper jaw: - 0.23 vs. -0.56, .048; lower jaw: -0.28 vs. -0.39, p <
0.001). We present compelling evidence that théssrehces are due to natural selection as
a response to a novel and ubiquitous food sourastengrain (corrZea mays and soybean,

Glycine max).



2.1 Introduction

Rapid changes to environmental conditions suchimsite and landscape have
become the normal conditions under which contentg@pecies must survive and
reproduce. Therefore, rapid microevolutionary clesngay be critical to the survival of
species in an anthropogenic world. Rates of moquichl adaptation of vertebrates, once
thought to be incommensurate with ecological ticedes, transpire quickly in some species
under novel ecosystem pressures (Berry 1964, \Widliand Moore 1989, Pergams and
Ashley 1999, Reznick and Ghalambor 2001, Vander &val. 2013). Surprisingly, few
studies have examined morphological changes diamtiscape change (Palkovacs et al.
2012, but see Desrochers 2010). Intensive agrieufitovides a natural experiment of rapid
and extensive modifications to food and habitatways that are almost certain to have large
implications for natural selection. This rapid carprovides an opportunity to study the rate
at which a species can change to cope with a dreatigtnew environment.

Peromyscus maniculatus bairdii is an example of a species that has experienced
drastic shifts in its environmental conditions ogeshort time period.m. bairdii are the
prairie form of the common deer mouse, and aretca@ingd to grassland landscapes
throughout the Midwestern USA. Humans have condartere than 80% of this habitat to
agriculture (Samson et al. 2004). Following thigideconversion (less than 200 yeaBBm.
bairdii has become the most common resident vertebraterofsoybean rotations (Clark
and Young 1986, and this study). In addition, tteeegradients of intensity from greater
than 70% of the land in corn-soybean rotationréas of less than a third of the landscape in

corn-soybean rotations (National Agricultural Statis Service, 2013).



Part of the explanation for the succes®oh. bairdii in this new system may be the
species’ tolerance of a novel diet of native and-native insects and non-native weed and a
preference for crop seeds (Whitaker 1966, Clark¥wouhg 1986, Westerman et al. 2008,
Williams et al. 2009). While the non-native inseatgl weed seeds may be analogous to
native species, corn and soybean are completelgi fioed items introduced by humans. In
addition, the large quantity of this high-qualitaste grain makes it the most important
winter source of calories in agricultural fieldo@ter et al. 2010 and Vickery et al. 1994).
Dried corn and soybean are hard seeds that arethmrean order of magnitude larger than
other common prairie seeds (corn: 0.3 g; soybedr2 @, wild sunflower: 0.007g (Alexander
et al. 2001)), and this size difference may exgriBcant pressure on the natural selection
of masticatory structure morphology.

In fact, we have found that the mice strongly prefaste grain (corn and soybean)
relative to any other seed type we tested (unpuddisiata). In order for the mice to process
the relatively large but nutritious seeds, they rbagefit from a new masticatory
morphology specialized for the task. Myers et B96) have shown that the skull
morphology of deer mice is only slightly plasticiia response to food hardness, while other
studies have found larger plastic responses imedibles of mice (Renaud and Auffray
2010). We also know that gape and bite force deta@ and that the morphology of the
skull can be an important factor in the relatiopstii these two parameters (Williams et al.
2009, Dauvis et al. 2010, Piras et al. 2013). Duhi®relationship, we expect that mandible
morphology may be strongly correlated to feedirfgrieincy in the species.

Rodent morphological evolution studies are numefeiss, Boell and Tautz 2011,

Hoekstra et al. 2006, Mullen and Hoekstra 2008g&was and Lacy 2008). For example, a



closely related specié€romyscus polionotus has been a key example in evolution of coat
color (Mullen and Hoekstra 2008). Researchers fawed that strong selection by visual
predators have likely led to coat color variatiohsubspecies. This approach has detected a
top-down form of natural selection, with predatamting as a force of evolutionary change.
Fewer studies have examined evolutionary changeatafal small-mammadopulations

due to bottom-up regulation from changes in foaagrses. However, Goheen et al. (2003)

did find morphological variation between locatidossquirrels that had recently
experienced a range expansion, and suggestedlarsrahology changes could be
associated with feeding efficiency on novel foahis.

Given previous findings that masticatory structuaesintimately linked to food
guality, and that rapid changes in food quality dame significant microevolutionary
patterns (Philips and Shine 2004, Renaud and Au#€4.0),P.m. bairdii could be an
example of such contemporary evolutiesengu Stockwell et al. 2003). In order to determine
the role of human-modified landscapes in this gg@volution, we test the prediction that
since 1910 the zygomatic plate and masseter regooitd increase in size relative to the
whole specimen, the coronoid process would chamgee and shape, and that the condyle
of the mandible would be larger on some specimeedal plastic responses to food
hardness. We also test the prediction of locatetsic changes in morphology associated

with the intensity of corn-soybean production.
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2.2 Methods
2.2.1 Digitization

In order to test the hypotheses, the skull morpfiekof historic (1870-1910) and
contemporary (2012-2013) specimeng’afomyscus maniculatus bairdii were compared. A
collection of historic specimens was created, isigsvith a search of the online Global
Biodiversity Information Facility database (gbifgdfor museum collections &. m. bairdii
skulls from before 1910. In order to generate dioeenparisons of historic and
contemporary species, the possible specimens veegrewed based on regional
concentrations of historical specimens. This redetound concentrated collections in
northeastern lllinois, central and south-centraldpnortheastern Kansas (2 locations),
southwestern Minnesota, and northeastern North @glkagure 1 and Table 1). Specimens
were shipped from the National Museum of Naturatéty (Washington, D.C.), and we
visited the Field Museum of Natural History (Chioadl), University of Kansas
Biodiversity Research Center (Lawrence, KS), andvélsity of lowa Museum of Natural
History (lowa City, 1A). The vertebrate collectitrom the Museum of Natural History at
Harvard was unavailable during our sampling perthg to renovations.

Based on historic specimens, six concentratiorspetimens were identified that
would allow for direct comparison to contemporagpgamens. Contemporary specimens
were collected from each of the locations iderdifiem this process. Mice were snap
trapped, using Museum Specials (Woodstream Colipardtititz, Pennsylvania) within corn
and soybean fields at each locatifmlowing recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Inggs of Health. The protocol was

approved by the Institutional Animal Care and Usenittee of lowa State University
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(Permit Number: 4-12-7335-W). In parallel with thistorical specimens, specimens were
collected from six locations: Ames IA, Ottawa KSaihattan KS, Emerado ND, Waseca
MN, and Shabbona IL (Fig. 1 and Table 1). At eadation, up to 40 aduR. m. bairdii

were collected. Thus, snap traps were set for it#3ts (checking traps each morning),
depending on trap efficiency at each location, leetwJuly and September 2012 in lowa,
Kansas, North Dakota, and Minnesota. Traps werosét3 nights in July 2013 again in
Minnesota and in lllinois. Skulls were removed g@hated in a dermestid beetle colony until
clean. In order to determine the changes in shpera. bairdii jaws, data were collected
from upper and lower jaw structures associated misticatory muscle attachments. To this
end, photographs were taken of the left, lateredgective of skulls and mandibles separately
for all specimens. A few exceptions occurred whistohnc specimens could not be
disarticulated, so photographs were taken withlslarid mandibles attached. Occasionally,
photographs of the right side of the specimen uesen, when the left side was too damaged
for analysis. A setup of a digital camera with acredens was used, set at approximately
0.5m from the specimen, and a mm ruler was orieal@ag the long axis of the specimen
and camera lens. A Canon EOS XT with an 8.0 MPa@engh a 100mm macro lens (EF =
1:2.8) was used for all photography. After all prets had been collected, maxilla-zygomatic
plate and mandible landmarks were digitized fospficimens. Landmarks followed McPhee
(2004) and Myers et al (1996), but were modifiedthis species and question (Figure 2).
Nine landmarks and 7 semilandmarks were digitizethe maxilla-zygomatic plate (MZP),
and 10 landmarks and 7 semilandmarks were digitirethe mandible (MAN). Landmarks
are a combination of Type 1 and Type 2 landmark@{p of intersection of structures and

points of maximum or minimum curvature). Semilandksaare landmarks along a curve that
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are moved along that curve during the analysisspdéicimens were digitized in tpsDig2
(vers. 2.17). In order to test for errors assodiatéh order of photography, 25% of the
specimens were re-photographed. No evidence wasl finat specimens from the original
and follow-up test were different (MS = 0.0024% p.22). Ten percent of specimens were
re-digitized and a significant effect of practicee was found on digitization of MZP, but

not MAN. Therefore, all MZP were re-digitized taweve experience bias.

2.2.2 Statistical Methods

This study uses modern geometric morphometricsdtuate size and shape changes
separately. In order to do this, digitized poinfteach specimen are scaled to a common size,
the centroid of each specimen moved to the ori@i®)( and rotated to minimize differences
among all specimens. The result is a set of caatds for each specimen that retains only
variation that is due to shape differences. Sizensoved, but recorded in the process for
other analyses, such as allometry and change®oisen size with time.

Modern geometric morphometric analyses were coredugsinggeomorph (Adams
and Otarola-Castillo, vers. 1.1-3) in R (vers. 3)0This analysis uses a generalized
Procrustes analysis (GPA: Gower 1975, Rohlf anceSIB90). The process removes rotation
and position of digitized specimens, leaving onktmcs of shape (Zelditch 2004). During
the process, semilandmarks are slid along a clBwekistein 1991:376-382) to minimize
differences among specimens. Following these stepsnalyses are conducted on the
rotated, scaled, and slid landmarks of all specsnénthis process, the centroid size (Csize)
of each specimen is determined, and specimengaleddso a Csize of 1 for all further

processing. Based on the Csizes, static allomets/axamined, which is a change in shape
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correlated with growth in size but not through depenental stages. A common allometric
component (CAC), which is a standardized measushape of a single specimen relative to
the mean shape of all specimens, was also caldulstiéteroecker et al. 2004). The
multivariate shape matrices were then regressedcisae to determine if there is a significant
trend in shape change with size, using linear ssgoa and comparing slopes with
ANCOVA (Forsman 1996). Visual inspection of thenesgion residuals revealed no
patterns.

When size and rotation have been removed, the laridnof specimens are aligned
to minimize differences across all landmarks, argjgeted into tangent space. This process
removes curvature associated with other procednme®rphometric analysis. The x,y
coordinates in tangent space can be compared as@satf coordinates. In order to
determine if significant differences exist amongups, the effects of period (before 1910 or
after 2010), geographic location, centroid sizec@et corn-soybean in landscape, and
interactions were assessed as predictors of marghorl' his analysis produces Procrustes
distances, and the sum of squares is evaluatedsagaiProcrustes ANOVA, which is
analogous to a permutational MANOVA (Goodall 198hderson 2001), and permuted 999
times in this study. Following this, thin plateisgl deformation grids qualitatively describe
the changes in shape between historic and contamypgpecimens. In this presentation, non-
parallel lines in a deformation grid indicate ampa in shape. Trajectories of changes were
also calculated for each location. Specificallg thistance and direction of a trajectory are
calculated in the 2D space of axis 1 and 2 of mggral components analysis. Since axes 1
and 2 represent the maximum variation explaingtienmultivariate data, the distance

between 2 points in this 2D space represents anastof overall difference. The trajectory
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of change between 1910 and 2012 was calculatedtfiierreference (historic) to the target
(contemporary) average specimen at each locatioesd&8 trajectories were then evaluated
against one another to determine significant céffiees in size or direction of change
(Collyer and Adams 2007; Adams and Collyer 2007amd and Collyer 2009).

In sum, we analyzed 150 historical and 160 conteargspecimens (Table 1). The
first two axes of MZP and MAN explained 38 and 40gent of the variation in the data sets.
Greater than 95% of the variation was explainethiwithe first 17 axes of both datasets (out
of 32 and 34 axes).

2.3 Results

Along PC axis 1, both maxilla-zygomatic plates (MARd mandibles (MAN)
broaden, primarily dorsoventrally (Figure 4). MoldgP and MAN morphology are
significantly different between historical and cemiporary specimens across the Midwestern
US and within each location (Table 2). We also fbaignificant static allometry of size and
shape for MAN and MZP across all specimens (Tap(E®@ure 4). In addition to size,
period is a significant predictor of the allometmgression intercepts after accounting for
location (Table 2 and Figure 5). Further investmabf these patterns revealed that
allometric slopes (interactions of period and s@ejontemporary specimens were shallower
than historic specimens (0.08 vs. 0.19 and 0.09.18; Figure 5), with a significant effect of
period on slope for MZP (Table 2). In contrastpgle of allometry were parallel for MAN,
supporting a consistent difference due to timequkefor all sizes. In total, contemporary and
historic MZP grew along different shape trajectsfidustrated by different and intersecting
slopes), while MAN grew along the same trajectboy, through different regions of

morphospace (illustrated by non-intersecting slagesifferent elevations).
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Not only did time periods have different allometgiowth patterns, contemporary
masticatory structures are also significantly lathan historic structures. MZP size
increased significantly from 14.73 (0.92) to 15(0389) (MSE = 7.42, £599=10.15, p =
0.002). The average size of MAN also increasedfsgntly from 17.56 (0.89, 1SD) to
17.74 (0.87) (MSE = 2.825; 9= 4.10, p = 0.04) (Figure 6). Location was also a
significant predictor of Csize for MZP and MAN, kthere were no significant interactions
between the predictors (location: MSE = 5.65,96= 7.70, p < 0.001 and MSE = 5.84,2by
= 8.48, p <0.001; interaction effects: p = 0.13 ar@@P) (Figure 6).

Since morphology varied significantly by time aoddtion, we investigated how
these changes occur in morphospace. Trajectoriegobditionary change show that MZP
have experienced little directional change alorggtito major PC axes (Figure 7). In
contrast, mandible morphology has clearly expeadra directional change across the
Midwestern US, as specimens are separated in mgpphe by time on PC | (which explains
the maximum variation in the data). In contrast, Mhave more occurrences of significantly
different trajectory orientations by location thdm MZP (Table 3), suggesting different
directions of change. MZP trajectories are actualdre frequently variable than MAN,
though. Only Ottawa, KS MAN had a significantlydar trajectory of change than other
locations.

In order to better understand the role of intensigeculture on jaw morphology, we
removed location from the analysis, and replacedtft the continuous variable, percent
corn-soybean. After accounting for variation du€gize, there was a significant interaction
between period and percent corn-soy land covercouaty on MAN morphology, but the

simple effect of percent corn-soy was insignific@rable 2 and Fig. 8). Percent corn-soy
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was also a significant predictor for contemporanrg historical specimen MZP morphology
(Table 2 and Fig. 8). However there was a signiticateraction effect of the two as well
(Table 2). Similarly, when we evaluated the efigotorn-soybean and time period on
Csize, we found both were significant predictorsMAN and MZP (all p < 0.01), while the
interaction effects were non-significant (both p.2) (Figure 8). Size of both structures
increased with time, but decreased with amounbaif-soybean agriculture in the landscape.
Thin plate spline deformation grids show that theege patterns to change in
mandible and maxilla morphology since 1910 (Fig.®)eneral, the masseter and condyle
had the most consistent expansion (both anteriepogly and dorsoventrally) in the MAN.
This was more striking in the specimens from regiohhigh corn-soybean agriculture. The
coronoid process is also rotated anteriorly in $amagbes of high percentage corn-soybean, but
maintains the historical posterior directionalityareas of low percentage corn-soybean
agriculture. The maxilla and zygomatic plate shessldistinction among sites. However,
there appears to be a broadening (both anteriapm$yeand dorsoventrally) of the
zygomatic plate or the portion of the maxilla lyidgectly above the molar row. The
coronoid process, masseter, condyle, and zygorplatie are all attachment regions for
masticatory muscles, supporting a shift in dietrfreofter and smaller food items to a

reliance on larger, harder food items.

2.4 Conclusions
We found significant differences in masticatomusture morphology that was
explained by both location and time, and we foumgbla evidence that this is due

predominantly to evolutionary change, rather thiastity. Multiple studies have found that
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rodent mandibles are phenotypically plastic, arad thorphology changes significantly
without evolution when diet is altered. The changestypically an overall broadening with
exposure to hard food types (Volkman 2009, Renawddfaiffray 2010). Skull morphology
is less plastic in similar studies (Myers et al98p For example, Myers et al. (1996) found
that Peromyscus maniculatus raised on a hard diet in the lab had smaller latenatroid size,
a broader zygomatic plate, movement in the indiseertion position, and a foramen that this
study excluded. All of these morphological changasgept the foramen position, were also
significantly influenced by family membership, tgplly to a greater degree than what was
explained by food hardness. Volkman (2009) foumndilar results in the test of food
hardness on mandible morphology. She reared deerfnom a few females, and found
significantly larger centroid size, taller mandblgith a wider condyle when the mice were
fed harder foods throughout development. Howewethis controlled laboratory experiment,
diet explained just 7.2% of the morphological vaoia, while relatedness (young from the
same mother) explained 41.2%. Our study found naggjical changes that qualitatively
mirror the changes seen in lab studies with ine@@&sod hardness. Renaud and Auffray
(2010) also examined plasticity in domestic moias(muscul us domesticus) mandibles, by
raising mice on foods of different consistencidse Thajor morphological changes they
describe are movement in the incisor alveolus ftupiithe molar region, and change in the
angular process. However, they found no change@die to food types. Their overall
changes illustrate a similar broadening of the grast half of the mandible, as in our study.
They conclude that there is a strong correlatioplastic and late ontogenetic changes in
shape seen in the wild. They suggest that plasacitt ontogenetic changes provide similar

adaptations to food types and availability, whiabubd also be predicted from our study.
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Despite the fact that our morphological changesaastogous to those found in
assessments of plasticity, the large amount o&tian explained by time, despite the
diversity of familial relationships, variation irapping time and year, ameliorates the
directional effects of diet on plasticity. Sineem. bairdii are omnivores, and utilize seeds
and insects throughout the spring and summer mgptftéis diets would have varied, and
likely would have consisted of little waste graltidrk and Young 1986). The changes we
found also match skeletal structures involved irsticatory muscle attachment, and by
extension are associated with increased bite f@aeerstock et al. 2013). For example, the
enlarged maxillary zygomatic process, maxilla, gdoid process, and coronoid process are
attachment points for the superficial and deep stassnuscles as well as the zygomatico-
mandibularis muscle (Baverstock et al. 2013). \Ailis et al. (2009) confirmed that jaw-
muscle anatomy was predictive of bite force in $mumlents. They found that bite force is
optimized at 40-50% gape, and that specializedetkieinorphology interacts with
musculature to promote strong bites on other spegigditionally, we were able to show
that the amount of corn-soybean in the landscapewss a significant predictor of
masticatory structure shape. Maxillae-zygomati¢gslavere significantly influenced during
both periods, historic and contemporary, which unulees the value of corn-soybean as a
driver of the observed morphology in maxillae-zygaim plates. However, while
contemporary mandibles were significantly assodiatgh corn-soybean percentage in the
present day, historic mandibles were not, and tivaeno interaction of the two parameters.
Similar to other studies that have found largemgeain jaw morphology with food hardness,
the amount of corn-soybean in the landscape semhe/e a more intense impact on

mandible morphology evolution in the species.
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Adding to the evidence that evolutionary changieésprincipal factor in the
morphological variation we observed, is allomelrgterochrony, the evolution of ontogeny,
which we found in masticatory structures (Klingergo£998). The different values for
mandible, across sizes indicate that even yountj adce, which are unlikely to have relied
heavily on waste grain, have different morphologies historic specimens. This
interpretation is supported by Clark and Young @98ho found that in late spring, mice in
corn fields relied predominantly on insects as fodus form of allometry associated with
food and adaptation to differing foods has beeerdatetl before. For example, Lopez et al.
(2013) found that two species of snakes exhibfediig allometric intercepts, likely
associated with different diets, similar to ourdiimy in mandible allometry. Magnhagen and
Heibo (2001) found similar results in pike fromfdient lakes, again associated with
differing diets. Magnhagen and Heibo found sigwificdifferences in the allometric slopes
among lakes as well, similar to our finding in #ygomatic plate and maxilla. Interestingly,
Egset et al (2012) were unable to generate a chargjlmetric slope with artificial
selection, though they were able to change theagtavof the slope in just 3 selection
episodes. In our study, contemporary zygomatieptadxilla had significantly shallower
slopes and mandibles were shallower, though natfgigntly. This indicates that there is
less morphological variation in adults of differesmes than was present historically.

Rapid morphological changes similar to those foumnalur study have been recorded
in laboratory and natural populations experienaintgnse natural selection pressures. This
includes the example of Brown and Brown (1998) vidund significant morphological
change in swallow populations after a single steu@nt. Brown and Brown (2013) found

similar results due to the natural selection ofstekes on swallow populations, with strong
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selection pressure on wing length, and by exterfiigint maneuverability. In contrast,
McPhee (2004) found that 35 generations of relaedeiction resulted in oldfield mice
distinct from wild-caught or founder mice, and rieac patterns of evolution. Similarly,
Grant and Grant (2002) found unpredictable evofutiDarwin’s Finches over 30 years.
The shapes of the finches’ beaks changed, buttkeand directionality of the change varied
dramatically.

Species are adapting to rapid human-caused emveéwotal change. This study
supports this sort of rapid change. These rapigtatians allow for the persistence of
species in human-dominated landscapes, but theyepagsent a shift in ecosystem roles.
For instance, our study provides insight into thargying role of an ecosystem service
provider.P. m. bairdii has adapted, despite omnivory and generalizatonewly available
food, indicating a strong selection pressure toveasthgle type of food. In order to protect
valuable services from species suclPas. bairdii, we should take careful note of
morphological changes associated with the ecosysggmices provided (in this case, seed
destruction). Based on these patterns of changejayebe able to identify future changes or
limits to rapid evolution. For example, if this pdation had been smaller or less diverse,
rapid changes may not have been possible (Vandeet®da 2013). Generalists are thought
to often overcome the challenges of novel enviramséhrough pre-adaptation, plasticity,
and flexibility (Sih et al. 2011). Thus, generdaisften thrive where specialists struggle; our
study provides an additional piece of evidencexdaen this resiliency: adaptation to more

efficiently use novel resources.
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Table 1. Summary of specimen collection sites.dtlical location is an estimate from museum recart$ contemporary locations
are the coordinates of the sampled field. Percamt and soybean in 2012 is based on National Aljuial Statistics Service
numbers (nass.usda.gov). The number of acres dfdi@amted to corn or soybean was divided by therde size of each county in
which sampling occurred.

Location % Corn & Soybean 2012
Before 1910 2012-2013
llinois (N=40) Cook and Lake County 41.83913,-88.865365 81
lowa (N=53) Knoxville and Central lowa 41.990805, -93.685187 70
Minnesota (N=41) Fort Snelling 44.070972,-93.525711 7
North Dakota (N=53) Northeast North Dakota 47.953432,-97.434925 33
Ottawa, KS (N=75) Lawrence 38.537739,-95.245275 21
Manhattan, KS (N=48) 14

Onaga 39.213044,-96.595392

G¢
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Table 2. Summary of predictors of jaw morphologgcétion, period, size, and interactions
were modeled as predictors of mandible and max@iggmatic plate morphology, using a
Procrustes distance metric and resampling techsidreen the same analysis was done with
the percent of corn-soybean agriculture in thedaage (as in Table 1) replacing location.
Values are mean square errors explained by eaeimpéer, based on all 310 specimens as
described in Table 1. Significance codes are dgvist *** p < 0.001, * p <0.01, *p <
0.05,. p<0.10.

Mandibles

Parameters MS Value
L ocation 0.004***
Period 0.027***
L ocation x Period 0.005***
Size 0.013 ***
Period x Size 0.0019 (p=0.44)
Corn-Soybean Cover 0.004
Corn-Soybean Cover x Period 0.006**

M axillae-Zygomatic Plates
Parameters MS Value
L ocation 0.009***
Period 0.011**
L ocation x Period 0.009***
Size 0.018 ***
Period x Size 0.008 **
Corn-Soybean Cover 0.026***

Corn-Soybean Cover x Period 0.020***




Table 3. Differences in evolutionary trajectorigsldication. Significant values are in bold. A siggant p-value indicates that the
trajectories of the two location are significandijferent in size or direction of change. Size béange represents the magnitude of
morphological change between historic and contearg@pecimens, while the orientation representslitfeetion of morphological
change in PC space. Both are based on the firsPWaxes resulting from geometric morphometricysigl All sample sizes are the
same as in previous tables and figures, basededioilowing: EMND — Emerado, North Dakota (contemgrg) and northeastern ND
(historic); IOWA — Ames, IA (contemporary) and cehtiA (historic); MAKA — Manhatten, KS (both); NIL— Shabbona, IL
(contemporary) and northeastern IL (historic); OTKM®ttawa, KS (contemporary) and Lawrence and [E@atvenworth (historic);
WAMN — Waseca, MN (contemporary) and south-ceritill (historic).

Maxillae-Zygomatic Plates Mandibles
EMND IOWA MAKA NILL OTKA WAMN EMND IOWA MAKA NILL O TKA WAMN

EMND
IOWA  0.021 0.005

@ MAKA 0017  0.005 0.001  0.006

7 NILL 0.002 0019 0014 0.008 0.004 0.009
OTKA 0013 0.008 0.003 0.011 0018 0014 0020 0010
WAMN 0013 0.009 0.004 0.010 0.001 0.004 0.001 0005 0.00&015
EMND

5 IOWA 110.4 51.8

IE MAKA 417 1050 67.8  54.6

5 NILL 1419 649 1208 829 690 862

o OTKA 5.1 88.64 71.0 1122 620 685 752 623

WAMN 86.0 84.2 76.0 71.3 91.0 68.6 54.3 80.1 56.8 45.1

LC
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Figure 1. Locations dPeromyscus maniculatus bairdii trapping. We sampled up to 40 adRltm. bairdii from each location
designated on the map. These were used becausnt@tions of historical specimens from before 1@&@e available from
the region. The map illustrates the spatial digtidn of corn-soybean agricultural intensity in telwestern US. Three of our
locations (NILL, IOWA, and WAMN) are in regions oftensive corn-soybean agriculture, while the otheze (MAKA,
OTKA, and EMND) are in agricultural regions thabguce much less corn and soybean. All contemp@@egimens were

collected from corn-soybean fields. Sample sizesaarin Table 1.
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Figure 2. Landmarks (circles) and semilandmarkar(tyles) digitized onto
each specimen.
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agriculture, and the interaction of the two. Manelisize (C) is greater now than historically, buiadler in locations that now have
greater corn-soybean agriculture (though this waes historically as well). Maxilla-Zygomatic Plageze (D) also varies with time

and corn-soybean cover, but lacks any interactedwéen the two parameters. Values are based omspexas described in Table 1,
including all specimens in the study.
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Figure 9. Location-specific changesRaromyscus maniculatus bairdii jaw shape. Thin plate spline (TPS) deformationgilidstrate
the changes in shape that have occurred in eaatidodetween approximately 1910 and 2012. TP$gadresent a hypothetical
change in shape, based on required bending enaggesiated with making changes to a 2-dimensminjatt using the least amount
of force. If an object is compared to itself, allds would be parallel or perpendicular to all otivees, and all grid squares would be
of equal size. These TPS grids are shown at 3x ifirzagion to clarify changes. Parallel lines reesno change between objects,
and all non-parallel lines represent a change apshLandmarks are as in Figure 2 and specimerasatescribed in Table 1.

9€



37

CHAPTER 3. WEED SEED PREFERENCESAND THE SEASONALITY OF
CACHING BY PEROMYSCUS MANICULATUS BAIRDII (PRAIRIE DEER MOUSE)
WITH DECLINING RATES OF RETURN
A paper to be submitted iveed Science
John W. Doudna, Brent J. Danielson, and Max Pasideéa Burg*
ABSTRACT
Herbicide tolerance poses a serious risk to weatt@lcefficacy. In contrast, a high rate of

seed removal by vertebrate and invertebrate anicmsisnues unfettered. This study is
designed to better understand the foraging dedsaban important weed seed predator in
Midwestern US row-crop agriculture, the prairie de®use. We presented mice with
velvetleaf Abutilon theophrasti) and giant foxtail $etaria faberi) seeds in equal amounts,
but in varying densities. We found that mice haigaificant preference for giant foxtalil
seeds regardless of how seeds were presentedil{fa2t@2 + 0.56 g vs. velvetleaf: 5.34 +
0.41 g). We also found that mice preferred to steteetleaf seeds for later consumption
(0.28 £ 0.10 g of foxtail and 0.92 £ 0.28 g of wtheaf;f = 0.30,5£ = 0.15,P < 0.07). On
average, mice cached. These results are in kegpihghose of other studies of caching

rodents.

3.1 Introduction
Small mammals are significant seed predators ibajlagriculture (Cardina et al
1996, USA; Booman et al 2009, Argentina; Marinale2005, Netherlands; Harrison and
Schmoll 2003, USA; Fischer et al. 2011, GermanyYatt, over-winter studies in lowa
found up to 92% of seeds were lost to predatos lige-trapping surveys indicated that

prairie deer miceHeromyscus maniculatus bairdii) were the dominant rodent seed predators
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(Williams et al. 2009). However, their study foumal preference between foxtail and
velvetleaf seeds, despite large disparities irr tiv@irphological and life history traits.
Determining seed preference from this study is lemhltic though, as the researchers did not
use declining rates of nutritional return, nor thdy examine caching behavior explicitly. If
caching behavior removes significantly more sebda i mouse can consume, this behavior
could enhance the efficacy of weed control.

Seed preferences by mice may enhance the seedawtless-preferred seeds by
allowing them to escape predation. In agricultsedtings, deer mice preferentially consume
corn and soybean, likely due to the high nutritioredue of the waste grain (Vickery et al
1994). Similarly, weed seeds are likely to be stiitje different rates of predation by mice.
Deer mice in agricultural settings are not knowhawe a preference between grass and forb
seeds, despite the potential impact preferencéaa® on weed population control (Williams
et al. 2009, Westerman et al. 2008). However, thasebeen some evidence that mice
typically prefer larger seeds in agricultural segs (Brust and House 1988, Mittelbach and
Gross 1984).

In addition to high levels of seed consumptionjreraleer mice also cache
significant amounts of seeds in burrows and schtiards (Vander Wall and Longland
1999). There are few details of this foraging bébtraw agricultural settings (but see
Houtcooper 1971 , Howard and Evans 1961). Houtaod®¥ 1) found only a few instances
of caching, and seeds were mostly foxtail. Howard Bvans (1961) found that deer mice
stored ragweed, clover, grass, and acorn seedasslgnds surrounded by woodland. They
also review other studies that describe a varieseed preferences from different systems.

None of these reviewed studies observed burrowsmnm-soybean rotations. This gap in
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understanding the foraging ecology of deer miceepa@ssignificant barrier to predicting the
population dynamics of weeds.

In this study, we evaluate 1) the preferenceviar tepresentative and economically
important seed types, 2) caching behavior for batbds, and 3) how different densities
affect seed consumption and caching. We hypothe$ieg mice would 1) prefer to eat
foxtail seeds due to the ease with which they aaprbcessed, 2) preferentially cache
velvetleaf which has a thicker seed coat and losgedbank residency time, 3a) cache more
seeds when seeds are in higher density, and 3lghaage the amount of food they eat with

different densities of weed seeds.

3.2 Materialsand Methods

This study was conducted in Ames, IA (Enclosurd$:59’ N, -93° 40’ W; Dairy
Field: 41° 58’ N, -93° 38’ W; Section 19: 41° 59’ 193° 41’ W)utilizing mice and seeds
from local farms in Story County, IA. The study s, the prairie deer mouse, is the only
abundant small mammal found in corn and soybeddtsfia this region. The two weed
seeds, giant foxtail and velvetleaf, have beenddorbe readily consumed by prairie deer
mice. These weed species are economically impatiamtighout the Midwestern U.S.
(Bridges and Baumann 1992), but they differ greadli regard to germination behavior,
growth habit, fecundity, seed longevity and sized ather morphological, physiological, and
phenological characteristics (Warwick and Black@3Buhler and Hartzler 2001; Dekker
2003) (Table 1). The velvetleaf used in this stbdgl been grown and harvested for another

study, and then stored in a seed facility for ledrg. The foxtail used in this study was
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collected from an infestation on a local farm. #saseparated from harvested grain, and used
within 1 year.

We designed the first study to assess whether pneferred either of the
economically important weed seeds, when presentadjiving-up-density (GUD) design.
The intent of a GUD is to ensure that there isdidi@g rate of return within a single
foraging patch. As an animal consumes food with@UD patch, it becomes harder to find
the next food item. This ensures that the fora@elgavior mimics natural limitations of
finding food, as the animal removes food itemsirhitely, the amount of food remaining in
a patch reaches an asymptotic value, representak af further significant foraging in the
patch. This value is indicative of the amount aidavailable in other patches, as an animal
is assumed to quit foraging in a patch when otlageches are more profitable (Brown 2007).
In order to evaluate preferences, we placed 1 gdlickets with 1 liter of sand and
approximately 3g of seed in pairs of a foxtail betcknd a velvetleaf bucket. We placed 4
pairs of buckets at the corners of a 20 m squared¥gigned the study to provide a single
foraging mouse, or burrow of multiple mice, accesall four corners. A prairie deer
mouse’s home range has been recorded to be 4Gadiirsr(Blair 1940), though in highly
productive crop fields, we tend to find more thagirggle mouse in a 40m radius
(unpublished data). Buckets were left in the fieldapproximately 1 week, between
December 2008 and March 2009. Each field had Sgsieparated by at least 50m, and we
used three fields (Dairy, East Section 19, and V8estion 19 Hereafter: A, B, and C), with
all grids from separate fields separated by moae ttkm. Results were evaluated by grid,

since this may represent the average behaviosoighe animal. Statistical analyses treated
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grids as a single experimental unit, and obsermatan that grid were treated as repeated
measures of the grid.

We designed the second study to test whetherifagdmgehavior on these two
economically important seed types was altered byptiesentation and density of seeds. In
order to address these simultaneously, we presemtadwith both seed types and at a
constant total weight of seeds, but in differembagements and in different amounts of
substrate. All experimentation was conducted im ®m by 3 m enclosures in central lowa,
such that we could test 4 mice consecutively. Eatosure room consisted of ~0.3 m depth
of dirt over concrete, and ~1 m of aluminum flashamgund the edge to keep mice from
escaping. Hardware cloth and fiberglass walls vaeradditional 1m tall, and the roof was
sheet metal. Within the enclosure, mice were foemadve about, and had access to water,
and 1 or 2 foraging buckets (Table 2). We suppimeck with wooden boxes and cotton to
act as artificial burrows. Mice were able to burnovthe dirt floor as well, and may have
made small surface caches or even used other baitoostore food. In the second phase of
the study in 2013, we placed mice in 3m x 0.3m rayswcovered witll.25 cm opening
hardware cloth, restricting movement, burrowingj aaching behavior. These runways were
inside the same enclosures as the previous phdke sfudy.

To test preferences when seeds were in varialigittes and arrangements, we
collected adult mice from nearby corn and soybegdd using Sherman live traps, and we
immediately moved them into enclosures. Individuae were kept in captivity for no
longer than 14 days. The first phase of the studtyiwed between February and June 2011,
and the second phase in August to November 2013oll/deved ASM guidelines (Sikes et

al. 2011) for live-capturing, transferring, and gg®y mice. Treatments in the enclosures
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consisted of 2 levels of seed density within a lei¢R1g or 429 per liter) and seeds were
mixed or kept separate (Table 1). At the beginmhagn experimental trial, each treatment
was present in one of the enclosures, and the ofdbe treatments was randomized to
prevent legacy effects. All mice were exposed kd &éleatments. Since mice were all
presented with a different treatment upon entetiiegenclosures, they were not given time to
acclimate. In the follow-up runway experiment, mieere given 1-2 nights to acclimate to
the experimental setup, with abundant millet. Qnlg treatments were present in this phase:
21 and 42 g of seed per liter of sand, mixed.

Foraging buckets consisted of 3.8 | round plastittainers. Buckets had either 0.5 or
1.0 | of play sand sifted to 1 mm size or smallamngles. We mixed velvetleaf and foxtail
seeds, from sources previously described, inteémel according to Table 1. We sifted seeds
from the sand on the third day, and applied a rantteatment to that enclosure by mixing in
new seeds. We mixed seeds at approximately midedegaduce disturbance of foraging
activities. In order to collect regular cachingajate opened artificial burrows and removed
cached seeds on the same day. We baked seed<Catal AD-30 minutes to destroy
potentially harmful organisms. We sifted seedsrag@ifurther remove sand. We then
processed the sample in a seed-separating devdomamually removed loose seed coats and
fecal material from the sample and weighed the neimga seeds. We analyzed these results
in JMP Pro (10.0.0, SAS Institute 2012). We finsalgzed the difference in seed preference,
constraining for animal identity using standardstesgquares mixed effects regression models.
We then used the same to test the effects of saesgity, mixture, and sex on this tendency to
eat or cache one seed or another more intensiyalso evaluated the tendency to cache

seeds as a result of gender, season, and seedssipgecontingency tables.



43

3.3 Resultsand Discussion

In a recent commentary, Service (2013) explainstbebicide tolerance is outpacing
herbicide development, and he indicates that fesrfreve little to fall back on.” Our study
along with others suggests that this is not the ¢@ardina et al. 1996, Davis and Liebman
2003, Harrison and Schmoll 2003, Westerman etG52Williams et al. 2009). In fact, four
major factors suggest that mice are consistentpomant for weed seed consumption in
Midwestern agroecosystems, especially during celtbds of the year. First, the prairie deer
mouse does not hibernate (Getz and Brighty 1986ikeaiinsect species, which exhibit little
or no activity during periods of below-freezing feenatures (Denlinger and Lee 1998).
Second, they have high metabolisms and high lefastivity that require them to take
advantage of concentrated energy sources, suaeds fDegen et al. 1998). Third, because
insect larvae and weed seedlings are largely alosgimg cold months, seeds become a
primary resource for rodents. Finally, in additioriarge amounts of predictable seed
consumption, mice cache large quantities of seedsduce heterogeneity in food
availability. This prediction that mice and othedents should be important weed seed
predators during cold months is consistent witladaported by Harrison and Schmoll
(2003), who found that rodents (principagromyscus spp.) consumed about 1000 giant
ragweed seeds/etween November and February, and that their seesLimption rate
was lower at other times of year.

Ouir first study found that mice had a significaritdwer foxtail GUD (¥ £ SE: 2.57
0.02 g) relative to velvetleaf (2.89 = 0.02 §%(0.16,SE = 0.02,P < 0.001), showing that
when seeds become increasingly hard to locateasitsumption, mice preferred to consume

foxtail seeds. This pattern was consistent througtitee sampling period (Figure 1). The
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model of GUD values treats each block of 8 bucksta location, and this location is treated
as a random variable, and considers GUD valuesitepeneasures of that location. Since
buckets are paired at corners, and all cornera@essible by a single mouse or a group of
mice from a single burrow, GUD values may represiemtoehavior of mice in patches of
mixed foxtail and velvetleaf seeds. In other wordg;e perceive the two buckets of seeds as
a single foraging patch. As further evidence, pnelary studies found when seeds were
presented to mice in buckets separated by 20 riineneseed was consumed to a greater
degree (velvetleaf GUD = 2.64 + 0.04 g and fox@&ilD = 2.58 £+ 0.02 g, n=36 buckets from
July to October). This was likely due to bucketsbggerceived as separate patches, and
seeds were being consumed to a level that mattiedobickground availability of food.

The second phase of our study of feeding and cggreference included 11 mice
during the 4-treatment study, and 12 more micengutie 2-treatment follow-up study. We
had approximately equal numbers of males and fean@le average, mice ate 17.3 grams of
seed over three nights; of which 12.02 + 0.58)lgrams were foxtail and 5.34 £ 0.41
grams were velvetleaf (Figure 2). Males and fematesumed approximately equal amounts
of seed. In the second phase of the study, micecalssumed significantly more foxtail than
velvetleaf by weightR= 3.69,SE = 0.70,P < 0.001, Figure 2). The preference for
consuming smaller seeds with short seed bank pemsis and caching larger seeds with
longer seed bank persistence is consistent witfique research and foraging theory
(Smallwood et al. 2001, Brodin and Clark 2007, Ghahal. 2009, Wang and Chen 2009,
Xiao et al. 2013). The ease of processing the kleglgt motivates the consumption of the
grass seed, which other studies have found (Zhatg@hang 2008). As previously

mentioned, other studies have failed to deteatcagtpreference for foxtail over velvetleaf
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using open trays (Williams et al. 2009). Howevkrs study had no declining rate of return
for seeds. Our study simulates searching for fboouighout a home range, making our study
a more accurate depiction of choices made undezasmgly difficult conditions.

We also analyzed if the density or arrangemeneetispecies had any effect on seed
preference. The intent was to determine if stariasived weeds, which shed seeds as a mix,
will be treated differently than seeds shed in nmamospecific patches, and whether mice
would respond functionally to high densities ofdeéNe could find no evidence that mice
altered their foraging behavior due to the presentaf seeds (density or mixture) (Figure
3).

In contrast to feeding, mice cached significantiyrewvelvetleaf than foxtail by
weight @3 = 0.30,SE = 0.15,P < 0.07, Range: 0-3.3 g of foxtail and 0-10.0 yelivetleaf;
Figure 2). On average, mice cached 0.28 + 0.10fgxbil and 0.92 + 0.28 g of velvetleaf
(Figure 2). Males cached 0.81 + 0.31 grams of seeaverage per night (foxtail = 0.40 +
0.19 and velvetleaf = 1.21 + 0.59), and female$ied®.73 + 0.26 grams of seed per night
(foxtail = 0.35 + 0.19 and velvetleaf = 1.10 + 0.48he long seed bank time of velvetleaf
likely motivates the preference for caching théfseed (Smallwood et al 2001 and Xiao et
al. 2013). Larder hoarding of seeds in burrowsei documented, but has not been
evaluated for this mouse in agricultural settir@gsed on this study and its consistency with
other studies, we can predict that mice will eaalynshort seedbank seeds and cache larger,
longer seedbank seeds.

We did also find complex interactions for seed aaghWwhen we evaluated the
tendency of mice to cache as a binomial outconehiog behavior varied with season

(spring: 86%, summer: 47%, fall: 12.5%). Foxtailswached significantly more frequently
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than velvetleaf in the spring, when 86% of the sl@spad a cache (95 and 76%
respectively, n = 42y*= 3.36,P = 0.07), but not during the other times. Additiiyan the
summer when 47% of the samples had a cache, fecadbed significantly more frequently
than males (75% and 19% respectively, n =3325 10.80,P = 0.001), but no differences
were detected at other times of the year. Finallyhe fall when only 12.5% of the samples
had a cache, velvetleaf was cached significantlyenfr@quently than foxtail (25 and 0%
respectively, n = 4Qy* = 7.65,P = 0.006), though this distinction was not evidienbther
seasons. We also analyzed caching as a functidensity and mixture of seeds. Just as in
the assessment of eating preference, we founchtimet of these factors influenced the
preference of seed type (Figure 3).

This study suggests that prairie deer mice treah@mically important grass and forb
seeds distinctly. However, there is also strong&wte that mice are not deterred from eating
velvetleaf seeds. For example, Lobo et al. (20@@hd when deer mice encounter seeds with
secondary compounds that deter consumption, thexegcavoid consuming the seed, even
when it is in high abundance. Our study found cstesit behavior between the seeds, but no
evidence of such an active avoidance of seedsi®te consistent behavior and lack of
seed deterrence we found in this study, responssseid shed events should be robust to
other conditions. When combined with the territlityeof the mice, as well as the known
home ranges in agricultural settings, we can mag&digtions about how much seed mice
will be able to consume in the fall. Since we fouredevidence that mice consumed more
seeds when seeds were more easily obtained, waresunme that individually mice may not
have an impact on a dense stand of weeds, butatapulevel studies are needed to

determine if mice will respond numerically to tmeieased value of a food patch.



a7

Alternatively, controlling other food sources, swashwaste grain, may be beneficial to weed
seed predation. The large range in amount of sesardeed, especially velvetleaf, should be
further evaluated to determine how important caglisrto weed regulation and whether
caching can be increased. This study ultimatelyipes important information about the
services provided by the prairie deer mouse, a@atammal that currently dominates the
42 million ha of corn and soybean fields acrossgtteat plains of North America (NASS
statistics and personal observation from trappmigjinois, lowa, Kansas, Minnesota, and
North Dakota). Given that this species has theni@teto be economically very important,
work should continue to clarify this species’ ralecommodity production and as an

alternative to herbicide-based weed control.
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Table 1. Seed properties of giant foxt&#taria faberi) and velvetleafAbutilon
theophrasti). Fecundity and seedbank survival data were addpten Westerman (2005)
and Davis (2003). Seed coat and size were evalaag@stimated in this study.

Seed Fecundity/plant  Seedbank Seed Coat Size
Survival
(per year)
Giant Foxtail ~1000 seeds ~50% Thin, papery 170 mg/ 100 seeds
Velvetleaf ~200 seeds ~75% Thick, leathery 1037 mg/ 100
seeds

Table 2. Treatments used to study mouse responseetl arrangement. Buckets were
approximately 4 liters in size, with a single htde mice to enter the bucket and forage.
Mixed and separate refers to whether the foxtall\slvetleaf were encountered
simultaneously by the mouse in each bucket (mixadif,they were kept in separate
foraging buckets (separate).

Treatment Buckets Total liters Seed Mixed/Separ ate
of Sand Density/liter
A 2 1 42 Separate
B 1 1 42 Mixed
C 2 2 21 Separate
D 2 2 21 Mixed
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Figure 1. Giving up density by field. Bars are aggs and error bars are standard error of
GUDs in each of the 3 fields. A total of 96 buckgt8 of each seed) were sampled
approximately weekly from December 2008 to ApriDQ0AN asterisk denotes significantly
lower GUD values within a field.
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Figure 2. Mean amount of seed eaten (top) and daahen artificial burrow (bottom) over a
3-day period. Box and whisker plots show the mediadh interquartile range of seeds eaten
or cached by prairie deer mice (n=23 mice). Miceenmntained in an experimental
enclosure, and offered only the two seed types dnixe® either 1 or 2 liters of sand as
described in Table 2. An asterisk denotes sigmitigehigher values.
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Figure 3. Mean amount of seed eaten and cached.ddafrom 23 mice allowed 3 nights to
forage in GUD buckets. Treatments were: A — 1 litesand divided between 2 buckets, with
seeds in separate buckets (each seed @ 42g/lbeekét @ 42g/l); B — 1 liter of sand in 1
bucket, seeds mixed (bucket at 42g/l, each seedy@)2T — 2 liters of sand in 2 buckets,
seeds separate (each bucket at 21g/l, each s2&d/Bt D — 2 liters of sand in 2 buckets,
seeds mixed (each bucket at 21g/l, each seed&d/l)ONo treatments had significantly
different values.
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CHAPTER 4. THE USE OF SMALL MAMMAL FECAL MATERIAL FOR
DIETARY ANALYSESBY ISOTOPE ANALYSIS
A paper submitted to th#urnal of Mammal ogy

John W. Doudna and Brent J. Danielson

ABSTRACT

Small mammals are important predators in many afjual systems, and through
their diet they can help to regulate pest insedtvaeed populations. This study is designed
to test whether field-collected fecal materialmsedfective means of detailing the foraging
ecology of small mammals in simple agriculturatisgt. We conducted three studies to
evaluate the efficacy of this technique: field-eotked fecal material from unknown animals,
fecal material from known animals in an enclosurén\wnown diets, and fecal material from
known animals in the field during a shift from noeproduction to reproduction. Some
significant patterns in isotope values includedbaiicant decrease i*°N due to nursing
(4.57 £0.19 vs 3.28 £ 0.4P,= 0.02), significant shifts in 13C and 15N amouelative to
spring thaw §°C: -13.34 vs. -10.72 = 0.01,6"°N: 0.92 vs. 4.09P = 0.03), and a
significant correlation between the relative amsusfttwo seed types asd®C (slope = 5.46,
SE =1.82,P < 0.01). The use of this technique will help toosdiate foraging patterns of this
economically important species. This is also th&t #xample we could find that used field-

collected fecal material of small mammals to evistable isotopes.

4.1 Introduction
In a recent special edition of Journal of Mammal{@Qy12), Ben-David and Flaherty

point out that estimating diet quickly from staldetopes is problematic, especially when
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species consume diets in different isoscapes i@lisitons of isotope value combinations).
They emphasize that more tests of quick-turnov@oges in natural systems are necessary
to evaluate the efficacy of stable isotopes inhrogcology. Because the trophic ecology of
Peromyscus maniculatus bairdii enhances agricultural weed population control,ingak
economically important (Westerman et al. 2005; \&@san et al. 2008; Williams et al.
2009), it makes a prime study species for this gotest. Fortunately, researchers have
already described stable isotope fractionationtantbver times for this species fed
commercial food items in the lab (Hwang et al. 2@@d Miller et al. 2008), allowing the
comparison of controlled diets and environmentsge-ranging animals under normal
ranges of environmental conditions.

Fecal material is common evidence of the short-téiet) as it contains several
indicators of trophic ecology: DNA, food remainagdasotopes (Dickman and Huang 1988;
Piggott and Taylor 2003; Salvarina et al 2013), lasl a fast turnover rate (gut passage
time). However, the ability to detect and evaluggaetic markers limits DNA analysis
(Murray et al. 2011). In addition, visual analysfdecal material is problematic, especially
when trying to evaluate proportions of items inet,cor when there is variable digestibility
(Dickman and Huang 1988). In contrast, Salvarina.g2013) found, under controlled
conditions, that bat fecal isotopes are indicativ&rophic shifts within a few hours,
illustrating that fecal isotopes are indicativee@tent trophic ecology. However, we were
unable to locate any studies that evaluate théestsdtopes of field-collected fecal material
from small mammals.

To test the efficacy of stable isotopes from fietdlected fecal material, we

evaluated whether stable isotopes in fecal matewitate the composition of a weed-seed
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diet, and whether field-collected samples have isterst trophic patterns. We also evaluated
whether the reproductive status of females als®pe values. We hypothesized that 1)
diets of mixed seeds will mimic patterns from labdses, 2) winter-spring diet shifts will be
detected i15N levels, 3) corn and soybean in the diet wiltlegected iB**C levels, and 4)

reproductive status of females will altérN.

4.2 Materialsand Methods

4.2.1 Fecal Material Collection and Processing

There were three phases to our study of fecabpsovalues irfPeromyscus
maniculatus bairdii. In the first phase of the study, we used fieldgtd mice to evaluate the
fractionation of-*C and™N. Fractionation occurs when the relative amourd sfable
isotope (e.g*’N and™N) changes, due to metabolic processes. In thiseylasingle mouse
was the source of fecal material, and the dietaomsrolled. However, it utilized weed seeds
commonly found in fields as the sole food source. Wére thus able to evaluate the isotope
values of the diet and fecal material of the samaévidual to determine fractionation rates.
In the second phase, we evaluated the fecal mididtibehind from a previous study of
foraging behavior. In this phase, we processed Esfppm giving-up-density buckets (3.8 |
plastic pails with 1 | of sand and ~3 g of weed s¢ed/e used the fecal material that
remained in the stored samples. In the third pbasiee study, we collected material from
individual female mice in a harvested soybean fi€ltk mice were tagged and could be
followed through time. We focused on later winted @arly spring to detect patterns
associated with reproductive states. Mice wereimgegt wooden boxes designed to mimic

natural burrows and had access to background eates/bean and supplemental corn in
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most cases. Mice in these boxes nested and caebdd similar to observations of natural
burrows.

In the first phase of the study, we evaluated ffexBveness of fecal isotopes in
detecting the diet d?. m. bairdii when consuming naturally available foods (mesocosm
study). In order to establish this study, we uskdr®an live traps to colle& m. bairdii
from corn and soybean fields in Ames, IA from Fetyuto March in 2010. Each of four
mice were moved into a 3 m x 3 m enclosure, sprdlfi into an artificial nest box. We
repeatedly collected fecal material from each maliseng the study, and 17 samples of
fecal material were analyzed. All samples wereemdéld after mice had been in the enclosure
for more than 3 days. The internal dimensions efwlnoden nest boxes were 12cm x 12cm X
10cm, had a removabile lid, and a single openinfy &i5cm corrugated tubing to mimic a
burrow tunnel. In each box we added 2 cotton nisstitharmaServ, #NE3600). In each 3m
enclosure, we provided the mouse with water angoplyg of food that contained equal
amounts of giant foxtail and velvetleaf seeds mixéd sand trays. Sand trays were giving-
up-density trays with 1l of sand and ~42g of se¢al {tbwice as much as mice were known
to use in three nights). Mice foraged in thesedifay 1 and 3 nights. Due to the time of year
and the ambient temperatures, mice had no accessnal food, and enclosures were
inspected regularly for surface caches and nevoltusr

In order to evaluate the fractionation of dietéodl isotopes and determine the
consistency of results, we collected precise datdiet composition and sampled fecal
material from individual mice. We weighed seedobeimixing them into the sand. After the
mice foraged for 3 nights, we sifted seeds fromstned with a 1mm sieve. We also collected

seeds from the artificial burrows. From this conalbion of uneaten seeds, we could precisely
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evaluate the diet of the mice. On the same dayalNeated seeds, we collected fecal material
from the foraging tray. We used this fecal matdoalthe isotope analysis (details below).

All of the fecal material returned to the lab w#ber frozen and later heated or immediately
heated to 190C for 20 minutes to destroy pathogsfte: we heated and dried the seeds, we
used a seed separator to remove loose seed simellthen we processed samples with
forceps to remove additional fecal material ancotbreign objects. We immediately
weighed the seeds. For fecal analysis, we collesitegle fecal droppings from each mouse
enclosure for a single date, and this was the sanié¢ also analyzed the isotope
composition of subsamples of both seed types. \I¢etsel these randomly from the source
seed bags.

In the second phase of the study, we evaluatedhwhéecal material that was
unintentionally collected in a previous study wophdvide insight into trophic ecology of
free-ranging mice. In order to evaluate this avddadata, we collected fecal material from
giving-up-density tray samples that came from aetd$ in central lowa. We conducted the
foraging study in 2008, but we separated the fetdkrial from the samples in 2011. The
original study design was blocked, with 4 samplmiscat the corners of a 15m square. At
each corner were 2 buckets with 1 liter of sand Z2gnadf foxtail or velvetleaf. We conducted
the study from January to March 2008. There wesgquares per field and 3 fields. Field A
was a silaged field (with corn cobs and stalks nezddrom the field in early fall) that had
approximately annual additions of manure as a raimce of nitrogen addition. It also
received synthetic fertilizers periodically. Inlis B and C, synthetic fertilizers are the main
source of nitrogen addition and the fields are gadan a corn-soybean rotation. For fecal

analysis, we collected a single fecal dropping feanh seed sample in a field for a given
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date. We combined all fecal material from a fiedd & single date. This combined material
was the sample.

In the final phase of the study, we evaluateddibeand isotope fractionation of
female mice. In order to evaluate reproductiveustalve collected fecal material directly
from female mice in late winter to early spring 20This collection was facilitated by using
artificial nest boxes we placed in a harvested saglfield in the fall of 2011. This
experimental setup was part of another projecvéduate the effects of food addition on
mouse reproduction and movement (unpublished)sBhiburied nest boxes were arranged
in transects, 20m apart, and 4 burrow pairs im@asect. We installed 5 transects, for a total
of 20 burrows. As part of the other study, we sgrearn around half of the burrows in a 20
m radius in the late fall of 2011. During the sammglperiod in 2012, we visited nest boxes
periodically and when we encountered a female,agerded weight, nipple size, perforation,
sperm plug, or pregnancy. For fecal analysis, Wiected 2-3 fecal droppings directly from
each female mouse. We also collected corn and aoydsmples from each transect during
the sampling period. We analyzed these seedsdtmpe composition and compared the
values to the fecal isotopes.

In all studies, we returned samples to the laleddand sterilized the sample in an
oven at 190C for 20 minutes, and then homogenizedample for subsampling using a
mortar and pestle. We extracted a single subsaofipl®.5 mg from each pulverized sample,
added this subsample to a tin cup, and analyzesiubhgample in an isotope analyzer. We

stored these subsamples in the tin capsule in ddsiacator until isotope analysis.
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4.2.2 |sotope Analysis

Ratios of stable heavy to light isotopes of nitrogad carbon can be used to detect
structure of food webs, diet shifts, and anthropagenpacts (See Dalerum and Angerbjorn
2005; Layman et al 2007; and Crawford 2008 forees). Specifically, mammals tend to
excrete depleted levels of heavy nitrogen isot¢p®&§ in urea relative to the proportion in
their diet (Vanderklift and Ponsard 2003). This gibjogical fractionation causes an
enrichment (increase relative to food) of wholeyadd fecal heavy isotopes by
approximately 3-4%o. compared to the diet (Gaebled.et966; DeNiro and Epstein 1981;
Minagawa and Wada 1984; Owens 1987). This relatipnsan vary across taxa, but values
are relatively similar for closely related organgsim similar environmental conditions
(Vanderklift and Ponsard 2003 and Crawford 2008).

One cause of variation in isotope fractionatiodigestion. For example, different
digestive systems (e.g. hindgut versus foregut éatation) result in different levels of heavy
isotope enrichment (Sponheimer et al 2003). Intamdifood sources have variable
decomposition in the digestive tract (e.g. softibddrersus hard-bodied invertebrates),
which can affect isotope ratios, and thus fieldlss are necessary to determine if this source
of variation overwhelms the dietary signal (Crawif@008). Unlike nitrogen isotopes, carbon
isotopes ¥*C/*3C) do not tend to fractionate between diet and nimdy tissues or fecal
material (DeNiro and Epstein 1978). However, duth&kinetic isotope effects of different
photosynthesis pathways, C3 plants (e.g. soybednealetleaf) are relatively depleted in
3C compared to C4 plants (e.g. corn and foxtaibyjating strong signals of diet.

In order to determine whether these patterns aectible in field fecal isotopes, we

processed subsamples via a Finnigan MAT Delta Rlusiass spectrometer in continuous
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flow mode connected to a Costech Elemental Analsgzéswa State University (Department
of Geological and Atmospheric Sciences). Referastaedards (Ammonium Sulfate [IAEA-
N-1]; Ammonium Sulfate [IAEA-N-2]; Caffeine [IAEA-80], Sucrose [IAEA-CH-6; RM
8542], and Acetanilide [laboratory standard]) wesed for isotope corrections, and to assign
the data to the appropriate isotope scale (12 staaldards for the field study, 12 for the
mesocosm study, and 23 for the maternal study).coh&ined uncertainty (analytical
uncertainty and average correction factor)¥0€ is + 0.21, 0.80, and 0.06%. (VPDB) and
8N is + 0.06, 0.20, and 0.17%o (Air), respectively foe three studies as above.

Heavy isotopes are typically found in low abundafide, 99.64%:°N, 0.36%)
(Audi et al 2003), so their values are reportedass per thousand (permil or %o) (Fry
2006). The typical equation used for reporting letédntope values is:

d(Heavy Isotope) = ((Rmple— Rstandard/ Rstandard * 1000

For nitrogen and carbon:

8N = ((Reample— Retandar)/ Rstandar) * 1000

Where R =°N/*N of the sample and the standard.

8°C = ((Reampie— Retandar/ Rstandar) * 1000

Where R =°C/**C of the sample and the standard.
4.2.3 Statistical Methods

All analyses were completed in JIMP Pro 10.0.2 (SX82). We used standard least
squares analysis to evaluate the effects of tindenantiple reproductive condition states on
isotope composition. We used one-way analysis nanee to evaluate before and after

thaw, as well as bivariate reproductive conditdfhen repeated measures were analyzed,
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we assigned the identity of the mouse as a randworable to first remove variation due to
identity.
4.3 Results

All samples had sufficient carbon and nitrogenigotope composition analysis.
Thus, we were able to evaluate late winter di&009 and 2012, while using three collection
techniques. In the mesocosm study, we were aldseday 4 mice on known diets of
velvetleaf and foxtail. In the field study, we aymdd 22 subsamples from 3 corn fields in
late winter 2009. Finally, in late winter 2012 wsed fecal material collected directly from
female mice in soybean fields supplemented witlm.cosing this final technique, we
analyzed data from 33 mice over 4 weeks (2 beforieg thaw and 2 after spring thaw).
4.3.1 Mesocosm Study

For the mesocosm study, the entire range of isotapees for thé™*N of fecal
material was higher than the average values fdafband velvetleaf (Table 1). Since the
composition of diets was known in this phase ofstuely, we were able to determine that the
average fractionation &f°N was enrichment by 1.91 %8I) = 0.55), but the fecal values of
8N were not significantly changed by seed diet cositipm (P > 0.1). The latter result was
expected, as th&°N values of foxtail and velvetleaf were not espkyidifferent (Table 1).
The range 06'°C values overlapped with the average values ofvéed seeds, but exceeded
them as well (Table 1). The average fractionat@f°’C was -2.37(2.53) , and the ratio of
foxtail:velvetleaf was a significant predictor @ictls'°C (slope = 5.465E = 1.82,P < 0.01,
Figure 1). We analyzed fractionation of isotopéosain two ways. When we treated each
subsample as independent, fractionation rates svgndicantly different between 1 and 3

nights ¢*°N = 1.68(0.36) after 1 night and 2.24(0.64) afteights and*°C = -0.50(2.4)
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after 1 night and 1.54(1.8) after 3 nights;15= 5.46 and 4.9 = 0.03 and 0.04,
respectively). Combined with the fact tlaIN results from 3 nights more closely matches
values found in other studies, 3 nights is a sigaiftly better sample period. However, when
we corrected for repeated measures within a sindigidual, the differences were no longer
significant £, 3= 4.37 and 4.0 = 0.12 and 0.09), possibly due to a very smalldarsize
of animals.
4.3.2 Field Study

The fecal material that we collected from the ceddfforaging study had a range of
isotope values that exceeded the average valumforfrom the field, as we expected (Table
1). The range of values f6t°C included the average value for ca3'C values declined
through time & = 0.48,8 = -0.09,SE = 0.02,t = 4.15,P < 0.001) and*°C values were
significantly lower after spring thaw than befopriag thaw (-13.34 vs. -10.7E; 24= 7.28,
P = 0.0126), indicating a shift toward C3-based fddowevers™N values did not change
through time & = 0.014 = -0.006,SE = 0.01,t = 0.38,P = 0.7) and values were not
significantly different after thaw than before (8.vs. 6.61F; 4= 0.039,P = 0.85),
indicating a stable trophic diet across this tireeiqgrd. Thes™N values of the field A,
however, were significantly lower than the otheo tirelds combined (4.87 vs. 7.35; 24=
25.47,P < 0.0001) (Figure 3), perhaps due to a differentilizer regime. The ranges &fC
values were consistent across all three fields.
4.3.3 Maternal Study

The range of fecal values for the maternal studicated that females ranged from a
complete reliance on soybean to a complete relianamrn (Table 1 and Figure 4§°N

was significantly higher after thaw (4.92 vs. 4.59,;= 4.72, P = 0.0349) (Figure 5)°C
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was not significantly different after thaw than def (-23.47 vs. -27.82,,k,=0.49, P =
0.49). In addition, mice with nipples rated as ently nursing had a significantly low&FN
value (3.28 £ 0.47vs 4.57 £ 0.19, &= 6.17, p=0.0172) while controlling for identitpd
time period (Figure 6). In contrast, perforatiopesn plug, and pregnancy were not

significant predictors of isotope values.

4.4 Discussion

Previous work on fecal isotopes from mice has detereliability in summarizing
diets (Hwang et al. 2007), but no mouse fecal ssitiave been done on free-ranging
animals or using a natural diet. In our study, aend that fecal isotope values of
Peromyscus maniculatus bairdii reflect their diets when fed common weed seeds allym
available in corn-soybean agriculture (Figure BisTinding builds on previous work that
shows fecal material reflects diet in an arrayrofraals in the wild (Sponheimer et al. 2003;
Painter et al. 2009; Codron et al. 2011), as wseldhoratory studies of small mammals
(Hwang et al. 2007; Salvarino et al. 2013). In #ddi fecal isotope values of prairie deer
mice matched predictions from these previous ss81&C was not fractionated from diet,
andd™N was enriched by approximately 2%o in fecal matagkative to diet.

We also found ecologically relevant isotope valadgrns in free-ranging mice
(Figure 2). Across three fields, mice had constspatterns 06**C ands™N value shifts. As
Ben-David (1997) illustrated, generalist predafonartens) switch with the availability of
food items, and this is detectable in isotope pasté/Ve also found that mice relied on C4-
based foods (C4 plants and herbivores of C4 plamtsyghout the study period, matching

expectations for diet (Figure 3). In addition, werevable to detect unique nitrogen sources
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on fields [manure (Iovs'°N) vs. synthetic fertilizers (higst°N)] (Figure 3). The most
apparent and potentially useful pattern detectemjgh was the increase in consumption of
primary consumer tissue near spring thaw, and eedse thereafter (Figure 2). Since spring
thaw represents an opportunity for the emergenaesetts and the opportunity to forage for
them (e.g. pupae) in the soil, the availabilityaafmal protein should increase at this time.
Other studies have shown tiam. bairdii have a preference for insects when they are
available, relative to the seeds that they subsighrough the winter (Whitaker 1966; Clark
and Young 1986; Flick, unpublished data). Anothesgible explanation for this short-term
shift in isotope value is cannibalism of mouse aases in experimental nest boxes during
late winter, which we have detected (unpublishdad)da

We detected smaller shifts in diet during the nmrakestudy (Table 1) than during the
free-range study. The small but significant enriehtin**N and no change i&**C (Figure
4) are best explained by the large amount of ceailable for consumption (placed by us for
another project). Even with the overwhelming amafrdorn consumed, mice significantly
increased their consumption of animal tissue foltgaspring thaw (Figure 5). In contrast,
we found no evidence that mice in different repite states were consuming different
diets. This is despite the high energy requiremfamtiactating females, which increase until
one week before weaning, and the strong correld&tsween litter size and kilocalorie
consumption (Stebbins 1977). In addition, matuaitg reproductive activity were not
associated with altered isotope values. Successpubduction and nursing of offspring
however, did cause a 1.3 %o decreas&iN of fecal material (Figure 6). This is supported
by limited other studies that suggest that milki@mentially receives™N isotopes, reducing

the values in other bodily tissues (Kurle 2002)wdwer, it is in contrast to Ben-David et al
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(2012), who found that pregnancy and milk productiad not produce any more
fractionation of isotopes than those predicted dgybmass change. The best explanation for
this difference may be that they were studying rreuand red blood cells. Rates of
incorporation into different tissues, comparedh® ¢xcretion of non-incorporated isotopes,
could explain this difference (Rio et al. 2012)casld differential turnover times.

Despite strong effects of timing and nursing, #retendency for reproduction to
increase toward summer (but not in our samplesfowed no evidence for an interaction
between the two effects. Nursing had a larger etfean time, but both were significant
when included simultaneously in the model. Whilefaend no interaction effects in our
study, it is reasonable to think that in studie®rmursing is not taken into consideration,
significant depression &f°N values may occur, and shifts in diet may go uected. For
example, in our free ranging mice the lack of iaseeins™N after spring thaw may result
from a high percentage of nursing mice. In systsapplemented with food, much as is
accomplished by the waste grain in crop fieldsy deiee will reproduce more frequently and
even during the winter (Taitt 1981). Further is@opsearch in this system should carefully
account for this.

The combined results indicate that both directiaddect sampling of fecal material
is effective in detecting ecologically relevantghic behavior in our system. While Ben-
David et al. (2012) show evidence that the trogwclogy of complex diets is difficult to
evaluate, simpler systems, such as agroecosyspeavile a unique opportunity to test the
efficacy of stable isotope techniques. This panadig limited choices or switching behavior
has been useful in isotope studies of other tis@Bes-David et al. 1997 and Bodey et al.

2010). However, it has had limited utility with Bdanalysis (but see laboratory studies of
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Salvarino et al. 2013). This study shows that it@search can utilize fecal material
collected through non-invasive methods to detesadtbipatterns in this species’ trophic
agroecology. It should also be broadly applicablether simplified systems with

economically important small mammals.
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Table 1.Isotopic values of food and fecal material. The reported values for each sample are
the difference in relative abundance of the heaalyls isotope'fC/“C or *N/**N) between
the sample and an international standard.

Experiment Sample 3"°C (VPDB) 8N (Air)
Average Range Average Range
(x1SE) (x1SE)
M esocosm Velvetleaf  -26.19  -30.80to-11.5 3.27 (0.37) 0.00 to 4.20
study: Wild (0.56)
micein captivity Foxtail -12.52  -15.00to-11.54  3.15(0.18) 0.00 to 6.56
(0.27)
Feces -14.04  -19.11to -7.82 5.17 (0.15) 4.36 to 6.94
(0.61)
Field study: Feces -12.23  -16.63t0 -7.99 6.68 (0.31) 3.99 10 8.80
Wild mice (0.54)
sampled
advantageously
Mater nity Corn -11.51  -12.27t0-10.64  6.08 (1.61) -0.67 to 11.42
study: Wild (0.23)
femalessampled Soybean -27.35  -28.09t0-26.45 -0.28 (0.26) -1.11t0 0.80
directly (0.25)
Feces -23.27  -26.92t0-15.48 4.61 (0.24) 2.271t07.85

(0.54)
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Figure 1. The effect dPeromyscus maniculatus bairdii weed seed diet composition on fecal
isotope values. Graphs represent the least sqfiigliee of 5°C (top) and*®N (bottom) as a
result of diet composition (velvetleaf seed massdib seed mass). Shaded regions are the
95% confidence interval for each fitted line. Résalre from 4Peromyscus maniculatus

bairdii captured in central lowa, and kept on a contrailied of the two weed seeds. Fecal
material was collected repeatedly for these 4 na@ind,the 17 data points represent repeated
samples from these 4 individuals.
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Figure 2. Trophic patterns Peromyscus maniculatus bairdii diet through time. The isotopic
values are generated from fecal material collebttdieen January 1st and Aprit 2009 (N

= 22). All samples are from corn fields in centaka. The day of the year predi&sC

(top) ands™N (bottom) values of feces. The fit line is the dragic function of the effect of
day on isotopic values, and the shaded regiorei9546 confidence of the fit line. Th&’C
cubic line is significant for all three paramet@?s0.001, 0.039, and 0.0039), while &N
guadratic line is significant for day”2 (P=0.00d)it not for day (P=0.24). Lines shown had
the lowest AlCc values of up t&*®rder polynomials. This expectation, of compleitstin
diet is in line with a increasing reliance on cerf@ods as spring nears, and a sudden change
after spring thaw. Data were generated from uRtduckets per sampling period (3 fields,
5 grids/field, 8 buckets/grid). Actual sample psimtried, due to losses of buckets and lack
of foraging in some grids. The material from adiglas homogenized into a single sample
from each sampling date. The fit line represergsfittacross all three fields.
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Figure 4. Temporal patterns of stable isotopegeioralePeromyscus maniculatus bairdii in
central lowa. The fit line is alorder approximation of the effect of time of yearisotopic
values, and the shaded area is a 95% confidere@ahtiround that estimate. Fecal material
was collected directly from 33 female mice in actél burrows. Dashed line represents

approximate spring thaw event.
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material of 33 femal®eromyscus maniculatus bairdii as described in Figure 6. Bars are
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Figure 6. Comparison of stable isotope values basetlrsing. Values are from fecal
material of 33 femal®eromyscus maniculatus bairdii as described in Figure 6. Females
were considered to be nursing if their nipples warge, or they were observed to be nursing
young. Bars are means with error bars represeftstgndard error. An asterisk denotes a

significantly higher value.
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CHAPTER 5. SUBSTRATE MATCHING: PRAIRIE DEER MICE (PEROMYSCUS
MANICULATUS BAIRDII) INCREASE FORAGING INTENSITY INHABITATS
THAT ENHANCE THEIR CRYPSIS

A paper to be submitted &ehavioral Ecology

John W. Doudna and Brent J. Danielson
ABSTRACT
Many species are surviving in novel ecosystemsithsbme ways mimic their

historical habitat, but also have significantlyeadtd disturbance regimes. For example, the
prairie deer mouse has successfully transitionaeh f1 perennial tallgrass prairie biome to an
annual row crop agriculture system, which haselittl no vegetative cover for six or more
months each year. In this system, mice are atasekrisk of predation, especially by visual
predators. In addition, recent changes in soiligyaspecially high amounts of erosion,
have lightened soil color, and resulted in a mismador the dark brown coat color of the
species. We sought to determine if the mice respordack of crypsis when foraging for
common weed seed species. If mice forage lesssinig on light substrates, this has the
potential to reduce the species’ potential to raguveeds. Indeed, we found that mice
forage significantly less on light substrates tbardark substrates, matching expectations of
crypsis recognition by the mouse (difference: g960.28; t Ratio = 6.42, P < 0.001). The
impact of substrate color did not interact withrawdation of moonlight. The simulation of
moonlight had a smaller and insignificant effeatngared to substrate color. Studies of
foraging small mammals should account for this sabe color issue, and studies of weed

regulation should also take into account naturtddogeneity in soil color.
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5.1 Introduction

Row-crop agriculture represents a novel ecosyssensy Hobbs et al. 2006), with
high disturbance and simplified communities th&valfor the study of behavioral
adaptationsPeromyscus maniculatus bairdii (prairie deer mice) forage in these agricultural
landscapes, which pose novel predation risks. Dhe-soybean fields that represent the
majority of the species’ contemporary range ladletative cover for approximately six
months each year. However, this subspecies evalsedspecialist of prairie habitat, which
is dominated by dense vegetation throughout thethaa drastically limits visibility to aerial
predators and making behavioral adaptations torexghbackground matching of little value.
The two exceptions to this are post-fire and snoweced ground. After a fire, charcoal and
very dark soils would be exposed, and they areaguately matched by the overall dark
coat of the species, while snow cover typicallythesin subnivean space that mice utilize, so
that they are rarely exposed above the snow.

While the vegetation structure has changed draalbtienost predators of small
mammals are still present in the Midwest. The prdirome was the dominant habitat of the
Midwestern United States (hereafter: Midwest) fighethousand years (Anderson 2006)
and only in the past 200 years or less Hawe bairdii been exposed to this increased level
of risk. In addition, the species is unable toizeifencerows or field edge vegetation, as they
are rarely found in these habitats, being more comim field centers (unpublished data).
Thus, it is of interest whether this species hadved or is still evolving risk management
strategies to this new predation regime. Indeedhawe found evidence for evolution in this
time frame from other work in our lab, specificadly}change in jaw shape due to novel foods

(Doudna and Danielson, in review).
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Mice can ameliorate predation risks through behavi@sponses to environmental
cues. For small mammals, indirect cues such as lighorand cover indicate predation risk
and alter foraging behavior (Kaufman and Kaufma®2l €larke 1983, Brillhart and
Kaufman 1991, Brown et al. 1992, Orrock et al. 208fbwever, responses to typical cues
may be insufficient in intensive agriculture. Tledecause intensive agricultural production
has exposed lower soil horizons that are lighteoior and may expose mice to increased
attacks due to increased conspicuousness (Kauf@i&d).1ln fact, studies on “beach mice”
have found that mice mismatched to their substregeat much greater risk of predator
attacks than camouflaged specimens (Vignieri €2@10). One possible mechanism to
reduce these risks is that mice have evolved thaaty to, or had a preexisting capacity to
avoid substrates that would decrease their crypsis.

This study evaluates whether mice respond to ithatidon and substrate color by
reducing their seed predation rates in patcheoamdghts that increase their predation risk.
We used a semi-natural enclosure experiment taatelvhether mice would forage less
intensively on the lighter substrate due to a peeckincrease in predation risk. We also
hypothesized that mice would forage less intengiwdien illumination levels were high, due

to a perceived increase in predation risk.

5.2 Methods
We used an enclosed experimental setup with wilddeamice to evaluate the roles
of lighting and substrate on mouse foraging behraWe conducted this study in Ames, IA
(445300E, 4647800N 15T) during fall and winter 22012 and summer and fall 2013. We

trappedPeromyscus maniculatus bairdii in corn and soybean fields with Sherman live traps
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following American Society of Mammalogists guid@sfor the use of wild mammals (Sikes
et al. 2011). Mice were collected from traps earlthe morning and immediately taken to an
artificial burrow that contained cotton nesting av&l. This burrow was connected to an
experimental runway by corrugated tubing, approxingga mouse’s natural burrow tunnel.
The sealed burrow-runway combination was nestedgrotected enclosure (see below for
details). We repeated the experiment 5 times betvBeptember 2011 and March 2012.
Three mice escaped during the study, and we wéeg@mclude 17 mice in the analysis.
We used experimental runways nested in enclosanesintain a relatively controlled
environment, while exposing mice to natural pagemlight:dark and temperature. We
constructed 4-3m x 3m enclosures for studyg. bairdii foraging behavior and caching
(Figure 2). The building had a tin roof and traeslot fiberglass panels surrounding the
upper half of the building, which provided similaght intensity to an overcast day within
the enclosures. We added ~1m of aluminum flashiriggdower portion of each enclosure
to prevent mice from escaping the enclosures fiegious study. We placed two equidistant
light-emitting diode (LED) lights (from a string @bliday lights) along the center beam of
each enclosure in an attempt to simulate moderatshght intensity (45-90 mLux). In
order to restrict movement to the experimentalsette constructed a 3m x 0.25m runway
within each enclosure. We covered each runway witR5cm opening hardware cloth in a
tunnel shape, approximately 0.25m high x 0.25m wdsually, the hardware cloth tunnel
provided very little obstruction between the inberand exterior (Figure 2). We installed a
small access door at each end of the runway teepsoforaging trays. We covered opposite
halves of the runway floor with light (Quikrete®aylSand) and dark (Black Blast® Blasting

Sand) sand. At each end of the runway, we pladedaging tray with sand that matched the
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runway floor sand. We provided mice with water maatomatic dispenser placed in the
middle of the runway. Upon exiting the burrow tuh@emouse was able to turn left or right
toward one of the two foraging trays (describechgl

We used paired giving-up-density (GUD) trays witeach runway to evaluate risk
perception. The foraging trays in each runway iadiof 18 grams of seed mixed in 1 liter
of sand. The intent of a GUD is to ensure thateh&@a declining rate of return within a
single foraging patch. As an animal consumes foikdinva GUD patch, it becomes harder to
find the next food item. This ensures that thedorg behavior mimics natural limitations of
finding the next food item as food is consumed (Br@007).

Trays were placed near the ends of each runwaypné/sifted sand with a 1mm sieve to
standardize particle size. We collected and replaeeds every 3 days. We randomly
ordered 4 treatments: LED lights on with velvetl@&futilon threophasti) seeds (which
closely matches the dark substrate), lights ofhwglvetleaf seeds, lights on with foxtail
(Setaria faberi) seeds (which closely matches the light substrate) lights off with foxtail
seeds. Velvetleaf is a relatively large (2-3 mmpfeeed with a leathery pericarp from which
the seed has to be excised, while foxtail is a lmél-2 mm) grass seed with a papery
pericarp that can be lifted from the seed. Lightls inside the enclosures simulated new
moon, starlit nights (0-10 mLux), and quarter modear nights (45-90 mLux) based on
outdoor recordings in a nearby harvested field ndite experienced each of the four
treatment combinations, but in randomized ordetwBen treatments, we cleaned out
burrows and left them open to dry. When mice soadteand from the tray, it was assumed
to contain seeds and we sifted that sand as wellsified all sand from foraging trays

through a 1mm sieve between mice.
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During the late fall of 2012, we placed temperatla&a loggers in each tray of sand to
evaluate any differences in temperature for trRgsults provided no evidence of
temperature differences between sand color treagmieidlicating no differences in
metabolic costs of foraging between the two trays.

We sterilized and standardized seeds in order tisare GUDs and infer consumption of
seeds. We baked all collected seeds at 190C fariB0tes to destroy microorganisms and to
standardize moisture content. We cleaned seedsavgiidve, seed separating apparatus, and
forceps. This process removed fecal material angtyseed coats. Then we weighed seeds
on an electronic balance, and recorded their Waadht in grams. Optimal foraging theory
predicts that the decision of when to leave a foaith is based on missed opportunity costs
(e.g. breeding), metabolic costs (e.g. higher gnexgenditure), and perceived predation
risk (Brown and Kotler 2007). This study eliminatastabolic and missed opportunity costs
as well as equalizing travel time, so that diffeesnin seeds remaining in food trays reveal
the perceived cost associated with predation egkér as spending less time in the patch or
spending more time being vigilant to predation)e Temaining weight of seeds in each tray
is the giving up density (GUD), and the differeme&UD values represents the costs
associated with perceived predation risk.

We used mixed-effects models to evaluate the vati@atments in the study, while
controlling for variation due to individual behavi®ifferences in seed weights remaining in
trays were analyzed with a standard least-squaggession model with light and seed type
as well as all interactions as fixed effects, ancknas a random effect in JIMP® Pro 10.0.2

(SAS Institute Inc. 2012). The intercept of the mlo@presents the average difference in
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GUDs for each mouse, and the significance tediefritercept evaluates whether the

differences between trays are significantly norezer

5.3 Results

Mice in the experimental setup responded well éoghvironment and experimental
setup. No mice declined in health or vigor durihg study and many mice actually gained
weight. A few mice did eventually escape from theevenclosure into the larger enclosure.
Most mice made no efforts to escape that we coedead. Mice also cached seeds in the
artificial burrow in similar proportions as seenaur other studies (Flick and Danielson, in
review)

Mice consumed both types of seeds under all camditand in both colors of sand
substrate. Differences in GUDs between substrdte aere not significantly different when
lights were off than when lights were on (1.63 39).1 SE vs. 2.30 £ 0.71 g, respectivfly;
=0.37, SE = 0.30, P = 0.24; Figure 3). Difference&UDs were also not significantly
altered by seed type (1.81£ 0.54 vs. 2.11 + 0.95g0.20, SE = 0.28, P = 0.50). There was
also no significant interaction of either of théssatmentsf{ = 0.18, SE = 0.27, P = 0.52). In
order to determine if substrate matching signifiaimfluenced mouse foraging behavior,
we tested for a non-zero difference between theftnaming trays. The average difference
between light and dark substrate was 1.96 g (x)0@BD values were significantly lower in

dark trays (light-dark tray GUDs: Intercept = 180.31, t Ratio = 6.42, P < 0.001).
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5.4 Discussion

P. m. bairdii foraging behavior indicates they perceive a higlsirassociated with
foraging on lighter colored substrate relative éoker substrate. Visibility of seeds had no
impact on foraging rates, as there was no intemadf seed type and substrate color. This
finding is consistent with previous research shavthmatP. maniculatus improves foraging
efficiency through olfactory cues (Vander Wall 1998ice tended to leave more seeds
behind when the lights were on, but it was a ngmificant difference. Previous studies have
consistently found that mice forage more intengiwel darker nights (Kotler 1984; Brown et
al. 1988; Orrock et al. 2004). Since we could riotieate all background light, it is possible
that the lack of significance in our study coulddae to variation in ambient lighting
throughout the study. Also, we only mimicked a nratke amount of moonlight, where
previous studies have simulated much higher lemelsed greater intensities of natural
moonlight (Kotler et al. 2001 and Bengsen et al@0Alternatively, it is possible that the
effect of light was ameliorated in our study byyding mice with a behavioral escape from
the higher predation risk: foraging on a dark su#tet

The preference for foraging on dark substrate negtefsual estimates that the mouse is
more cryptic on a dark substrate, and supporthgoothesis that mice perceive the risk
associated with reduced crypsis. This risk perckbsemice is likely an accurate perception,
as Kaufman (1974) found that more conspicuous mere more likely to be attacked by
owls, suggesting an adaptive advantage of foragingryptic substrates. Additional
evidence using models suggests that substrate mgtahd the resultant camouflage are
important for minimizing predation events of snralhmmals (Vignieri et al. 2010). Since all

mice foraged in both patches, the difference irsgabe GUDs indicates that rather than
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avoiding non-cryptic patches, the mice may be gatmore vigilant during their foraging.
This interpretation is supported by current redearccluding Kotler et al. (2010) who found
desert rodents were able to evaluate current mbasgs and their own nutritional state to
make complex foraging decisions. Few studies hapbaitly examined the role of substrate
in perceived predation risk, but Hughes et al. B)3hd Kotler et al. (2001) found that desert
gerbils perceive if substrates are suitable fockjescape from predator attacks. Kotler et al.
(2001) also found that foraging substrate influenG&Ds, but they attribute this to altered
efficiency of foraging. Abu Baker and Brown (20X@und a similar result; two species
prefer different foraging substrates due to vaddblaging styles. Our study adds substrate
matching or camouflage to the list of small mamaedisions associated with substrate.
Since Kettlewell's finding in 1955 that moths reoage appropriate backgrounds on
which to land, substrate matching has been recardeulltiple species, especially in
association with predation risk. For example, teeihg behavior of grasshoppers enhances
crypsis by selecting cryptic background with a ¢ge&requency than expected by chance
(Gillis 1977 and Eterovick and Cortes Figueira 1997ultiple species of frog have shown
the same perceptive behavior, choosing camouflabareing substrate when fleeing a
perceived predation risk or choosing a resting(siterey 1990 and Eterovick et al. 2010).
Several species of lizard have shown similar prejpgifior substrate matching (Gibbons and
Lillywhite 1981 and Gillis 1989). However, we couldd no studies of mice behaving in a
way that enhances crypsis on a substrate. Indattjdy of squirrels found no perception of
risk when background color was manipulated, whildifhg strong antipredator responses to

distance to refuge and escape substrate (Thorsdnl€i98).
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The behaviors in this study could be a result pidadaptation to a novel ecosystem or
pre-existing phenotypic plasticity. Supporting capdaptation potential, Sih et al. (2011)
described species with preexisting adaptationsitoam alteration of the environment and
species with short generation times and suitabletievariation as species that can persist
in human-dominated environments. Which of thesepgathways may be contributing more
to the success &f. m. bairdii is unclear, but the drastic changes from prairierop field
suggests adaptation rather than pre-adaptatidnd@nvironment. In fact, our study falls in
line with current research, as examples of rapawionary adaptation are emerging (Mgller
2008, Atwell et al. 2012). Often, these studied tirehavioral shifts of foraging and
exploration that promote the species’ survivalighly modified landscapes. In addition, our
lab has found evolution of jaw morphologyRnm. bairdii (Doudna and Danielson, in
review). We found that the species has undergoakigenary changes in jaw morphology
in 100 years, and that there is strong evidendehleantensity of corn-soybean agriculture is
the best predictor for these changes. We concltldedhe large size and hardness of dry
corn and soybean were sufficient selection agengsdmote the evolution of jaw
morphologies. Similarly, the strong selection pueesnduced by increased predation during
winter may have promoted behavioral evolution iaifpe deer mice.

In addition to an ecologically-interesting restiis study may provide insight into
economically important behaviors Bf m. bairdii. Prairie deer mice consume seed and waste
grain in corn-soybean fields, and they have beanddo aid in the regulation of weed
populations (Williams et al. 2009). Therefore,aflxolor influences where and to what
degree the mice forage on seeds, erosion couldedatie weed regulatory role of this

species (Sivy et al. 2011). While lighter substrateften associated with reduced fertility,
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chemical inputs provide nutrients for plant growthus, if mice preferentially forage in
darker patches of the field and reduce foragingnisity in light patches, it might result in
areas of high weed density, adversely affecting gr@ductivity or increasing costs to
commodity producers. Future studies on field cood# and their effects on foraging
intensity will need to be combined with plant demagahy studies to gain a better

understanding of potential impacts on commoditydpaion.
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Figure 1.S0il color heterogeneity. An example of soil color heterogeneity of Midwester
row crop agricultural fields. Even on farms wittil& topographic variation, erosion is
exposing lighter soils. This heterogeneity may lealdehaviors in mice that reduce their
economic value to farmers.
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Aluminum
Flashing

Soil

Nest Box

Figure 2.Experimental enclosure. Each enclosure (4 total were used) is approxim&te
meters on each side, with ~15cm of soil, and hagtemiigh aluminum flashing around the
bottom. It is covered with a weatherproof roof, amdurrounded with dark fiberglass panels
to minimize light penetration. Runways are conggdof a wooden plank, wire mesh, and
two colors of sand are placed on opposite endswBymare connected to wooden burrows
by corrugated tubing. A single mouse is placedaicheburrow, and is restricted to foraging
in the experimental runway. On each end, therdiayaof 1 | of sand that matches the
substrate on that side and ~18g of seed. A watdenge is in the middle of the runway.
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Figure 3.The effects of substrate color on Peromyscus maniculatus bairdiving up

densities. Two common weed seed species (velvetlealbutilon threophasti and foxtail —
Setaria faberi) were tested, and crossed with two light treatméoitf: <10 and on: 45-90
mLux). Boxplots display median and quartile difieces between light and dark GUD trays
(grams of seed remaining), in which mice foragedticee consecutive nights. Data are from
17 mice. All differences are significantly non-zeamd there are no significant differences
due to seed type or light level.
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CHAPTER 6. PERSPECTIVES OF EXTENSION AGENTSAND FARMERS
TOWARD AN ECOSYSTEM SERVICE PARADIGM IN THE UNITED STATES
CORNBELT

A paper to be submitted to tleurnal of Agricultural Education and Extension

John W. Doudna, John C. Tyndall, Matthew E. O’Neaal] Matthew J. Helmers
ABSTRACT

Purpose: Our goal was to determine the perspeativestension agents and farmer clients
regarding multifunctional agriculture in the Unit8tates Corn Belt. Our secondary intention
was to identify least-resistant routes of diffusfoncomplex conservation innovations.
Design/Methodology/approach: We used surveys ttuat@athe perspectives of farmers,
crop professionals, and extension agents. The guvas conducted in central lowa, and
included individuals predominantly from lowa invel¥ in commodity research and
production.
Findings: We found indicators that all groups hadifive perspectives about multifunctional
agriculture in commodity production (summed scare$8.28 + 0.47, with 12.00 as a neutral
score), including a positive effect of prairie togland (2.56 £ 0.07, with 2.0 as a response
of no effect). Older farmers were more likely t@part conservation funds and be familiar
with the term “ecosystem service” (P < 0.001 ari¥p.Farmers with more farmland were
less likely to perceive a positive effect of praion adjacent farmland (P = 0.03).
Practical Implications: The positive perspectivefaomers support the promotion of
multifunctional agriculture. There are similaritiesperspectives of the three groups that can

support effective communication.
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Originality/Value: This is the first study we couidd that evaluated perspectives on
multifunctional agriculture in Corn Belt commodjyoduction. We could also find no
studies that evaluated the perspectives of commepditducers with the same set of

guestions used to evaluate extension agents imeigisn.

6.1 Introduction

The agricultural systems found in the US Midwestehsocio-technologically
evolved to efficiently provide goods and serviaefimans, such as food, fiber, feed and
fuel, at large scales. In addition, agriculture cantribute to non-crop goods and
environmental services such as carbon sequesti@tioicreased biodiversity. Collectively
these outputs are considered ecosystem servictgaare naturally derived services to
humanity (Millennium Ecosystem Assessment 2002k{dDe the economic efficiencies
apparent in the current conventional (commodityedasnanagement approaches in the US
Midwest, row-crop agriculture is simultaneouslyasated with multiple negative
externalities (e.g., soil erosion and water quailitpairment) that are increasingly being
experienced at broader scales (Robertson and Sw2®@5; Nassauer 2007). Fortunately, it
is possible to manage farm systems jointly for kygtding, low cost commodities as well as
for enhanced environmental services (Secchi &04l8; Jordan and Warner 2010; Tomer et
al. 2013). In such cases, specific farm managewsntvariously help enhance or otherwise
maintain on-farm productivity over time, amelioraggative on and off farm impacts of
farming, or outright cause or mediate the productibenvironmental goods and services
that would not otherwise occur (Swinton et al. 208@herr and McNeely 2008). Such farm

management approaches applied at landscape-sealésacl to broadly valued



98

environmental benefits with minimal if any tradeofd the commodity basis of agriculture
(Boody et al., 2005; Secchi et al. 2008). The ome®f this type of farm management is
agricultural activity that extends beyond its rofgoroducing commodities and serves several
other functions such as renewable natural resouneemgement, biodiversity conservation,
environmental management with broad contributioth&socio-economic viability of rural
areas; this outcome is known as multifunctionaicadiure (MFA) (OECD 2003; Boody et

al. 2005; Renting et al. 2009).

A challenge for the widespread adoption of MFA ngemaent techniques in this
region however, is that traditional “change-agentés as well as modes of communication
between farmers and university or private extenagents may be insufficient, and that
negative perspectives of farmers and extensiontageay suppress adoption (Jordan 2010).
Historically, agricultural extension and educatias,per the US Land Grant Cooperative
Extension Service tradition, have typically beeculged on crop production; as noted by
Warner (2008), one of the key responsibilities wblcly funded extension agents is the
transfer of production technology developed anteteby Land Grant Experiment Stations.
Likewise, private extension professionals suchrap advisors, seed and chemical dealers,
and technical service providers tend to focus omflevel elements of financial and
production risk as well as proprietary managemetetrests (e.g., Norsworthy et al. 2007;
Rivera and Sulaiman 2009; Riar et al. 2013). Fram@reach standpoint, confounding the
promotion of MFA is that the outcomes are complarsgely non-market, and to a large
extent manifest at landscape scales. Economiclthe farm scale MFA involves
management that focuses on environmental manageharypically does not lead to short-

term financial gain. Rather, it often involves lamthers to accept direct and opportunity
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costs (Secchi et al. 2008; Atwell et al. 2010). ¥IA is quite compatible with commodity
oriented landscapes (e.g., Coiner et al. 2001; Bebvadl. 2005) and has provided the impetus
for the production of non-conventional or emergngrketable services (e.g., carbon
sequestration, nutrient trading). Neverthelesslipamd private extension personnel and
programming are and will likely remain key changerats/ tools in a region where
commodity based agriculture has become somewhandept upon Land Grant and private
agricultural research and development (Rivera 20B4panding extension education beyond
strictly commodity production management will regua broader understanding of
agricultural systems, a greater degree of commtiaican diverse topics, and positive and
receptive attitudes regarding the impetus to MA#araaches to MFA (at farm and landscape
scales) and the overall goals of this agricultayatem.

Due to this expansion of responsibilities, it isightful to explore the perspectives of
the key stakeholder groups with common metricshSwaluation will determine if farmers
and extension agents have a positive attitude theeosystem services, and whether
perspectives among the groups are similar enoughaw effective communication (Rogers
2003). With this information, we can also identifiiich extensions agents (public or
private) may be the most effective in the promotdiMFA so as to better target the results
of applied MFA research. This targeting approadhpvomote more efficient
communication strategies for broader stakeholdernmation dissemination. With more
effective promotion of MFA and a broader dissemorabf information, MFA acceptance
may increase and help maximize non-commodity etesyservices.

One way to evaluate barriers and opportunitiextersion agent and farmer

communication is to detect Rogers' (2003) homogéidind heterophilies (e.g., Kock et al.



100

2010). Rogers (1995) identified heterogeneous petsf@s of communicators (heterophily)
as a hindrance to effective communication. In astirhomophily enhances effective
communication, due to similar perspectives amomgroanicators. When considering the
communication of complex conservation agricultstahtegies, the identification of farmer
and extension agent perspectives is critical, adlitdentify heterophilies and homophilies,
and thus promote better communication. Since crofepsionals and extension personnel
often present conservation innovations to farmergaat of their outreach responsibilities, it
will be important to determine the perspectivethelse groups, to understand the quality of
information farmers are receiving.

In addition, knowledge of farmer perspectives dan anhance the identification of
likely “early adopters” of novel conservation sagies as well as those farmers with a
general receptiveness to new ideas. Knowler anddBiav (2007) reviewed the literature on
how farmer perspectives influence adoption of n@eglservation techniques. These
researchers concluded that farmers feel compalleddpt conservation strategies when they
recognize environmental degradation and are cordeahout reducing the negative impacts.
Farmers also needed to perceive that the consemvsttiategy had tangible benefits that they
could manage at the scale of their farm. Wossirtk&ninton (2007) showed that farmers
were willing to provide non-crop ecosystem servisegn they understood that joint
production of non-marketed ecosystem services sy mroductivity were possible. More
pragmatically it has been noted that some farnretisis region will (to a degree) trade-off
profits for the ability to fulfill stewardship intests (Chouinard et al. 2008). In the context of
specific targeted management for MFA, analysisatéan regional farmers’ attitudes

toward targeted conservation indicates that mostdes support targeted and coordinated
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approaches to improving environmental quality aradmaining farm viability (Arbuckle
2013). Thus regional farmers appear to be genamtigptive to the idea of MFA and
ecosystem service management. As a mechanism fongnthis outcome more broadly
experienced, ecosystem service management camsectierough the efficient translation of
research findings concerning multifunctional fargito farmers (Kilpatrick 2000, Vanclay
2004, Ingram 2008, Daily et al. 2009). Based orfitleings of Knowler and Bradshaw
(2007), extension services can be effective in @tomg novel conservation technologies, but
only when the technologies are properly promotetiratevant to farmers. Therefore,
identifying resistance to ideas, or gaps in knogkewill provide extension agents and crop
professionals with knowledge concerning how thay aproach MFA topics with farmers.

In order to detect challenges and opportunitiesfercommunication of MFA
strategies to farmers, we evaluated the perspasatifvpublic (university) extension agents,
private (agribusiness) extension agents, and farmih respect to MFA management. We
hypothesized that the three groups would all hasitive attitudes toward some aspects of
MFA. We also hypothesized that we would find togmswhich there are no significant
differences among groups, indicating homophiliethia area. We also hypothesized that we
would be able to detect barriers to communicatiollBA strategies that need to be
addressed for future communication efforts to leassful. These barriers would be

indicated by significant differences in perspeaibetween two groups (heterophilies).

6.2 Methods
We used a combination of targeted and conveniesno@ling to collect extension

agent and farmer perspectives on ecosystem seimioagltifunctional agriculture.
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Participants in our survey were participating imnieational experiences that pertained to
MFA. Extension agents surveyed were lowa State &fsity (ISU) extension specialists,
with responsibilities to disseminate findings byl&searchers to farmers and crop
professionals (n=19, mean age=55.7). Crop profeaavere industry representatives with
credentials as certified crop advisors (n=96, nagar42.1). We surveyed the crop
professionals at the 2011 Integrated Crop Manage@enference (ICM) in Ames, lowa.
Farmers were individuals who reported farm acréagsan acres=906 + 94, + 1 SE), or self-
identified as farmers (n=106, mean age=54.1), lwuhdt report employment in agribusiness
(seed or chemical sales). Farmers in our study siergar in age to the average age of a
farmer in 2007 (57.1), but farmed larger parcelkotl than the average corn-soybean
farmer in the United States (~500 acres, combinedage harvested acres of corn and
soybean farms), and much larger than the UnitetbStaverage harvested acres per farm
(140) (2007 Census of Agriculture). Farmers wergeyed at the ICM as well as soil and
water management workshops in lowa. We surveyeghaticipants prior to any presentation
of materials.

The survey consisted of 9 Likert scale questiortk wptions to respond 0-4 from
strongly disagreeing to strongly agreeing, or imte of percent lost revenue that could be
recovered by government support (Table 1) andiassef demographic questions. The
Likert scale questions were determined to be ridjakith a Chronbach’s alpha of 0.72
(Chronbach 1951). Participants in each of the douta activities were informed of the
intent of the study, asked to participate, andrimid that participation would in no way

affect their participation credit. We collected 198veys from all groups. All respondents



103

were residents of lowa or lowa border states. Respaoate varied by group, but was always
greater than 75%.

All analyses were done in JMP Pro 10.0 (SAS). Wadyared all Likert scale
guestions as continuous numerical responses by thoeips (extension agents, crop
professionals, and farmers). We used analysisrdivee to detect significant differences
among groups, and a multiple comparisons corrqua@svise comparison to detect which
groups were significantly different (Tukey-KrameéWe coded responses of “I don’t know”

or unanswered questions as missing.

6.3 Results

Extension agents and farmers were moderately tdyhaypportive of federal funds
to support agriculture. When asked about federad$ito support productivity, there were no
significant differences among groups. Extensiomggeere the most supportive of federal
funds to support productivity (2.94 + 0.27, mea8E), and farmers and crop professional
were the least supportive (2.56 + 0.11 and 2.5512 ,0respectively) (P = 0.40). On the
guestion of support for federal funds to supportsawvation, extension agents were
significantly more supportive than crop professier{@8.61+0.23 and 2.90 + 0.10, P = 0.03),
but extension agents were nearly significantly nsugportive than farmers (farmers: 3.08 +
0.09, P = 0.09).

When asked about their ability to manage for anrenmental benefit, there were no
significant differences among groups (p = 0.45).ghbups were relatively positive that they
could manage a parcel of land in a way that woutdide an environmental benefit (2.97 +

0.07). Farmers were the most confident (3.00 +)Qf@flowed by extension agents and crop
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professionals (2.89 + 0.21 and 2.81 + 0.10). Waadbsimilar, but lower, results when we
asked about managing a parcel of land that wouddige an environmental benefit and
maintain high productivity (2.65 + 0.07). The pattef responses among groups remained
the same, but group confidences declined, with éasrthe most confident, and crop
professionals the least (2.73 £ 0.09 and 2.48 1)0.1

Next, we asked participants about their perspestiecosystem service application.
When asked about their comfort with the term “estmy service”, respondents were less
positive than in previous questions (1.95 £ 0.08ere were no significant differences
among groups (p = 0.17), but farmers were the wmsifortable with the term (2.13 + 0.12),
with crop professionals and extension agents le®s(4.75 + 0.12 and 1.77 £ 0.29,
respectively). When asked whether they felt comfideat they could get funding to support
enhancement of services and productivity, respasdeeare neutral (2.02 + 0.08). Farmers
were the most confident (2.20 £ 0.12), followeddogp professionals (1.92 + 0.13), and
extension agents (1.47 + 0.27). Farmers were sigmifly more confident than extension
agents (P = 0.04). When asked what percent oféesinues for planting crop land to prairie
would be recovered by government funds, respondehtdhey could get about 50% of their
money back (46.3 £ 2.11). There were no significhfierences among the groups (P =
0.91).

Finally, we evaluated perspectives on the efd¢cine acre of prairie adjacent to
cropland. All groups on average perceived a paseifect (2.56 + 0.07). Extension agents
perceived the highest positive effect (2.94 £+ Q.29) crop professionals and farmers each
perceived a slightly less positive effect (2.49.30and 2.48 = 0.10, respectively). None of

the pairwise comparisons were statistically sigaifitly different (P = 0.34).
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Attempts to cluster individual response sets bygategory (farmer, crop professional,
extension agent) were unsuccessful. However, wreeawaluate the totality of the response
distributions by question, there is a clear sdtarhophilic topics (Figure 1). When we
summed responses to questions directly relatedRA Management and on the same scale
(Questions 2,3,4,5,6,8), farmers had the highestgd 8.28 + 0.47), extension agents were
slightly lower (18.13 = 1.08), and crop professisrzad the lowest score (17.11 + 0.50),
with a neutral response on all questions resultireg12.00. There was no significant
difference among groups for the sum of the resp@se0.22). Thus, all respondents on
average reported positive attitudes toward concatéFA.

Demographics were important determinants for soemsgectives (Figure 2). Age
had a positive effect on perspectives on suppogogernment funds for conservation
(farmers: B= 0.06, P < 0.001; crop professional$=F0.09, P = 0.003) as well as
terminology (farmers: &= 0.03, P = 0.07; crop professional$:=R0.04, P = 0.06). The acres
farmed had a significantly negative effect on teecpived effect of one acre of prairie on
adjacent row crop agriculture (log(acresj=F0.04, P = 0.03). However, the average
response at the largest farm scales was still aaleaffect. None of the other questions

revealed strong trends associated with demographics

6.4 Conclusion
Rogers (1995) describes the importance of siméasgectives (homophilies) in
effective communication. It is clear from our stutigt the three groups typically involved in
the communication of novel agricultural conservattrategies have multiple topics with

high levels of homophily. In fact, we could onindi two questions, federal conservation
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funds and ability to get funding for a habitat thatvides an environmental benefit, where
the three groups had any significant differenceseffophilies). In these two cases, extension
agents were more supportive of conservation fuaid,farmers were more confident they
could receive funding for conservation efforts. Wisaunclear in our study is the effect
extremely similar perspectives among groups havthemendency of adoption of novel
strategies that support MFA. For example, can exbenagents and crop professionals
increase the adoption of MFA, when all three grolugge similar perspectives about its
effectiveness? In contrast, could more positivespectives promote increased adoption, as
long as there were sufficient homophilies? Futesearch should evaluate the perspectives
of new, potential change agents.

Farmers in our study are generally aware that famogide ecosystem services and
that multiple services can be managed within alsiagricultural landscape, or that MFA is
a feasible concept. The implication is that extemsigents and crop professionals can
communicate with farmers from a point of commonensthnding. This knowledge will
contribute to understanding how lowa farmer perspes may influence the acceptance of
new conservation practices that support multifuoral agriculture. Additionally, this study
responds to a call by researchers for scienceeathblogy communication to operate in a
way that promotes “salience, credibility, and lagécy of the information they produce”
(Cash et al. 2003). Our findings suggest that thegsemany opportunities to communicate
research findings that farmers would consider sglieredible, and legitimate. Since farmers
are somewhat accepting of the idea that multipfeices can be provided by agriculture, and
that non-crop habitat may contribute to servicesservation practices that capitalize on

these beliefs may be successful.
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Farmer information and decision networks are lange diverse webs of interaction
(Oreszczyn, Lane, and Carr 2010). While this stualy looked at two potential sources of
information, they represent common linkages indisgsemination of innovation (Leeuwis,
Leeuwis, & Ban 2004, Aflakpui 2007). In additionhie this study does not directly test for
adoption of conservation farming techniques, itvpdes a baseline understanding of how
extension agents and farmers in one of the mashsintely farmed systems in the world
think about conservation strategies and the manageaf multiple ecosystem services. The
adoption of novel technologies and approaches éas bxtensively studied, and the factors
that influence adoption are variable (Rodrigueal @009, Garbach et al 2012). Minimally,
novel approaches and technology developed at tiversity require diffusion to and among
practitioners. Large gaps in perspectives and ngdsnowledge elements impede this form
of communication, though. Our study suggests thel gaps do not exist, supporting the
communication of novel and complex conservatiohnegues related to MFA.

Demographic results of this study suggest a tadggperoach should be taken to find
early adopters of MFA strategies. Since older fasnaee more likely to find value in
government conservation funds and are more conhlerteith the term ecosystem service,
they may be an important group for early collabioratOther work has also found that older
individuals perceive value in human interventiond @noblems (Sharp et al. 2011, Gould et
al. 1989). However, Gould et al. (1989) found ty@inger operators were more likely to
adopt practices that targeted the problem. Moreares is necessary to determine whether
perspectives lead to implementation in this cas®alSscale farmers are also more likely to
perceive a benefit of planting land to diverse vYagen, and thus may be a key collaborator

in designing multifunctional landscapes. Theseltesue in contrast to work that has found
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farmers with larger holdings more willing to congespecies (Winter et al. 2007). The
difference between these findings and our findimgsever, is that we asked farmers about a
perceived impact, rather than a willingness toipigdte. When possible, extension agents
may wish to target their efforts according to thdsmographic results if they wish to affect
farmer management practices.

In conclusion, the perspectives detailed in oudgtre an important baseline for
promoting sustainable agricultural practices tonkrs. The results suggest that farmers are
most optimistic about management, and that optinasacademic and private extension
services could promote more MFA strategies. We falsnd that on average, conversations
between farmers and crop professionals or exterzgjents will consist of people with
similar opinions of conservation and ecosystemisemanagement. While this promotes
communication, it fails to provide farmers with @oportunity to hear more positive
perspectives. Preliminary research at lowa Statedudsity (unpublished data) shows that
students preparing for extension and agricultudakcation careers are more positive about
MFA than any of the groups in this study, but theselents still have several areas of
homophily with farmers. The inclusion of such pegtindividuals in extension activities

may enhance the acceptance and implementation éf dftategies.
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Table 2. Summary of Survey Responses. Values aaa {#eSE) for responses from
Midwestern US farmers (predominantly row crop),cpsofessionals (predominantly seed
and chemical sales) and lowa State University eskbenprofessionals. Bolded values are
significantly different within question.

Question Farmers Crop Professionals Extension Agents
(N = 106) (N = 96) (N =19)
1. Do you support federal funds 2.56 (0.11) 2.49 (0.10) 3.00 (0.27)
to support agricultural
productivity?
2. Do you support federal funds 3.08 (0.09) 2.90 (0.10) 3.61 (0.14)

to support conservation?

3. How confident are you that 3.00 (0.09) 2.81 (0.10) 2.89 (0.21)
you could manage habitat to

provide an environmental
benefit?

4. How confident are you that 2.73 (0.09) 2.48 (0.11) 2.57 (0.21)

you could manage habitat to
provide an environmental
benefit AND increase
agricultural productivity?

5. How comfortable with the 2.13(0.12) 1.75 (0.12) 1.77 (0.29)
term “ecosystem service” are

you?

6. How confident are you that 2.20 (0.12) 1.92 (0.13) 1.47 (0.27)

you could obtain funding [for]
habitat that provides an
environmental benefit?

7. Imagine you've chosen to  46.56 (2.97) 42.98 (3.26) 47.50 (7.86)
convert one acre of cropland to

diverse prairie. What percent of
lost productivity do you believe
you could recoup  with

government funds?

8. What do you expect the effect 2,48 (0.10) 2.49 (0.10) 2.94 (0.19)

of one acre of prairie on the
productivity of the adjacent
cropland to be?
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Figure 1. Distributions of responses. The violiatplrepresent a smoothed representation of
response proportions within each group. Midwestésnfarmers (predominantly corn-
soybean, N=106), crop professionals (predomina®fd and chemical sales representatives,
N=96), and extension agents (predominantly prodacgriculture specialists, N=19) were
asked the following questions: A. Do you suppodeigal funds to support agricultural
productivity? B. Do you support federal funds tppgart conservation? C. How comfortable
with the term “ecosystem service” are you? D. Honfent are you that you could manage
habitat to provide an environmental benefit? E. Honfident are you that you could

manage habitat to provide an environmental beA&D increase agricultural productivity?

F. How confident are you that you could obtain fimgdfor] habitat that provides an
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Figure 1 (continued). environmental benefit? G.dma you’ve chosen to convert one acre
of cropland to diverse prairie. What percent of l[@®ductivity do you believe you could
recoup with government funds? H. What do you expexeffect of one acre of prairie on
the productivity of the adjacent cropland to be?
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comfort with the term ecosystem service based enagd C) the perceived effect of one
acre of adjacent prairie on crop productivity bagsedarm size (Log(acres)). Data are based
on surveys from farmers, crop professionals, atédnskon agents, as described in Table 1.
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CHAPTER 7. CONCLUSIONS

Peromyscus maniculatus bairdii (the prairie deer mouse) is an important organsm t
corn-soybean agriculture in the Midwestern Unitéatés, especially as a buffer against the
development of herbicide tolerant weeds. It is als@xample of a species that has thrived
under novel conditions and high levels of distudsahus, this dissertation provides insight
to aspects of commodity agriculture that have prigohdats long-term success. It also
promotes understanding of how species successtilize novel and disturbed
environments.

In chapter 2, we found that while prairie deererace generalists, the novelty of
large, hard waste grain has been a significantalagelection force on jaw morphology, and
produced microevolutionary changes in jaw struciair®00 years. This study reveals the rate
at which adaptation can occur in this species. $tudy also indicates that generalization
may be sufficient for survival in disturbed systeimst these disturbed systems are also
typically simplified and thus are likely to promageolution to utilize the fewer resources
available.

In chapter 3, we found that while in cafeterialgi(where mice have easy access to
the totality of seeds) mice show no preferencesngnseeds, when the rate of return declines
over time, mimicking natural conditions, mice shawtrong preference for eating and
caching complementary seeds when they are paneafadme patch. This finding improves
our understanding of the role of deer mice in weaatrol and provides new avenues of
research in the effects of caching tendenciesait atso be necessary to revisit models of

weed control efficacy on these two weed species.
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In chapter 4, we found that fecal isotopes aréulige studying trophic ecology of
seed predators in agriculture. Therefore, futuseaech can minimize invasive and costly
techniques when studying foraging ecology in sifigaisystems. We also found patterns
linked to nursing that should be considered whadyshg small mammal stable isotopes.

In chapter 5, we found that erosion of topsoiias only a threat to continued yield of
crop plants, but may also promote weed populatrowth by deterring the efficient foraging
of deer mice. Deer mice recognize the risk assediaith foraging on light patches of soil,
and given the opportunity, will preferentially fge@on darker soils. Given this finding,
farmers may need to pay more attention to managaegls on eroded areas. In addition to
the applied consequences of our findings, thisispegain show rapid adaptation to novel
conditions. As it is unlikely that prairie deer mibave experienced this particular risk
historically, it is either an evolved behavior,@arolved epigenetic change that allows for
ancestral behavioral traits to be turned on, argsincidental response to lighting, similar to
responses to high moon light.

In chapter 6, we found that farmers and extenagents are amenable to the
principles of multifunctional agriculture. This img supports the value of ecologically
based pest management research. Since farmerste@éig in managing multiple services
on a single parcel of land, and extension agems s&lling to promote such ideas,
researchers should feel confident that their figdiwill enhance the sustainability of farm
landscapes and help ameliorate negative outcomeseofive agriculture.

In sum, it seems that native animals, such apithiee deer mouse, will have an even
bigger role to play in the future of agriculturédus, extensive research that integrates these

findings will be critical for understanding how nagement affects the role of deer mice in
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agriculture. The prairie deer mouse may be a modgnism for studying these roles, as its
behavior is consistent and predictable. It is a¢datively easy to manipulate both field and
enclosure conditions to test behaviors relatectengial management changes and

degradation of farmland.



