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CHAPTER 1

The Abundance and Distribution of Co-Occurring Slug Species

INTRODUCTION
Non-native species are one of the major threats to the persistence of bitydivdey
(Simberloff 1997). The harm posed by non-native species as predators and pathogens of
native species and as ecosystem engineers is well recognized {Guaen Padilla
2004). Less well known, and considered of lesser importance, is the degree to which non-
native species compete with native species. Evidence of interspecifiettbom is
difficult to establish (Schoener 1983; Simberloff 1997; Byers 2000) and requeds® S
of field surveys and experimental manipulations of the two species (Wiens 19&®e1Cha
3). Among these pieces of evidence, field observations that indicate population
displacement of a native species at a habitat or microhabitat sealeiaial to
demonstrating that the non-native competitor harms the native species inah seitung
(Cross and Benke 2002).

Most systems in which native and non-native species compeddfanalt to
study, because the history of the invasion process and the current extent ofysympatr
among the species are rarely well known (Eastwood et al. 26@3)ly, studies of
competition between a native and a non-native species would track the progressing
invasion front of the non-native species (Denno et al. 1995). The harm perpetrated by a
non-native competitor can be measured as a population decline, shift in niche usage, or
extirpation of the natives as the invasion front moves forward (Bghn et al. 2008; Cheng et

al. 2009). Systems in which the competitive interactions between native and non-native



species are well-known tend to be those with an invasion still in progress, such as the
Argentine ant, the rusty crayfish, the New Zealand mudsnail, and the Agaan ti
mosquito (Cope and Winterbourn 2004; Juliano and Lounibos 2005; Buczkowski and
Bennett 2008a; Pintor et al. 2008). The relative ease of following an invasion front — a
convenient natural experiment — may promote their study. However, catchingtitmape
displacement in the act is rare (Reitz and Trumble 2002), and not all invasions shat pas
through result in the obvious habitat/microhabitat displacement of a native eablogi
analog. The original population sizes or distributions of native species atly usua
unknown (Parker et al. 1999), especially if the native species are not cothsidere
ecologically or economically important. Nor are the current ranges of mostative
species well known (Strayer 2009). Further, often, the non-native competitor is not
noticed until many years after its introduction and population build-up (Byers and
Goldwasser 2001).

Even if a non-native species were introduced and established its range in the
distant past, competitive interactions between non-native and native specas that
combined experimentally or that co-occur on the same sites may still be rbéadara
post-invasion studies of competition between non-native and native species, researche
typically begin by noting an apparent displacement of the native species omaanicr
macrohabitat scale in the field, and they test for harm to the native spefmes
mechanism of displacement when the two species are combined experimerttadliab
or field (e.g., Petren and Case 1996; Cope and Winterbourn 2004; Eastwood et al. 2007,
Van Riel et al. 2007; Krassoi et al. 2008; Shinen and Morgan 2009; Stokes et al. 2009;

Strubbe and Matthysen 2009). An alternative approach is to perform detailed sirveys



field populations to determine whether a native species and an established ven-nati
species compete. Careful field surveys may capture subtle or smalsgatsd
displacement that may suggest territorialism, avoidance, or differétrtesds between
sympatric non-native and native specieg., Wauters et al. 2002; Harris et al. 2006).
Field surveys or long-term field experiments are critical, because dtinegtteractions
observed in the lab may be insignificant when allowed to play out in a natural setting
(Cross and Benke 2002).

This research aims to determine whether the native slug spdtiesycus
carolinianus(Bosc) andviegapallifera mutabiligHubricht) compete with the non-native
Eurasian sludirion subfuscugDraparnaud) in central Maryland foresAs.subfuscuss a
relatively aggressive slug (Rollo and Wellington 1979; Fernandez 1990) that often forms
dense populations (up to 10 slug/wers. obs.) and occurs widely in North American
forests (Chichester and Getz 1969; Getz 1974, J.B. Burch pers. comm.). The native
philomycid slugsP. carolinianusandM. mutabilisco-occur with the non-native species
A. subfuscuat many forested sites. Although widespread extirpations of the native
philomycid slugs apparently have not happened, it is unknown whether they interact
competitively withA. subfuscug the field or if their populations have declined since the
introduction ofA. subfuscugéChichester and Getz 196&ue to the lack of historical
records, the slug fauna of North America pose a challenge to investigatigiteitte of
non-native competitors on native species. Binney first recorded the presénce of
subfuscusn New England in 1842 (Chichester and Getz 1969), but European slugs could
have been introduced as early as th2 déhtury (Getz and Chichester 1971). Early

malacologists (and even recent researchers) overlooked the slugfalpkaced a



greater focus on other molluscs such as snails (Getz and Chichester 1971; Hubricht
1985).Regrettably, we do not know how quickly subfuscubsas spread or how the
native slug fauna may have responded. The eastern North American slug falina is sti
changing and new introductions are occurring (Chichester and Getz 1968), including
additional biotypes oA. subfuscugPinceel et al. 2005However, field observations

may be effectively used to understand competitive interactions of natural popsiiati
gastropods. Surveying grids or nearest-neighbor distances in the fielelis a w
established approach to studying behavior, demography, and movement within gastropod
populationgSouth 1965; Hunter 1966; Jennings and Barkham 1975; Baur 1986;
Kleewein 1999). Therefore, field surveys may be used as part of the evidence t
determine whetheh. subfuscusnd the native philomycid slugs compete.

In conjunction with laboratory experiments to test the fitness effects and
mechanisms of competition betwencarolinianusandA. subfuscushe spatial
displacement of the native philomycid sligscarolinianusandM. mutabilisand the
non-nativeA. subfuscusvas assessed in the field through a series of surveys on a local
scale (5 x 5 m cells) and on a microhabitat scale (< 3. de daily interactions among
individuals are encompassed on these scales, and slug home ranges would génerally fi
easily within 5 x 5 m cells (Cook and Radford 1988; Pearce and Orstan 2006).
subfuscusnay affect native slug microhabitat use, arrangement of home tiesjtor
and/or fitness, resulting in small-scale changes in the distiiisiaf philomycid
populationsTo encompass spatial and temporal variation in competition, | surveyed slug

populations across two years in three forest habitats characterized bgndiffera.



Distribution patterns dP. carolinianusandM. mutabilismay suggest spatial
displacement by, and hence competition withsubfuscusin order to resolve the
various alternative scenarios the following questions need to be addreskedida-t
native slugA. subfuscusore often spatially disassociated with the native dhugs
carolinianusandM. mutabilisthan the two native slugs are with each other? On a small
scale (< 50 cff), doA. subfuscuandP. carolinianusoccur farther away from each other
than from conspecifics? Spatial patterns of overdispersed individuals withini@sspec
may suggest antagonistic behavior (Rollo and Wellington 1979). On a small scale, does
A. subfuscugess often occur in groups with other slugs (including either or both

heterospecifics and conspecifics) than the two philomycids?

METHODS

Study Site

Slug abundances were tallied in mesic lowland beech-oak forests in thal Teadt of
Patuxent Research Refuge (PRR), Laurel, Maryland, USA. | chose te®baiing
measurable numbers of all three slug species of interest. The threéssitdiff@red in
tree species composition, amount of underbrush, and level of light. Site A (N
39°03'07.6”, W 076°49'12.0”) occurred on a slope in a mixed deciduous forest
dominated by American beedhggus grandifolig, with smaller numbers of tulip poplar
(Liriodendron tulipiferg, black gum Kyssa sylvatica and white oakQuercus alba
Some undergrowth occurred towards one end of the site. Site B (N 39°03'19.7”, W

076°48'47.6") was a beech-maplscer) forest with a diverse composition of



subdominant tree species, including tulip poplar, sweet guoailambar styraciflug
and pawpawAsimina trilobg. The canopy was mostly open, much undergrowth
occurred through most of the site, and the ground was prone to infrequent flooding. At
site C (N 39°03'24.4”, W 076°49'23.9"), beech was dominant with white oak and red oak
(Quercus rubreor Q. falcatg subdominant. This site was shady and encompassed many
dead fallen conifer trunks and little undergrowth. The geographic coordinatetakeme
from the approximate center point of each site. Sites were within 0.5-1 km of each oth
were undisturbed second-growth forest, and occurred entirely within 100 m of the forest
edge. Sites were 200-1000 m from residential developments.

Prior to performing systematic field surveys, | identified the slug specie
occurring at these sites through examination of their external and inteatairy (see
Pilsbry 1948, Webb 1950, Fairbanks 1990, Barker 1999). Voucher specintens of
carolinianus(USNM 1125375, USNM 1125378) aiMl mutabilis(USNM 1125376
USNM 1125377) were deposited at the National Museum of Natural History,

Smithsonian Institution, Washington, DC.

Field Survey Methods

Slug identity and abundance was surveyed at several sites and through tlowe fora

the possibility that displacement is only clearly manifest at some(sitgsf resource
amounts vary among sites) or only during some times of the year (e.g. durodgpsri

food or shelter shortage). | set up three grids in each of the three fielgFgjtes 1).

Each grid was a 25 x 25 m square with an arrangement of 5 x 5 cells (i.e., a total of 25, 5

x 5 m cells) (see Bohan et al. 2000he three grids per site were aligned in a row and



shared some edges in common. Flags were planted at the corners of eachsteh@
demarcated the edges of each cell. | performed surveys of slugs agourtime grids
sometime between dusk and midnight (18:45-23:30) when slugs were active, between
early June and late September. | undertook six surveys in 2007 (during June 11-19, July
9-11, July 23-25, August 14-16, September 4-6, and September 23-25) and three surveys
in 2008 (June 9-12, August 4-9, and September 27-29). At least one evening was required
to survey each site. Sites were always surveyed in the order A, C, ardeBtified and
counted the slugs visible on live and dead tree trunks within my reach (i.e. below 2.25 m
in height), on and beneath dead wood on the forest floor, and on vegetation. A maximum
of five minutes survey was allowed per cell. The main goal was to obtain accurate
measures of relative slug abundances across sites, so the bias inhereatriretheds

should be acceptable as long as it remained consistent across sampling units.

25m grid
(—A—\
25 m
A
5x5mecell

Fig. 1.1 A set of three grids on one field site. Each cell is 5 x 5 m, and each grid is a
square consisting of a 5 x 5 arrangement of these cells. The upper and lower grids touch

the middle grid along two edges to allow grids to be combined for analysis.



After slug population surveys were performed, | determined that the haloiiait f
of coarse woody debris (CWD) needed to be accounted for prior to analyzing population
associations. A spatial analysising the program SADIBPerry 1998) indicated that
pairs of the slug species were frequently positively assodiaigdl.2; see Appendix A,
Section Il for details of methods and results). Personal observations andensasts
of the forest floor immediately around slugs suggested that all specieagggegating
in areas rich in CWDMeasurements of the 1.0°mnicrosites surrounding slugs (Chapter
3) showed that slugs occupied microhabitats with an order of magnitude more coarse
woody debris than randomly-chosen 1.9patches of forest (average: 15970 o
1497 cm). Microhabitat requirements, such as CWD volume, can contribute greatly to
aggregation (South 1965; Kappes 2005). South (1965) suggested that the availability of
shelter, as a site of oviposition and its importance in limiting mortatigythee main
factors controlling slug distributions. To account for this fadte,total volume of CWD
at least 4.5 cm in diameter and at a moderate to advanced level of decay (s&age thr
five in decay in Stokland and Kauserud 2004) was calculated for each cell. For each piec
of CWD, at least two diameters and the length was recorded. The volume of each piec

was calculated as v@En d?)/4, where v is volume, | is length, and d is average diameter.
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Fig. 1.2 The number of surveys that demonstrated significant disassociation, significa
association, or neither between each species pair as determined throughidhe spa
analysis program SADIE (see Appendix A, Section Il for details ethods and results).
NonN are non-native slug species (including moAtlgubfuscus Pc areP.

carolinianus and Mm arévl. mutabilis

Additionally, at PRR, | surveyed the distances between individual pairs ef slug
separated by less than 50 cm. The distance of 50 cm is an arbitrary length chosen t
encompass the scale of interaction of slugs. Distances were meas@@e for
carolinianus — P. carolinianupairs, 35P. carolinianus — A. subfuscpsirs, and 149.
subfuscus- A. subfuscupairs between May to September 2008 and April to May 2009.
Distances betweed. mutabilisand other slug species were not analyzed because too
few individual ofM. mutabiliswere found. For each species, the proportion of slugs
found in “groups” with other slugs (< 50 cm apart from other slugs) was alsdatatt. |

surveyed 198 slugs total to determine the proportions occurring in groups.
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Statistical Analysis

To determine whether pairs of slug species were (dis)associated on fisictioei
relationship of each pair of co-occurring slugs was evaluated with CVdi2zdras a
covariate. | analyzed population abundance datasets without spatial auttooresid
datasets rescaled to eliminate the factor of spatial autocorrelatmmphbeed pairs of
species abundance data for each survey session and site to determineirfcamgrpa
spatially disassociated at any site or point in time.

A VARIOGRAM analysis in SAS was applied to each dataset combination of
species, survey, and site to determine at what scales slug populations expdtisdd s
autocorrelation (SAS Institute Inc. 2008). The distance interval betwebrz@mhanits is
termed a spatial lag, which can be rescaled such that there are largtratr@gch
include more points, or smaller units that each include fewer points (Fortin and Dale
2005). Spatial lags may be rescaled to eliminate the factor of spatiebastation. | set
the initial lag size at one cell length and the maximum number of lags atl léhgéhs to
match approximately the original scale of the grids. If a dataset did not pr@duce
significant value for Moran’s I, a coefficient of autocorrelation (Mot850), the dataset
was considered spatially random at the original scale. If a dataseslpdfi@ant
Moran’s |, lag size was increased to 2 and to 5 and the VARIOGRAM analysis was
repeated. (A semivariogram produced through VARIOGRAM was also examnoined t
suggest at what lag size spatial autocorrelation leveled off.) Datassnined at lag 2
(two cell lengths) were rescaled such that each unit was composed of a sdoare of
cells. The fifth row and fifth column of each grid of cells were dropped becauselthe

count was an odd number. The resulting set of grids per site had 12 cells instead of the
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original 75 cells. The lag 2 analysis was also attempted by splitting eachridxria
four units of 2.5 cells per side and dividing up the counts of split cells among the new
units. However, units of 2 x 2 cells and units of 2.5 x 2.5 cells produced the same
outcome in the partial Mantel test, so only the former results are presenizsktDaf
lag 5 (five cell lengths) were rescaled to include all 25 cells in aesgrgl of 5 x 5 cells
as a new unit. However, because the resulting dataset was very smalliiitsell of
the lag 5 datasets across surveys and sites were combined for eachpspeciesking
three lag 5 datasets. If a rescaled dataset did not have a significantMatlag 2, this
scale of dataset was used in analyses. If a rescaled dataset maficarsigMoran’s | at
lag 2 but not at lag 5, the dataset was analyzed at lag 5. If a dataset waseated at
all scales, it was not used. See Appendix A, Section I farmmary of theatasets that
were rescaled, remained unchanged, or were unusable.

The association of the spatial arrangement between a pair of specigs siteea
and survey was analyzed through a partial Mantel test. The measure oftesscthe

Mantel statistic Z,
Z=2% X Yj
]

where i and j are points,jand Y; are the distances between each pair of points, and X
and Y are distance matrices. (For my study, points i and j are grid cebsagis X and

Y;; are differences in the count of slugs of one species between cells i and j, acelsmatr
X and Y each contain all the “distances” among cells for a single slug spétievalue

Z is the total of products of the corresponding values within the two matricese{Mant

1967;Rosenberg 2001). The factor of CWD density was treated as a covariath to ea
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pair of slug abundance datasets through a partial Mantel test. The sdtaod Y were
regressed against a third distance matrix (here, the distance mati)f @nd the
resulting residuals were applied to the Mantel test formula (Smouse et al. T®8&&t

the significance of the Z statistic, 10000 permutations of the original dateset
performed, in which the values of one dataset were shuffled while the other was
maintained, and the partial Mantel test were performed on the permutedsiathset
size of the observed Z statistic was compared with the Z statistic @fritiemized
datasets (Rosenberg 200I)yvo datasets are significantly positively associated if fewer
than 500 of the 10000 permutations produces a higher Z statistic (i.e. righttailed
0.05), and two datasets are significantly disassociated if fewer than 500 of the 10000
permutations produces a lower Z statistic (i.e. left-tded0.05). A normalized Mantel
coefficient (r), the correlation of corresponding values in X and Y, was deteffioine
each Z statisticThe partial Mantel tests were analyzed through the software package
PASSaGE (Rosenberg 2001).

A one-way ANOVA was used to compare the distances among slug species
pairings, with species pair as the factor. A chi-square test was used toidetéislug
species occurred in similar frequencies in groups versus as individuals. SA&softw
version 9.2 was used to perform the ANOVA and the chi-square test (SAS Irattute

2008).

RESULTS
The number of slugs of each species was counted per grid cell (e.g. Fi§. 1.3).

subfuscusvas the most abundant species at each site (average of 0.22 slugs (fé@gcell)
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1.4). HoweverP. carolinianuswas similarly abundant t&. subfuscusvithin site B
(averages of 0.12 and 0.13 slugs per cell, respectively) and within siter@ges of
0.23 and 0.28 slugs per cell, respectivaly) mutabiliswas the least common slug at all

sites (average of 0.05 per cell).

Fig. 1.3 An example of slug population and CWD distributions at Site A. The average
slug count per cell across surveys is shown foA(aubfuscugb) M. mutabilis and (c)

P. carolinianus (d) The natural log of CWD volume is shown. Cells are small 5 x 5 m
boxes within each grid. Graphs were produced through SigmaPlot version 8.0 (Systat

Software, Inc. 2002).
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Fig. 1.4 Average abundance per cell of each slug species at each site. Slug nuenbers a

averaged over all nine surveys. Error bars are +SE.

Slug numbers observed declined precipitously between the first and third surveys
in 2007 and did not recover the next year (Fig. 1.5; also see Appendix A, Section II),
resulting in many datasets of slug abundances that were too small to usgsis amal
both years. Of the original 81 datasets (representing all combinations céplees,
three sites, and nine surveys), 33 were unusable. One or fewer slugs were found in 22
datasets, five were spatially autocorrelated at all possible saatésix had no other
remaining dataset with which to be pai(g/en that all other datasets associated with

that site and survey were unusable).
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Fig. 1.5 Average abundance of all slug species through time. The average number of

slugs per cell for each date is shown.

Even though CWD amount was treated as a covariate in the partial Mantel
analysis of species pair abundances, no species had a significant disassediainy
other species at any site or during any survey (see Appendix A, Sectidatkigr,
positive associations (in which fewer than 500 out of 10000 simulations were equal to or
more associated than the observed populations, determined by the Z-statifgjitt; or
tailedP < 0.05) were shared betweansubfuscuandP. carolinianuspopulations in
23% of the 13 surveys, betweaAnsubfuscuandM. mutabilispopulations in 12.5% of
the eight surveys, and betweencarolinianusandM. mutabilisin 30% of the 10 surveys
(Fig. 1.6a). Also, pairs of populations were significantly positively assodiagPo of
the seven surveys at site A, in none of the five surveys at site B, and in 21% of the
fourteen surveys at site C (Fig. 1.6b). Population pairs with negative correlation
coefficients (r < 0; none significant) were scattered throughout the sugv@sasons.
However, fewer slugs per cell were found during the four surveys with the top
percentages of negative correlations between populations than during the fous survey

with the bottom percentage negative correlations (average slugs pér2Hl in the
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surveys with a higher percentage of negative correlations, 0.665 in the surtregs wi

lower percentage of negative correlations) (Fig. 1.7).
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Fig. 1.6 Counts of surveys that show randomness or association between pairs of species
distributions, obtained through partial mantel tests with CWD amount held corfafant
Species pairings include all possible combinations offAsbfuscus Pc f.

carolinianug, and Mm M. mutabilig. (b) Counts of randomness and association are

divided by field site.
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Fig. 1.7 Percentage of species population pairs whose spatial distributions were
negatively correlated (r < 0) for each survey date. The average number qfesiwgd

for each date is also shown.

Distances between pairs of slugs in the field did not differ significaegigrdless

of the identity of the slug species (ANOVA; 193= 0.26,P = 0.768) (Fig. 1.8).
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Fig. 1.8 Effect of species identity on the distances between pairs of slugs inlthéte

is P. carolinianusand As isA. subfuscusError bar is +SE.
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Among active slugs observed in the field, different proportions of each species
occur in groups (less than 50 cm apart from other slugs of their speéies)§.7,P =
0.0004) (Fig. 1.9). This difference is dueMio mutabilis which is significantly less likely
to occur in groups thaR. carolinianusandA. subfuscudf only A. subfuscuandP.
carolinianusare analyzed, both species occur in groups at approximately the same

frequency ¢ = 2.86,P = 0.0908).

Proportion of slugs
found in groups

P. carolinianus A. subfuscus M. mutabilis

Slug species

Fig. 1.9 Proportion of individuals of each species occurring in groups (< 50 cm from

other slugs).

DISCUSSION

This series of surveys examined whether the native slug spéciestabilisandP.
carolinianusare dissociated in the field from a potential competitor, the non-native slug
A. subfuscusPopulations were found to be aggregated, or more often, randomly
distributed with respect to one another on a 5 x 5 m cell grid. On a smaller sB@le (<

cm), the proximity ofA. subfuscuandP. carolinianusto other slugs was similar and
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unaffected by the species identity of nearby slugs. TAusiubfuscugoes not appear to
be displacing the two philomycids on either scale investigated.

In this study, most surveys of slugs on a 5 x 5 m grid and all smaller-scalessurvey
determined that heterospecific species were randomly distributed vwo#ttes one
another. On a scale of 50 cAy, subfuscuandP. carolinianusoccurred at similar mean
distances from heterospecific or conspecific individuals, and thus, did not appear to
respond to each others’ species identity. When adhiveubfuscuandP. carolinianus
both occurred near other slugs (within 50°cat similar frequencies, aid. mutabilis
occurred less often near other slugs. Thus, under the field conditions invdsfigate
subfuscusloes not show an inherent tendency to deter other slugs, i.e. to exhibit
territoriality or other forms of interference, which would tend to create-digpersion
(Rollo and Wellington 1979). These results accord with studies of heterospecific
distribution patterns in other gastropods (Bohan et al. 2000; Cross and Benke 2002). In
contrast to the many examples of aggregation within gastropod species, lsavdies
usually shown that a potential competitor does not affect spatial dispersempatt
between gastropod species. The siDgeoceras reticulatunandArion intermediusvere
usually randomly distributed in relation to one another in meadow sites (Bohan et al.
2000). Two freshwater snailgl{mia cahawbensiandE. cariniferg exhibited random
spatial distributions with respect to one another in the field (Cross and BeoRg
Intraspecific competition within these snail species was greater thaspetédic
competition between these snails (Cross and Benke 2002), as was demonstRated for

carolinianusandA. subfuscugChapters 3 and 4) and predicted by competition theory
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(Gause 1934). The absence of a spatial relationship may be expected f&r [spiesie
exhibiting limited interspecific competition.

Slug species were never disassociated with other species in the fieldsoalthe
of 5 x 5 m cells, and in fact, different species seem to be attracted to the same
microhabitats. Despite my use of a partial Mantel test to correttiddactor of CWD
volume, a predicted cause of aggregation among slug species, pairs of sieg \spee
often positively associated at different times through the surveying séeggmegation
is very common within terrestrial gastropod populations and may be the norm for some
species (South 1965; Hunter 1966; Baur 1986; Kleewein 1999; Glen and Moens 2002).
Other studies that found spatial associations among slugs have suggestdultdtat ha
requirements are causing species distributions (Behah2000). | corrected for the
factor of CWD amount, but slug populations may be structured by additional
microhabitat factors such as degree of food availability, soil moisturegrasadl
chemistry, in addition to some behavioral factors. For example, théishag maximus
seeks shelter closest to food (Rollo and Wellington 1979). A principal component
analysis of factors relevant to land snail abundance found that soil pH, density of
deciduous trees, and ground moisture were most important (Hylander et al. 2005).
However, these microhabitat factors are not consistently important. Boakar§2€00)
found that plants and soil moisture were unrelated to distributions of slugs in fields.
Recently-hatched gastropods tend to be highly aggregated, because thefrenmeeggg
masses (Hunter 1966; South 1992; Bohan et al. 2000b), which may themselves be
clustered under refuges. Slugs become less clustered as they age (SouBtohB6b6et

al. 2008), although densities may persist around favorable ovipositing sites. Aggiegat
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within the habitat may result randomly from gastropods’ limited dispersal terdenc
(Pearce and Orstan 2006). Behavior such as mating (Kleewein 1999) and a tendency to
slow activity when contacting mucus (Williamson et al. 1976) may also causdalugs
aggregate. Any number of these environmental and behavioral factors may be bésponsi
for persistent aggregation among field population&.cfubfuscusP. carolinianus and
M. mutabilis

Interestingly, the frequency of population association varied among sitieshev
highest number of associations at site A and the fewest at site B. An envirahifaeiolr
such as resource availability is likely to cause slugs to behave differeatiglasite.
Perhaps site B promotes a lower localized density of slugs because it ptheidesst
live trees as habitat, while site A has the fewest (total diameter at hezght of live
trees 40 cm and 27 cm per cell, respectively). Site B also has the most CWER @nd si
the least (155200 chand 47313 cthCWD per cell, respectively). Although the partial
Mantel test treated CWD as a covariate and removed its effects froysismathin each
site, a greater availability of CWD may have enabled a denser growth dbstigyand a
greater availability of favorable microhabitats across the wholigeoBsThe influence of
other potential environmental factors on the frequency of aggregation is unknown.

Negative correlations among populations tended to occur when few slugs were
observed, i.e. during periods of drought (Appendix A, Section Il). These negative
associations among populations suggest that observed aggregations might have been
breaking up during periods of low activity. In contrast, most studies of gastrofbd fie
populations have found that animals aggregate during unfavorable weather in shared

refuges (South 1992), both during the height of drought in summer (Baur 1986) and
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during winter (Rollo and Wellington 1979). The cause of this discrepancy between
current and previous results is unknown. Different species may have beemgelecti
different kinds of shelter, or unlike other gastropod systems, may have been awvagling
another during periods of drought. Across taxa, drought tends to be associated with the
appearance of competition (Schoener 198RB¢rnatively, the scale of the study (5 x5 m
cells) may have hidden smaller aggregations. Associations within a slugssieecl to
coalesce and break up across different spatial scales of analysis due tiotisechc

different spatially-influenced factors (South 1965; Bohan et al. 2000).

This study does not support the theory thasubfuscuss spatially displacing the
two native philomycids from substrat&espite shared resources and habitats, species
often coexist without affecting each other’s population sizes and distributions.
Understanding how coexistence happens can be difficult (Birch 1979), and possible
explanations, including environmental factors that suppress populations far below
carrying capacity, subtle differences in niche usage, and temporal dinglai; are
manifold. Predators, food quality, and climate can be major factors influencing
population abundance and distribution (Baur and Baur 1990; Loreau 1992; Ferrenberg
and Denno 2003), keeping populations below their carrying capacity and limiting
competition (Birch 1979). Interspecific competition for resources betwesunbfuscus
andP. carolinianusis not strong (Chapter 3). The relative strengths and importance of
other population-regulating factors among these species are unknown. Reproduction is
temporally displaced betwedén subfuscuand the two philomycid species. In central
Maryland,A. subfuscusnostly lays its eggs between mid-September and mid-October,

whereas botlP. carolinianusandM. mutabilislay their eggs in the late spring and
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throughout the summer (pers. obs.). This temporal difference in life cudgests that
there many be minimal competition among heterospecific juveniles or among
heterospecific reproducing adults. Although | found substantial overlap in substrate
choice by these three slug species (Chapter 2), | may have been unablertostistie
qualitative differences within microhabitats, such as interior levels oftunejpreferred
by different species. Other temporal variables, such as periods of droaiglaiffect
competition leve[Schoener 1983). In general, both native and non-native species are
able to establish and persist in an area because of spatial and temporal hetgribgen
allows the propagation of a poorer competitor (Melbourne et al. 2007).

Despite the absence of apparent displacement under the spatial sdales a
timeframes considered, competitive exclusion of the two native philomycids from
habitats shared witA. subfuscusnight conceivably happen over a long period of time
(Mooney and Cleland 2001). The red squirr8lsigrus vulgarisand non-native gray
squirrels Sciurus carolinens)sof Europe exhibit such a pattern, in which habitat-wide
displacement of the red squirrel is occurring without small-scale abtesan their
territory size or distribution (Wauters et al. 2002). Gradual competitiveadisplent has
been documented for some gastropod systems. Lan@&paka hortensiseplaced
Cepaea nemoraligy some locations but only after a 20-year span (however, vegetation
shifts may have been responsible, Cowie and Jones 1987). There were 50-yegstime la
between the introduction of a non-native freshwater sBatil{aria attramentarig and
the extirpation of a native snalérithidea californicd, in both real life and in
population simulations (Byers and Goldwasser 2001). Researchers did not idehBfy tha

attramentariawas a threat t€. californicauntil many years after the introductionif
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attramentarig when the native population density finally declined after years of reduced
fecundity; Byers and Goldwasser (2001) term this lag an "extinction delhirteA.
subfuscugphilomycid system, any displacement of the philomycid slugs would likely be
very slow, in part because they are not exact ecological analogues or strqragitcos
(Chapters 2 and 3).

Perhaps, a likelier outcome is that the complete displacem#htrofitabilisand
P. carolinianuswill never happen on a large scale. Even though many European slug
species share similar niches with each other, these species typicaist vohin the
same habitats (Jennings and Barkham 1975). As this study deterfisetbfuscus
apparently shared habitats and microhabitats with the two philomycid sp&tiest
affecting their spatial distributionBata on various taxa indicate that non-native
competitors have very rarely caused native extinctions (Sax et al. 2002;tGused
Padilla 2004). Usually, non-native species enter vacant niches within ecasystem
(Mooney and Cleland 2001). Extinctions of native species are far more often afttdbute
predation and anthropogenic habitat destruction than competition (Gurevitch and Padilla
2004). As a weak force, competition would operate over a long time scale, probably
enabling the interruption of competition asymmetry and possibly the evolutionary
adaptation of natives (Davis 2003) disadvantaged species could be replenished by
influxes of migrants or stochastic events that kill their competitors.

AlthoughA. subfuscusloes not appear to threaten these two native philomycid
speciesA. subfuscusnay be a substantially disruptive force in forest ecosystems and
deserves more attention for this reasdrsubfuscusorms relatively dense populations

in forests where only low-density populations of native slugs existed befoich@Ster
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and Getz 1968, 1969). Ecologists are concerned that earthworms introduced from Eurasia
are altering geochemical cycling, soil microorganisms, and plant divardilorth

American forests through their differential feeding habits and affect on gestion

processes (Bohlen et al. 2004; Hendrix et al. 2008; Nuzzo et al. 2009). Gastropods
differentially feed on preferred species of leaf litter and fungus (Mason 19itbéeiR

1979) and thus, like earthworms, can be a significant force in structuring deceomposit
Mason (1970b) estimated that up to 16% of annual leaf litter could be removed from a
European beech forest by slugs. BananaAhaimax columbianugontributes 24.75

kg/ha of feces in Pacific Northwest forests (Richter 1979). Thus, dense poputdi#ons
subfuscuslso have a potential to alter decomposition processes and their associated biota

in North American forests.
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CHAPTER 2
Comparison of Food and Microhabitat Preferences among Slugs

in Mid-Atlantic For ests

INTRODUCTION

The niche is a long-established concept in ecology that remains usefubasstm

estimate where a species can occur in the environment and thus how it intéhacts w
other species, particularly as the environment and the composition of the sp#uoges
community changes (Kearney and Porter 2008¢ “competitive displacement

principle” indicates that species that share the same niche cannot coexiseduagt

term (DeBach 1966), and the amount of niche overlap between two species is positively
related to the strength of competition between them (Schoener 1983). A non-native
species may enter a system in which another species belonging to the sardetvephi

and using similar resources already exists. In these cases, competitisrtd be greater
between the non-native and native species than between the native and any of the native
competitors with which it coevolved (Schoener 1983). If competition is asyncraetti

favors the non-native species, the native species may experience a populatien decl
and/or a displacement from its habitat (Holway 1999; Krassoi et al. 2008; Shticksmi

al. 2009). A critical first step in determining whether native specieskalg to be

harmed by an introduced species is to investigate dimensions and degree of nielpe ove
among them in comparison to other native species (Gutierrez et al. 2007; Déeshiez e

2009).
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| investigated the similarity in the food and microhabitat preferences abthe
native slug specie&rion subfuscugDraparnaud) and the native slug spe&bdomycus
carolinianus(Bosc) andviegapallifera mutabiligHubricht) in order to determine
whether these species are likely to compete with one another for res®urces.
carolinianusandM. mutabilisare philomycid slugs that are native to eastern North
America (Hubricht 1985), whil@. subfuscug a Eurasian arionid slug that was first
introduced to the region more than 150 years ago (Binney 1842, cited in Chichester and
Getz 1969). All three species are common in central Maryland forests (HU9&%xt
Chichester and Getz 1973; Getz 1974) where populations are often sympatric.

Terrestrial slugs are likely to be strong competitors bed@wgyeshare many
resourcesDifferences in niches among terrestrial gastropods are diff@wakmonstrate
(Cameron 1978). Major dietary overlap occurs among many slug species (Jendings a
Barkham 1975), and adults of larger species may enter into interspecipettion
because few refuges of suitable size tend to be available (Cook R983jolinianus, M.
mutabilis,andA. subfuscusccur on coarse woody debris (CWD) and live trees (Pilsbry
1948; Kappes 2008ydin Orstan, pers. command pairs of these species occasionally
co-occur in close proximity (e.g. < 50 cm apart) (ChapteAl13ubfuscubas been
observed to consume diverse foods, including dead and senescent plants, algae, dead
animals, feces of other animals, and especially fungus (Graham 1955; Chiahdste
Getz 1973; Jennings and Barkham 1975; Beyer and Saari P9t@Yyolinianusis
known to consume mainly fungus (Pilsbry 1948; Chichester and Getz 1973; Branson

1980), whereabl. mutabilisappears to feed mostly on algae (Aydin Orstan, pers.
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comm.). BothA. subfuscuandP. carolinianusreadily consume cultivated mushrooms
used in lab experiments (pers. obs.).

Through a series of observations of food preferences and microhabitat use by
these three slug species, | answered the following questions: to what dedhe food
preferences of the three species overlap? To what degree do their microhabitat
preferences overlap? Is overlap greater between pairs of non-native isagpaties
than between the two native species? | hypothesize tlratrolinianusandM.
mutabiliswould exhibit greater resource overlap withsubfuscughan they would with
each other. By investigating shared resource use among these specidd, tiosoriigg
evidence to bear on the broader question of whéthearolinianusandA. subfuscus

compete.

METHODS

Microhabitat Choice Surveys

In 2006, one 20 x 20 m plot was established at each of four field sites as a pilot survey of
slug abundances, microhabitats, and food types. Three sites (two in the cactteaidr

one in the north tract) were located in Patuxent Research Refuge (PRR), MAUK(N

39° 04," W 076° 46'), and one site was located in Greenbelt Township, MD (N 39° 00
40," W 076° 53' 27"All sites were moist lowland deciduous forests. Prior to surveying
slugs occurring at these sites, | identified slug species by exaiir internal and

external anatomy (see Pilsbry 1948, Webb 1950, Fairbanks 1990, Barker 1999). Between

June 19 and July 12, 2006, | surveyed slugs during or soon after rain or at night, and |
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visited each site one to three times. | identified and counted the slugs wisibiremy

reach and underneath dead fallen wood, and | noted the substrate types (micrpbabitats
which these slugs were crawling or sheltered. | recognized six categbri

microhabitat: standing dead tree, live tree, CWD, leaf litter, vegetationdingl live

leaves on trees, living forbs, and grasses), and other (such as soil or rock).

During field surveys of slugs at PRR in 2007 and 2008 (see Chapter 1), the
microhabitats occupied by individual slugs on a subset of predetermined gid/esd|
recorded. Surveys were conducted between dusk and midnight (18:45-23:30) from early
June to late September in 2007 (6 surveys) and 2008 (3 surveys). In total, 501 individual
microhabitat choices were observed for the slug spécisgbfuscudvl. mutabilis and
P. carolinianus

| sought to compare microhabitat choice with microhabitat availability. For 56
slugs observed during the first survey session in mid June, 2007, the microhakstat type
on which they were found were recorded. For each grid cell, diameters oébgeatr
breast height were quantified, and volumes of CWD and dead trees were estinmged usi
the formula for the volume of a cylinder, (=t ?)/4, where v is volume, | is length, and

d is average diameter.

Food Choice Surveys

During the 2006 pilot field survey (see Microhabitat Choice Surveys, above), slugs were
collected from the four field sites and brought to the lab. These slugs origirated f
habitats where all three species were present. In the lab, individual slyrgsips of

slugs (belonging to the same species and occurring in the same microadigate pt
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without food in separate plastic deli containers for one to two days. | placed tldeid voi
feces in 70% ethanol. In total, | collected the feces dk.&ubfuscusA5M. mutabilis
and 53P. carolinianus

| fed single-food item diets to individuals of the sbgroceras laevéMiiller)
from lab colonies to obtain a reference collection of the food items that might appea
fecal sampled. laevewere used because their feeding preferences are broad, and
excreted material did not differ qualitatively amdnglaeveand the other species (pers.
obs.). Individuals were fed dead leaves (of trees, grasses, or forbs), live(tdauess,
grasses, forbs, or lettuce), dried wild mushrooms, cultivated mushrooms, and eaghwor
to cover the likely scope of materials, fresh and dead, that would be in the fée&sb of
collected slugs. | also studied undigested samples of the various food typea under
compound microscope (Fig. 2.1). In fecal pellets, algae appeared as an amorgéous m
of single green cells (Fig. 2.1b, 2.1c), often with bits of dead wood from which it was
probably scraped. The chlorophyll colored the ethanol green. Plant tissue was
characterized by texturally tough masses of relatively thick, chggded fibers with
long, evenly-spaced rows of cells (Fig. 2.1d, 2.1e). Wood appeared as very evenlly-space
three-dimensional tracheids (and little else), that resisted compresticioneeps. Live
plant material contained visible green chlorophyll. Leaves (alive or destbdeo be
flat and contained veins (Fig. 2.1f). Fungus varied greatly in form from amorphous
aggregates of cells containing dark, scattered nuclei (Fig. 2.1h, 2.1k) to thin, hair-like
loose or connected fibers (Fig. 2.1i, 2.1j) and star-shaped branching hyphae. Fungus was
spongy to occasionally tough in texture. The hyphae were usually white (Fig. 2.1h) but

also ranged in color from grey, orange, to occasionally black. Spores were infheque
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visible, and these were helpful in identifying material as fungus. Cligstal glossy
minerals probably derived from soil were distinct and easily recognizaielees of
chitinous insect exoskeleton were occasionally found (Fig. 2.1l), including whole mites
(which may have been consumed unintentionally or had been feeding on the feces).

| examined the feces of wild-caught animals under a light microscofpentPa
1972; Jennings and Barkham 1975; Chatfield 1976; Speiser and Rowell-Rahier 1991,
Hatziioannou et al. 1994; Hagele and Rahier 2001), separated distinguishable ésod typ
and compressed the separated feces between two microscope slides in order & obta
relative volume of each food type in the feces (Fig. 2.1a). | applied a standardized
treatment to all the samples, letting the weight of the slide on top compresatthel.
The feces were resistant to changing in area with additional compressiare@he
covered by each food type was determined by placing the slide over a grid composed of
1.0 x 1.0 mm squares (Cook and Radford 1988). Categories of food types were algae,
fungus, plant tissue, wood, minerals from soil, insect exoskeleton, and unidentifiable
“other” materials, the lattermost typically being less than 5% of food vofarred!
species.

Fecal samples per species were too few to compare feeding prefesiarsg

sites.
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Fig. 2.1 Identification of food types in the fecal materialfofsubfuscus, P. carolinianus
andM. mutabilis Each food type was compressed between two glass slides and
guantified on &) a microgrid, where grid scale equals 1 mm per box side, and
guantification is represented by the black line drawn around the food mass. The main
food types identified weré(c) algae, d,e,f,g) plant, andH,i,j k) fungus. Plant
recognition was often aided by the presence of distinct structures sfirhteasveins

and @) pollen grains, and fungus was recognizable by the presenigg tfi(, hairlike
mycelia. () Insect chitin was sometimes seen. (Outline of algal clnis Ehown on
algae fecesh), plant fibers €) are shown on plant feces)(and fungus clumgkyj is

shown on fungus fecek)()
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Statistical Analysis

Pianka’s index of niche overlap O is a means to estimate the degree to which t@s speci
make use of the same “types” of a given resource (e.g. food or microhabitaiylindes
many categories or types. O compares the relative proportions of regqasdor a

given resource used by a pair of species (Pianka 1973). | calculated Qedgeparaach

of two resources: microhabitat and food. Relative counts of microhabitat types we
compared between species pairs, and relative volumes of food types found in the feces

were compared between species pairs.
n n 2 n 2
O = X (pj pi) / \/(2_91 2 pk°)
i=1 i= i=1

For species j and k, n is the number of resource types in a single given resource, and i i
each type. Within a species, counts or volumes of each resource type aredoaerase
individuals, and a single proportion is estimated for each resource type out ofall type
used by that species. The symbpisgthe proportion of resource i out of all resources
used by species j, ang |3 the proportion of resource i out of all resources used by
species k (Pianka 1973). The software program EcoSim was used to calculateénhbe
each species pair and the mean O of all species pairs (Gotelli and Ents20D@j)erA
simulation that randomized resource amounts across species but retained ndthe brea
(i.e., the number of resource types used per spaeits)h species was run 10,000 times.
The observed Pianka’s index value was compared against the range of simulated index
values. If the observed Was less than 5% of the simulated values, then the overlap in

resources between species was significantly less than expected by, eltareas an O
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greater than 95% of simulated values indicated that species overlap silyificare
than by chance (Gotelli and Entsminger 2009).

An overall niche overlap is estimated as the product of all indices of onakap
calculated for a pair of species (Pianka 1973). | multiplied the two indicesdfihd
microhabitat overlap to estimate the overall niche overlap between each gagcies.

For each slug species, | compared substrate availability per grigittell
microhabitat choice. The two microhabitat categories of slugs were iadlsitbund on
live trees and individuals found on dead wood. (“Dead wood” comprises dead trees and
CWD. These microhabitat types were combined into one category for analyaisée
they are qualitatively very similar.) A t-test was used to comp&eead wood volume
per grid cell between the two microhabitat categories of slugs, an@drateeptest was
used to compare the sum of diameters at breast height (DBH) of live tregggd el
between the two microhabitat categories of slugs. Unequal variance, ungastdvtere
used. Volume was used to approximate dead wood availability because slugs tend to
occupy interior crevices (pers. obs.), and measurements of entire dead logs Vs poss
Sum of DBH was used to approximate live tree availability because itngpkes
estimate of tree biomass commonly used in forestry. Slug use of leahtitteregetation
in relation to their availability in the field was not analyzed, because neithemybid

slug used these substrates (Fig. 2.2).
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RESULTS

Microhabitat Overlap

CWD was the most common microhabitat forsubfuscuandP. carolinianus given

that 39.5 and 47.8%, respectively, of the individuals of each species were found on this
microhabitat type. Live trees such as American beEagys grandifolia were the most
common microhabitat favl. mutabilis in that 78.7% of individuals were found on live
trees (Fig. 2.2)A. subfuscusvas also common on live trees (i.e., 32.6% 0fubfuscus
individuals observed were on live trees) and it was the only slug observed oniorgetat
(8.4% ofA. subfuscusdividuals observed).

A. subfuscuandP. carolinianusoverlapped the greatest in microhabitat use (O =
0.778), followed byA. subfuscuandM. mutabilis(O = 0.689)P. carolinianusandM.
mutabilisexperienced a much smaller overlap in microhabitat use than the other species
pairs (O = 0.262). Across all species, the observed mean microhabitat overlap is not

significantly greater than expected by chariRe (0.8826).

Philomycus
Arion subfuscus Megapallifera mutabilis carolinianus
(N = 261) (N =127) (N =113)
lll Dead tree
| M Live tree
CcwWD
|| i Leaf litter
||| M Vegetation
M Other

Fig. 2.2 Proportions of microhabitat types on which individuals of each species were

found.
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Choice of microhabitat type was related to local substrate availaBility
subfuscusandP. carolinianusthat had chosen dead wood as microhabitat also occupied
cells with a significantly higher amount of dead wood than slugs that had chosen live
trees as microhabitats (t-teat,subfuscug = 1.750,df = 20.0,P = 0.0478; t-testP.
carolinianus t = 1.979df = 7.7,P = 0.0423) (Fig. 2.3a). Similarly, slugs found on live
trees occupied cells with a higher total diameter at breast height aesthan slugs
found on dead wood (t-test, subfuscugs = -3.190,df = 12.6,P = 0.0037; t-test?.
carolinianus:t = -3.826,df = 4.6,P = 0.0073) (Fig. 2.3b). However, neither dead wood
nor live tree measurements differed significantly betwdemutabilisthat had chosen to
occupy dead wood or live trees (t-test, dead wbed.640,df = 8.4,P = 0.2697; t-test,

live treest = -0.724,df = 7.4,P = 0.2458).
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Fig. 2.3 (a) Volume of dead wood in cells occupied by slugs that had chosen dead wood
or live trees as habitab) Sum of diameter at breast height of live trees in cells occupied

by slugs. (* indicates significantly different means within a specieer Bar is +SE.)

Food Type Overlap
One food type was consumed in high volumeg9@s) by each species (Fig. 2.A).
subfuscudavored plants (69.0%M. mutabilisfavored algae (78.7%), aid
carolinianusfavored fungus (81.1%). The second-most favored food was fungus for both
A. subfuscu$l3.8%) andv. mutabilis(13.3%).

Foods consumed overlapped the least betwesnbfuscuandM. mutabilis(O =
0.119), withP. carolinianusandM. mutabilis(O = 0.217) and\. subfuscuandP.

carolinianus(O = 0.248) sharing moderately more food types by volume. Slugs did not
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show a significant difference in diet but rather exhibited random food use overlag amon

species pairsdq= 0.6548).

. . - Philomycus
Arion subfuscus Megapallifera mutabilis carolinionus

(N = 64) (N = 45) (N = 53)

M Algae
Fungus
Plant

= Wood

i Minerals

H Soil
Exoskeleton

M Other

Fig. 2.4 Average proportions of food types by volume consumed by each species of slug.

Overall niche overlap (microhabitat O * food O) was greatest betiieen
subfuscugndP. carolinianus(O = 0.193), followed by. subfuscuandM. mutabilis

overlap (O = 0.082) ani. carolinianusandM. mutabilisoverlap (O = 0.057).

DISCUSSION
The overlap in substrate and food resources was consistently greater b&tween
subfuscusandP. carolinianusthan between the two native species. Thus, the potential for
competition is highest betweén subfuscuandP. carolinianus However, their small
overlap in food use may be enough to minimize competition (Pianka 1973), even if they
share microhabitats.

P. carolinianusandM. mutabilisexhibited little overlap in resource use. As
cohabitants of northeastern forests, it is possible that niche displacemennbtbisviveo

native species has already occurred through resource partitioning (C8®L In
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contrastA. subfusculas been present in North America for fewer than 200 years, which
may have been insufficient for co-habiting slug species to evolve unique micabhabit
preferences to the degree tRatcarolinianusandM. mutabilishave Species that have

evolved in allopatry might compete to a greater degree when brought together tha
species that evolved for a long period in sympatry (Goodyear 1992), because species tha
evolve in sympatry tend to develop mechanisms that allow them to coexist (e.g. niche
displacement) (Hairston 1980) or else go extinct.

In total, food overlap was modest and similar among all species pairs. Under
ordinary conditions of resource availability, competition for food may be weak eBatw
early May and mid July, when feces were collected, proportions of food types cgosen b
any one species were unchanged. This was true for all slug speciepjieeelii B),
suggesting that a species’ food niche does not abruptly shift through the seasons.
However, | did not collect feces during excessive drought or cold weather. Wieter s
conditions, slugs may be confined to smaller areas of habitat, or fewer food gpée m
available(Mason 1970a; Butler 1976; Baur and Baur 1990), forcing them into greater
competition (Wiens 1989; Davis 2003). In some gastropod systems, degree of diet
overlap within species pairs can vary through the year (Hatziioannou et al. 1994).

The diets of the two philomycid slugs resembled the species’ food preferences a
described in the literature, whife subfuscus’diet contained a greater proportion of
plant material than expected. Previous studies have notedl. thalbfuscugavors fungus
as food (Graham 1955; Chichester and Getz 1973; Jennings and Barkham 1975; Beyer
and Saari 1978), whereas | observed that field-collektestdbfuscuare mainly

herbivores (or detritivores, given that most plant material consumed appeatethdea
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brown, rather than fresh and green). ObseRechrolinianus’sdiet selections were in
accord with previous studies (Chichester and Getz 1973; Branson 1980). Gien that
carolinianusoccupying the same field sites were clearly finding and consuming fungus
andA. subfuscufrom these populations readily consumed cultivated mushrooms in the
lab, the observed natural dietAfsubfuscuss unexpectedly richer in plant material
rather than fungus. Perhafasssubfuscus preferred diet has shifted to incorporate more
plant material in the presence of the fungivorous slugd\.i.subfuscusmay actually be
displaced from fungus bjy. carolinianus However, diet-shifting may not always happen
in the presence of a competitor. For example, the non-native muBatildria
attramentariaand the native mudsndlerithidea californicadid not alter their diatom
size feeding preferences in sympatry (Whitlatch and Obrebski 1980).

The local availability of substrate affectadsubfuscuandP. carolinianuss but
not M. mutabiliss choice of microhabitat. Dead wood amount was higher in cells in
which A. subfuscuandP. carolinianusoccupied dead wood rather than live trees, and
more (or higher diameter) live trees occurred in cells in which these slug$ouad on
live trees instead of dead wood. The correlation of substrate choice with suastount
suggests that these slugs respond somewhat passively to their environnser@sdihi
also suggests th& carolinianusis flexible in microhabitat choice, which may help to
lessen the occurrence of competition or any potential detrimental og@ime
competition withA. subfuscuor microhabitats. | am not aware of other studies of
gastropods that compare substrate choice to its availability. Food chkimais to
correlate with local food availability (Cook and Radford 1988; Speiser and Rowell-

Rahier 1991; Haegele and Rahier 2001), althddeftoceras reticulatumvas shown to
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feed preferentially on a plant species when it was rare (Cottam 198®ntrast to the

other two slugsivl. mutabilispreferred live trees (especially beech) as substrates
regardless of the amount of dead wood in their habitats. Thus, this speciesvislyelati
specialized, while the other two species exhibit flexibility in microhabhatce.M.
mutabiliswas found to consume mostly algae, which grows upon the trunks of live trees
such as American beechagus grandifolid. Its use of live trees as microhabitats may
influence its food preferences (and vice versa).

Additional studies that | performed suggest that the natural availability of
resources counteracts competition promoted by resource overlap amongugese sl
Naturally low levels of fungus, typical of forest habitats occupied by thegs, svere
shown to be a limiting resource to bé&hsubfuscuandP. carolinianusn the lab, while
natural amounts of shelter were generally not limiting (no data are laedibaM.
mutabilis see Chapter 3). Thus, the resource (food) determined in the present study to
overlap little among species was naturally limiting, while the resoureét¢shthat
overlaps for all three species was not a limiting resource.

My simple estimates of niche overlap through measurements of food and shelter
use should be presented with a caveat: approximation of niche dimensions requires much
more information (Hutchinson 1957; Kearney and Porter 2009). | attempted a broad
parsing of resources into food and shelter categories. Perhaps therecategartes of
resources that | did not distinguish but that these slugs recognize and aeleetyesg.
Maraun et al. 2003)0ther niche axes that were not investigated, such as soil moisture,
vapor pressure deficit, temperature, or fungus food species (Risingaitddge 1969;

Thompson et al. 2006), might offset or contribute to interactions among these species.
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Also, niche overlap does not take into account the value of resources that are sought in
small quantities. Infrequently-used resources may be very important if ommoend

highly nutritious or limiting, such as dead animals (Speiser 2001). Additionalgs sl

were hidden at unknown frequencies within logs or soil cracks, preventingme fr
tallying these microhabitat choices. These niche overlap estirhatesrtly roughly

suggest the environmental dimensions likely to be the resource serving asislferba
competition among species.

In conclusion, because the native sljsnutabilisandP. carolinianusare more
unlike each other than the native-non-native species pRiradrolinianusandA.
subfuscusit is likely thatP. carolinianusandA. subfuscusre competing more strongly
thanP. carolinianusandM. mutabilis However, | do not know whether the niche
difference between these two slugs is “small enough” to produce apjpeeciab
competition, or conversely, “large enough” to enable permanent coexistence
(MacDougallet al.2009). Only through experimental manipulations of slug populations,
such as by measuring the fitnes$otarolinianusandA. subfuscusombinations in the
lab, will the extent of competition latent in the degree of niche overlap be mgadest

Chapter 3).
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CHAPTER 3
Evaluating the Presence of Competition between a Native

and a Non-native Slug Speciesin Captivity

INTRODUCTION

Many non-native species became established in the distant past, and no recoodls exis
the original state of the ecosystems or native populations with which theymame i

contact (Eastwood et al. 2007). These non-native species contribute a substantial
proportion of the species diversity, abundance, and biomass of many ecosystems
(Windham 2001; Hall et al. 2003; Strayer et al. 2009). Most established invadens appea
to have minimal impacts on their environment and seem to coexist with native
competitors (Sax et al. 2002; Ricciardi and Cohen 2007). However, we usually do not
know if and how the behavior, population size, demography, or the range of native
species was historically altered, much less whether the populations of patiessare

now in declineThe non-native species whose interactions with native species are most
thoroughly understood are still in the process of invading, have decimated populations of
native species on a regional or global scale, or are economically or envitafiyne
significant, such as the Argentine ant, rusty crayfish, New Zealand mudsnailsiamd A

tiger mosquito (Cope and Winterbourn 2004, Juliano and Lounibos 2005, Buczkowski
and Bennett 2008a, Pintor et al. 2008). These were systems studied under ideal research
circumstances, i.e., an invasion front allowed researchers to measure nativégopula

size prior to and after the introduction of the non-native species (Bohn et al. 2008).

However, systems that are not subject to a spectacular current invasion gnoakss s
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not be ignoredif native and non-native species compete, native populations may be
subject to continued, if gradual, displacement on a microhabitat or habitat scaie (By
and Goldwasser 2001). Continued population declines in addition to historical population
losses place endemic species at a greater risk of extirpation (e.g.ePahrt988).

Non-native Eurasian slugs have colonized and spread into temperate regions
worldwide, including many relatively undisturbed habitats (Chichester and1Gé®z;
Getz and Chichester 197 Burasian slugs began entering North America about 200
years ago and are now established throughout the eastern seaboard (Binneyd 842 cite
Chichester and Getz 1969; Getz 1974). The original population sizes and distributions of
the native slug fauna in eastern North America prior to non-native slug caioniage
completely unknown (Chichester and Getz 1968), as is typical for molluscs &6dpe
Winterbourn 2004). Thus, there is no direct evidence of past impacts of non-native slug
competitors on native slugs and few clues to future impacts. Indications of past
population displacements would suggest that native populations remain at risk of
extirpation, and evidence that part of the biomass once composed of native species has
been co-opted by non-natives would suggest shifts in ecosystem processese®af. typ
foods consumed by slugs).

Despite these knowledge limitations, the experimental establishment of
competition in the present day can suggest past and future interactions betiveen na
and non-native species. Wiens (1989) suggested a series of criteria daivedyl
should be determined to confirm the occurrence of competition between species: (1)
apparent spatial or temporal competitive displacement from a habitat, niitabhar

niche (Wiens 1989; Denret al. 1995), (2) overlap in the use of a scarce resource (Birch
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1957;Colwell and Futuyma 1971) (3) intraspecific competition, indicating a poteatial t
compete with heterospecifics, (4) exploitation or interference competitiohansms

that reduce resource availability, and (5) harm to a species in responsritogésss
(Wiens 1989). Although species may compete by means other than by contesting
resources, such as through apparent competition (propagation of shared predators and
diseases) (DeBach 1966; Reitz and Trumble 2002; Davis 2003), Wiens’s narrow focus
provides exacting guidelines for studying cases of competition for dmatgources.

Slugs are appropriate candidate organisms for studies of resource dompetit
because their dispersal abilities are limited (Burch and Pearce 1989; South 1L§82), s
aggregate in favorable microhabitats (Pearce and Orstan 2006), and the nicheie®f spe
overlap appreciably (Jennings and Barkham 1975; Cameron 1978). Slugs share major
dietary components (Jennings and Barkham 1975) such as macrofungus (Ingram 1949;
Chatfield 1976; Speiser 2001), an ephemeral and scattered resource. Many authors
speculate that shelter is a major source of competition among slug spetiesl083a;
Pearce 1997). This may particularly be true of coarse woody debris (GND)
microhabitat that serves as a moisture reservoir, food source, and ovipositing site f
many gastropod species (Rollo and Wellington 1979; Kappes 2005). Rollo and
Wellington (1979) demonstrated the potential for strong competitive exclusioadretw
the non-native slugimax maximusind the Pacific northwest endemigolimax
columbianusThrough aggressioh, maximusaused lowered feeding rates, growth,
fecundity, and eventually extinctions Afion aterandA. columbianugopulations in
field cages that these slugs shared (Rollo 1983a, 1983b). Despite the potential of non-

native slugs to cause harm, extremely little is known about how non-native slugstinter
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with native slugs in general and in particular with the eastern North Aameendemic
philomycid slugs.

| am investigating whether the Eurasian non-native Ahlugn subfuscus
(Draparnaud) competes with the native dRiglomycus carolinianugBosc).P.
carolinianusis common throughout eastern North American forests (Grimm 1971;
Chichester and Getz 1973; Hubricht 198%)subfuscusvas probably introduced
through trade to New England cities more than 150 years ago (Binney 1841 cited
Chichester and Getz 1969), and they have since become abundant (up to 16,slugs/m
pers. obs.), and wide-spread in North American forests (Chichester and Getz 1269; Ge
1974; J.B. Burch pers. commA. subfuscusnay harm the fitness &f. carolinianus
becausé\. subfuscuss relatively aggressive whike. carolinianusis not (Webb 1950;
Rollo and Wellington 1979; Fernandez 1990), and the two species occur in the same
forests (Chichester and Getz 1969; Getz 1974), are similar in size (both up to 7 cm in
length in central Maryland; pers. obs.) and share resources. A fecal studienhdieaP .
carolinianusmostly eats fungus and that subfuscubas a varied diet including a
substantial amount of fungus (see Chapter 2). Both species favor CWD as mtatehabi
(see Chapter 2).

P. carolinianusandA. subfuscusnay be subject to weather-related or age-
specific competition. However, these factors are commonly overlooked in studies of
competition between native and non-native species. Seasonal changes or egtalrae w
conditions might force competition, or conversely, might ameliorate it (Hobwal,

2003; Alcaraz et al. 2008; Rwomushana et al. 200&) example, dry weather increases

gastropods’ reliance on shelter (Hunter 1978; Rollo and Wellington 1981), which causes
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gastropods to aggregate in refuges (South 1992) and presumably to interact more ofte
with one another. The negative effects of competition may vary amongalifesstin part
because size differences among individuals affect the strength of coomp@choener
1983).Particularly in studies of gastropod competition, the factor of age has been
acknowledged, and young individuals are commonly used as experimental subjects
because of age-related differences in the consequences of competitionyeanda
Baur 1990; Foster and Stiven 1996; Pearce 1997; Conner et al. BOO8xample,
competition often affects juvenile gastropod fithess more than adult fithesstriopgeals
(Tattersfield 1981; Cook 1989; Conner et al. 2008), and juvenile survival can be key to
population regulation (Wolda and Kreulen 1973; Hunter 1978). In central Marf@and,
carolinianusjuveniles hatch in the summer wh&nsubfuscusre adults (pers. obs.). The
youngP. carolinianusmay be competing with heterospecific adults for food prior to egg-
laying during a period whef. subfuscusre known to be especially aggressive (Rollo
and Wellington 1979)n my study of competition between these two slug species, |
tested whether different moisture levels affected competition level aettherh
interspecific competition existed within each of two life stages (adult amaije) of P.
carolinianus

With respect to Wiens’s (1989) criteria for competition, | determined whéibe
native slugP. carolinianusand the non-native slu subfuscusompete by conducting a
series of field population surveys and laboratory experimental manipuldtmrslucted
experiments to test whether resources used by these species are (Wiking criterion
2) and whetheP. carolinianugs harmed in the presence/Afsubfuscugcriterion 5).1

posed the following questions: Are natural levels of shelter or food sufficiemtl{o
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limit slug fitness? I$. carolinianusfitness different when they are grouped with
subfuscughan when they are grouped with conspecifics? Does competition level vary
among different environmental regimes (dry vs. moist conditions)? Do junile

carolinianusexperience competition with. subfuscuz

METHODS

Experiment 1: Limiting Resour ces

The purpose of this work was to determine whether natural levels of resoutabibtyai
can be sufficiently low to reduce the fitness of slugs. In order to deterh@rartount of
resources to be used in the lab experiments, the range in unit area covereaby shelt
(CWD) and food (fungus) naturally occurring in 1.6 microsites inhabited by a slug of
any species was estimated. For a separate study (see Chapterdushl@nces were
assessed in mesic lowland beech-oak forests at Patuxent Researd) Raivgl,
Maryland. Population surveys took place on grids of 75, 5 x 5 m cells at each of three
field sites. In a random subset of 90 of these cells, the locations of individual gltegs w
marked once with flags during the hours of 19:45 to 23:30, Juheo128", 2007.0ne 1

x 1 m microsite was located at the center of each of 44 cells where slugs hagihnot be
found, while in 46 cells where slugs were found and flagged, a microsite was centered on
each flag, and several habitat measurements (explained below) on eacliemas

then averaged for each cell (Fig. 3.1). The volume of wood pieces or tse@s n
diameter (including CWD and fine woody debris as defined by Travaglini 2006)

within each microsite was estimated from their length and diameter rageis. In
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order to estimate macrofungus mass per microsite, one transect was drawrongese |
dimension of each piece of wood and two transects were drawn on each tree trunk (to 1 m
in height). The wood surface area covered by fungus was estimated as thé¢ transec
lengths that intersect with fungus. Fungus mass per unit area of wood surface wa
estimated by weighing the mass of dry fungus scraped from each of five pideek

covered with a continuous patch of fungus. These samples produced an average fungal
mass of 0.056 g per émf bark. Although slugs consume fungal mycelia inside dead

wood as well as fungus growing on the surface of the wood, slugs appear to favor the
external fruiting bodies, which they emerge to feed upon in favorable weather (pers.

obs.).

5x5m Cell

Microsite centered
[] ' in a cell where no
slugs were found

Il +—» Microsites
H— centered on found
./ slugs

Fig. 3.1 Field microsites in which natural resource levels (CWD and fungus) were
measured. A 1.0 frmicrosite was placed at the center of the top cell, in which no slugs
had been observed. In the bottom cell where three slugs had been observed, microsites
were centered on the location of each slug, and the natural resource amounts were

averaged across the three microsites.
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A lab experiment evaluated separately for each species whether diféfisrennts
of shelter and food affected individual fitness. AdilicarolinianusandA. subfuscus
were collected from Patuxent Research Refuge (PRR) during June and 200y oSlug
species were identified based on their internal and external anatoniil&heg 1948,
Webb 1950, Barker 1999). Adults were distinguished from hatchling or juvenile slugs by
their size. (Reproductive maturity appeared to correlate strongly withzhefP.
carolinianusbut was inconsistently correlated with the sizé&o$ubfuscugpers. obs.).)
Leaf litter and topsoil were also collected and incorporated into each expaliment
habitat, i.e., a plastic tub mesocosm (12.5 cm wide, 32.5 cm long, and 17.5 cm tall; 7100
cm® volume and about 400 érhottom area)Slugs from each species were divided
approximately into a group of larger individuals and a group of smaller individuals, and
one slug from each group was randomly paired together. Each pair of slugs wdsplac
a replicate mesocosm. For each slug, size and placement of sp&tsodoolinianug or
sharpness of stripes (fér subfuscysand mantle coloration were recorded in order to
help to distinguish the two slugs per mesocosm throughout the experiment. (Spot and
stripe patterns did not change through time (pers. obs.).) Slug density within mesocosm
was similar to high-density levels observed in the field, i.e. up to 10 slugs in &0.25m
patch.

The experiment was designed as a 3 x 3 factorial with three levels eactiaf she
and food. Shelter volumes were calculated to replicate in the 4bfesocosm bottom
the volume of shelter per unit ground area found in the field (Table 3.1). The volume of
shelter chosen to represent low shelter availability was 6Qacsubstandard shelter

amount, or the average volume per 4083 gnound area for microsites unoccupied by



53

slugs). For medium shelter availability, | used 606 ¢he average volume for occupied
microsites), and for high shelter availability | used 1500 @ugreater than average

shelter amount, and one fourth of the greatest volume occurring in occupied t@sjrosi
Hardwood branches (CWD) between 5 and 10 cm in diameter and at a moderate level of
decay (stage three of five stages of decay; see Stokland and Kauserud 2604) wer
selected for shelter. The branches were sawed into one to three piectgeto fit
mesocosms. Any superficial growth of algae or fungus was scraped off. Bégagss

was sparsely distributed in the field and the minimum or average fungal masst per uni
ground area would likely starve slugs confined to the mesocosms, | chose furdgs lev
close to the natural maximum. The increments of fungal mass to be used as food were
0.20 g for low shelter (ten times the average mass per 4bgroomd area in microsites
occupied by slugs) 3.0 g for high shelter (the maximum in microsites occuypshags),

and 1.5 g for medium shelter (the midpoint between low and high). Half of the mass of
fungus provided as food consisted of dried wild fungus, and the other half was
commercially-available white mushroon#sg@ricus bisporus There were five replicates

per treatment. The experimental habitats were lined with soil 2 cm deep alitticle&f

cm deep. Mesocosms were sealed with lids into which 12 holes 0.5 cm in diameter were
drilled to promote air flow, and lids were taped down to prevent slugs from escaping

through cracks.
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Table 3.1 Average and maximum levels of CWD and fungus found in ffieid
microsites that were unoccupied or occupied by slugs. CWD is measured in drsrcm
cn?’ of forest floor, and fungus is measured in cm of epiphytic fungus covering each cm

of linear transect on the surface of CWD.

Microsite status Unoccupied Occupied
CWD levels Average 0.15 1.60
Maximum 2.75 15.93
Fungus levels Average 0.002 0.023
Maximum 0.043 0.365

Slug mass, fecundity, and survival were recorded every ten days (+/-4 days) as
indicators of slug fitness between July'2éhd November® 2007. Although the
reproductive fitness of an individual is ideally measured as the fecundityosints
offspring (Fisher 1958), alternative measures of fithess that stronglybtaetro long-
term reproductive success are usually sought. Besides fecundity and mantskg
mass as a metric of fitness because it is well-documented to cowelattutch size,
clutch frequency, and lifetime fecundity in gastropods (Wolda and Kreulen 19%8r Car
and Ashdown 1984Goodfriend 1986; Bengtsson and Baur 1993). Egg masses were
collected from mesocosms every ten days while the soil and leaf litterb@erg
changedl assumed that eggs had been laid by the slug that had lost the gredter weig
since the previous measuring session. Both slug species laid eggs in dlusters.
carolinianuseggs were about 4 mm in diameter, translucent white, and with an average

count of 23 per clutch, whil&. subfuscugggs were about 2.5 mm in diameter, opaque
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white with a yellowish tinge, and with an average count of 35 per cltcdubfuscusdid
not lay enough eggs to perform statistical analyses. During each measusession,

the branches and mesocosm sides were washed to limit the growth of pathogens, and
food and leaves were replaced. Individual slugs that died (or that could not be found)
after two weeks were replaced with adult slugs of similar size alxted from PRR in
order to maintain slug density per mesocosm. Slugs could not be found when dead
individuals decayed too quickly for their remains to be discovered or because they
escaped from their mesocosms. If a slug died or disappeared before weghkef@itmess
measurements of its replacement slug were used in statistical arfalgsiPetren and
Case 1996), because the replacement was subject to the treatment for a lcodyef per
time than the original slug. (The number of replacement slugs whose meassreme
used was similar across treatments and did not exceed 20% per treatmeshtiyy diad

at or after week four, its own fithess measurements were used.

Experiment 2: Mixed Species

A 2 x 2 x 2 factorial design was used to evaluate whether the factarsobfuscus
(presence or absence), shelter amount (low or high), and food abundance (low or high)
affect the fitness dP. carolinianus Unless otherwise stated, methods were identical to
Experiment 1. Thé. subfuscuabsence mesocosms contained fducarolinianus

adults, and th@&. subfuscupresence mesocosms contained Bvgarolinianusand two

A. subfuscuadults. Unlike experiment 1, medium levels of food and shelter were not
used in order to simplify the experimental design. Low and high shelter weimntkee s

amounts used in Experiment 1. Double the mass of food in Experiment 1 was used
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because twice the number of slugs was present. Low food treatments consisted of 0.54 g
fungus and high food treatments were 4.0 g fungus. An unbalanced design was employed
to maximize the number of mixed-species replicates, the main focus ofpeneant, in

virtue of a limited supply oP. carolinianusspecimens. There were five replicates per
conspecific treatment and nine replicates per mixed species treafnkgital

photograph was taken of each slug’s mantle in order to allow individuals to be etentifi
during each fitness measuring session. A slug’s mantle patterns could alweays be
distinguished from those of its mesocosm-mates. If not, slugs were assumeleo be t
individual whose weight the previous week they most closely matched.

Fitness measurements were taken every seven days (+/-1 day) betweerhJuly 10t
and September 9th, 2008 for a total of eight measurements. Mass, fecundity, and
mortality were recorded, and distances between pairs of slugs were ededsur
attribute a set of eggs to individual slugs in a mesocosm, | considered the nmggsatha
each slug since the previous week. Eggs were divided into equal portions among slugs
that lost more than 0.10 g in a week (about 5-10% body mass), and slugs that lost at least
twice the weight of other slugs were assigned twice the number of eggs. Esstianc
cm) between each pair of slugs were measured before the mesocosm comeents we
thoroughly disturbed. (Wide distances between slugs or displacement from halyitat m
indicate antagonism (Rollo and Wellington 1979; Poling and Hayslette 2006; Shucksmith
et al. 2009).) Otherwise, mesocosm maintenance and weekly fithess mesgarem
followed the methods of Experiment 1. Dead or missing slugs were replaced as per
Experiment 1, and the number of the original four slugs that had died was counted per

mesocosm.
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Experiment 3: Shelter and Moisture

This experiment investigated the influences of differences in ambientuneoisvels and
shelter amount on slug fitness. Because the soil in the experimental mesoaskept
wet throughout Experiment 1, the shelter logs may not have had a chance to exert the
natural role in slug survival. Shelter amount did not affect slug fitness in eitber pr
experiment (see Results of Experiments 1 and 2).

A 2 x 2 x 3 factorial experiment was designed to test the combined effects of
moisture level (dry with a nylon fine mesh top on the mesocosm or wet with @ ptfsti
shelter amount (low or high), and presence of heterospecifics (eithd?.foarolinianus
two P. carolinianusand twoA. subfuscusor fourA. subfuscyson slug fitness. After a
one-week trial run of wet mesocosms, mesh topped mesocosms were about 60% relative
humidity while lidded mesocosms were about 90% relative humidity. There were four
replicates per treatmem. subfuscuandP. carolinianusfitnesses were analyzed
separately. Unless otherwise stated, methods were identical to the othgpénments.
Low and high shelter were the same amounts used in Experiment 1. All treatments
received the same amount of fungus food, 4.0 g, which represents the high food level
used in Experiment 2. Slug mass, fecundity, and mortality were measuredeaxgry s
days (+/-1 day) between Mayl' and July 2%, 2009 for a total of eight measuring
sessions. Distances between each pair of slugs was measured per sessicaged ave

for each mesocosm.
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Experiment 4: Juveniles
The presence &. subfuscusdid not have a significant effect on méstcarolinianus
fitness variables (see Results of either Experiments 2 or 3). Juvenilgpgastioften
respond more strongly than adults to competition (Pearce 1997; Conner et al. 2008).
Thus, | applied a similar design as in Experiment R.toarolinianuguveniles.

A 2 x 2 x 4 factorial experiment was designed to test the effects of food amount
(low or high), shelter amount (low or high), and cohabitants (eitheiPfocarolinianus
juveniles, eighP. carolinianuguveniles, fourP. carolinianuguveniles plus one adult,
or four P. carolinianuguveniles plus one adult. subfuscyson the fitness of juvenile.
carolinianus There were five replicates per treatment. Juveniles were raised ib the la
from eggs laid by captive adults during the late spring and summer of 2009. Juveniles
were randomly assorted such that siblings would be distributed across treathaeht
juvenile entering the experiment was at least one week old and had an aveiage init
mass of 0.03 g. Each replicate was housed in a 240 mL cylindrical plastic delneontai
(11 cm diameter) and sealed with a nylon mesh top. The low food amount was 0.54 g (the
same as Experiment 2), and the high food amount was 2.0 g (the same as the Experiment
1). Shelter amounts were calculated to represent the same volume of wood to unit ground
area of the deli containers as the mesocosms used in all previous expetiowents.
shelter was 5 cfrand High shelter was 130 ctBecause individual juveniles cannot be
visually distinguished, all juveniles per replicate were weighed en reassg eight days
(+/-3 days) between June™8@nd October 28 2009. The average mass per juvenile slug

was estimated for each replicate.
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Statistical Analysis
SAS software version 9\as used to evaluate the results of each experiment through a
factorial, mixed-model ANCOVA (SAS Institute Inc 2008). Denominator degoé
freedom were determined by the Satterthwaite procedure (Satteetli®4f). The initial
mass of each slug (or of all target slugs per container, in experimeat4) eovariate in
all experiments. For experiments 1-3, mesocosm was a replicate in whichlwgaevas
treated as a subsample. For experiment 4, container was a replicatenegurdy a
single average value per fitness variable. Independent variables whee ahd food in
Experiment 1; shelter, food, and heterospecific presence in Experiment &r,shelt
moisture, and heterospecific presence in Experiment 3; and shelter, food, anthobhabi
identity in Experiment 4.

Response variables were assessed separately for each species.cRespaiies
for P. carolinianusadults were average mass change per day, final mass, final mass plus
mass lost due to egg laying, and total number of eggs laid. To estimate the avesge mas
change per day per slug, the change in a slug’s weight for each meadsesséon was
divided by the number of days between measurement sessions to obtain an estimate of
mass change for each day between sessions, and the slug’s daily mass weasge
averaged across the entire period of the experiment. Lost body mass due tonegg layi
was estimated at 0.012 g per egg laid (pers. obs.). Lost egg mass was addeddb the f
mass to calculate the response variable final mass plus egg layimépstaSlug mass
was always measured as wet mass, rather than dry mass, because slkgptadive to
be measured at regular intervals and to be used in additional experiments. However

experiments 1, 2, and 4, slugs’ masses were unlikely to be influenced by moisture,
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because the lidded and sealed mesocosms maintained an environment with 90% relative
humidity (see above). Count of slugs dead per mesocosm was analyzed in Experiments 2
and 3 with each whole mesocosm treated as a replicate. Egg hatchingsratealyaed
as a fitness variable, but in no case did the proportion of eggs hatched respond to
treatment and so is not reported here. (For example, in experiment 2, the proportion of
eggs hatched out of total eggs laid ranged from 0.905 +/-0.066 SE in the high food, high
shelter treatment to 0.752 +/-0.069 SE in the high shelter, low food treatrent (
0.1183).) Response variables farsubfuscuadults were average mass change per day
and final mass (Experiments 1 andA)subfuscuslid not lay enough eggs to evaluate
statistically. Response variables Rarcarolinianuguveniles were average mass change
per week and final mass, averaged for each mesocosm (Experiment 4). The distances
betweerP. carolinianusandA. subfuscuslug pairs were response variables in mixed
species mesocosms (Experiments 2 and 3). Each mesocosm was a replicasengfi¢h a
value ofPc-PcdistancesPc-Asdistances, ands-Asdistances averaged across all weeks
(where Pc i. carolinianusand As isA. subfuscus The midpoint oPc-Pcdistances
andAs-Asdistances for each replicate served as its covariate; this midpoint répdese
an “expected” value faPc-Asdistances if their combined interactions were simply
intermediate betweeRc-Pcdistances ands-Asdistances.

Competition intensity may be affected by the availability of resoyegck et
al. 2004; Poling and Hayslette 200&hd thus, competition may only be apparent under
circumstances of low resources. For Experiment 2, planned comparison testseddme us
compareP. carolinianusfitness between single-species and mixed species mesocosms

within low resource treatments (low shelter and low food) and within high resource
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treatments (high shelter and high food). These treatment comparisons were the
differences of least squares means (t-tests) as obtained through ANGBv&Ise these
tests were plannealpriori, they did not require alpha adjustment for multiple
comparisons. For experiment 4, least squares means were adjusted through asTukey te
so that | could compare meamposteriori

Data were sufficiently normal so that transformation was not needed. Because
few juveniles gained weight at an exceptionally high rate in Experiment Jaasddta
strong skew in the response variables, | eliminated 4 outliers of the variatdgeawsass
change and 3 outliers of the variable final mass (i.e. 20% of the sample sizef 5 wa

eliminated for a few treatments).

RESULTS

Experiment 1: Limiting Resour ces

Food amount significantly affected every fitness variable measured fospeties (Fig.

3.2): the average mass change per &ay (0.0001), final mas$(= 0.0001), final mass

plus egg laying mass log? € 0.0001), and total number of eggs ldd=50.0001), of.
carolinianus and the average mass change per Bay@.0008) and final masP &

0.0001) ofA. subfuscusWeight loss was consistently least in the high food treatment and
highest in the low food treatment. (Note that degrowth is a common phenomenon in
mature slugs that increases with egg-laying (Rollo and Shibata 1864 pjher details

of the analyses (e.d=;statistics andif values) see Appendix C. No measure of fithess

responded to shelter, in contrast to food amount. Interactions were not significant.
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Experiment 2: Mixed Species
A. subfuscugpresence did not affect the fitnesdofcarolinianusexcept for its final mass
plus egg laying mass lost; final mass plus egg laying mass lost wasr gmeaixed-

species treatments (1.190 +/-0.034 g) than in single-species treatments (D0EB-g)
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(ANCOVA: F1 420=4.32,P = 0.0439). The main effects generally support the results of
Experiment 1 (Fig. 3.3). That is, food amount exerted a significant effect amedist
measures dP. carolinianus while Pc-Asdistances were unaffected by any factor. Food
amount affected the average mass change pelPday (0001), final mas$(< 0.0001),

final mass plus egg laying mass Id8tq 0.0001), and total number of eggs ldd=

0.0003) ofP. carolinianus The only fitness response to shelter amount was the number
of eggs thaP. carolinianudaid. More eggs were laid in high shelter conditions (19.9 +/-
1.5 eggs) than in low shelter conditions (14.1 +/-1.5 eggs) (ANC®VAs,= 7.52,P =
0.0097). An interaction of food and shelter amount resulted in the greatest percentage of
slug deaths in the low shelter, low food treatments (39.4% +/-7.8%) and the fewkst deat
in the low shelter, high food treatments (7.8% +/-7.8%) (ANCONAi= 4.10,P =

0.0484).
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In neither low resource nor high resource treatmentdwaarolinianusfitness
(except for eggs laid overall) significantly affectedAysubfuscugresence (Fig. 3.4).
Under high resource conditions, more eggs were laid in mixed-speciesemnéa(@n.2
+/-3.1 eggs) than in single-species treatments (20.3 +/-2.8 eggs) (t=te3ti3,df =

33.7,P = 0.0409).

Fig. 3.4 Fitness of. carolinianusslugs in the absence or presencA.asubfuscus

Planned comparisons @ average mass change per day final mass(c) final mass

plus egg laying mass logt) total eggs laid, anE) percent. carolinianusdead per
mesocosmHigh and low resource mesocosms were analyzed separately but are depicted
together, grouped by response variable. Low resources are low shelter doddpand

high resources are high shelter and high food. Error bar indicates +SE. (* indicates

significantP-value.)
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Experiment 3: Shelter and Moisture

Shelter and moisture levels each only affected a few fitness variablesdamlinianus

(Fig. 3.5). The species identity of mesocosm mates did not have a signifieahbefthe
fitness of either species, and there was no interaction of species idetititpeisture

level. The average mass loss per dayPocarolinianusvas smaller in high moisture
treatments (-0.0086 +/-0.0015 g) than in low moisture treatments (-0.0146 +/-0.0015 g)
(ANCOVA: F1 31.9= 7.68,P = 0.0092). Shelter amount was associated with an increase in
the final mass plus egg laying mass lost (1.42 +/- 0.05 vs. 1.25 +/-0.05 g) (ANCOVA:
F127.9=5.04,P = 0.0328) as a combined result of more although not significantly
different number of eggs laid (17.0 +/-2.6 eggs vs. 11.4 +/-2.7 eggs) and greater but not
significantly different final mass (1.22 +/-0.05 g vs. 1.12 +/-0.05 g) in higher shelter
mesocosms. Shelter and moisture amounts interacted to affect the nufber of
carolinianusdead per mesocosm. More died in the high shelter, high moisture treatment
(4.8 +/-0.7 dead) than in each of the other treatment combinations (with an average of 1.2
dead) (ANCOVA:F; 24= 4.62,P = 0.0419). In contrast to ExperimentAL,subfuscus

had a lower final mass (0.6640 +/-0.0410 g vs. 0.8780 +/-0.0410 g) and greater average
mass loss per day (-0.0111 +/-0.0009 g vs. -0.0063 +/-0.0009 g) in low shelter conditions
than in high shelter conditions (ANCOVAj 263= 13.61,P = 0.0010;F; 26s= 13.80,P =
0.0009). This would suggest that subfuscufitness was affected by shelter amount

during this experiment but not during Experiment 1. Moisture level had no bearfg on
subfuscuditness. Distances betweén carolinianusandA. subfuscusvere affected by

an interaction of shelter and moisture, such that slugs were much closer to biee ianot



68

low shelter, low moisture conditions (2.5 +/-0.9 cm) than in the other treatments (mean:

8.9 cm) (ANCOVA:F1 1;= 5.69,P = 0.0361).

Fig. 3.5 Effects ofshelter, moisture, and heterospecific presence or absence on the
fitness ofP. carolinianusandA. subfuscus‘Heterospecific presence” for either species
means that twé. subfuscuand twoP. carolinianuswere present per mesocosm, while
“heterospecific absence” means that four conspecifics were presemtb&r indicates
+SE. (* indicates significar®-value in the absence of interactions between factors. See

F-statistics andif values in Appendix C.)
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Experiment 4: Juveniles

Juvenile final mass and average mass change per day were affectedlbytiheof

their cohabitants (i.e., other juveniles, adulcarolinianus or adultA. subfuscus(Fig.

3.6). Juvenile mass increased more in the presence of other juveniles than with either
conspecific adult or a heterospecific adult (average mass change pe0@ag: €/-

0.0002 g with juveniles vs. 0.0009 +/-0.0003 g with adults; ANCONAs= 4.35,P =
0.0078) (final mass: 0.1195 +/- 0.0111 g with juveniles vs. 0.0695 +/-0.0088 g with
adults; ANCOVA:F; 5= 6.57,P = 0.0007). Final mass was greater in high food
treatments (0.112 +/-0.008 g) than in low food treatments (0.078 +/-0.007 g) (ANCOVA:
F150=9.84,P = 0.0027), while differences in average mass change per day were not
significant (0.00167 +/-0.0002 g in high food vs. 0.00117 +/-0.0002 g in low food)
(ANCOVA: F1 58= 2.90,P = 0.0939). Shelter amount had no influence on juvenile

fitness.



71

Cohabitant Shelter Food
a
0.0025 0.0025 0.0025
0.0020 ab T
Average i T i 0.0020 0.0020
mass change =~ *%% T b 00015 0.0015 |
0.0010 |
per day (g) 0.0010 0.0010
0.0005 0.0005 0.0005 -
0.0000 + T 0.0000 - r 0.0000 + T
0.1600 a 0.1600 0.1800 *
0.1400 - a 0.1400 0.1400
0.1200 T 0.1200 0.1200
: 0.1000 b b 0.1000 T 0.1000
Final mass (g)  o.0800 T 0.0800 0.0800 T
0.0600 . 0.0600 0.0600
0.0400 - 0.0400 0.0400
0.0200 - 0.0200 0.0200
0.0000 - ; ; 0.0000 - 0.0000
4 juveniles )
B high
8 juveniles
(1 low

4 juv. + adult P. carolinianus

HE N[

4 juv. + adult A. subfuscus
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levels, and food levels. Averages represented by the same letter agnificiasitly different.
Error bar indicates +SE. (* indicates significBavalue, and different letter indicates a

significant difference between treatments. Besatistics andlf values in Appendix C.)

DISCUSSION

This study tested and ultimately rejected the hypothesis that the nativ slug
carolinianusand the non-native sluy subfuscusompete. | investigated whether natural
levels of resources were limiting to bathsubfuscuandP. carolinianus whether the
fitness ofP. carolinianusadults or juveniles decline when they share a habitatAvith
subfuscusand whether moisture level influences whether shelter is a limitingnees
Food was found to be a limiting resource for all experimental subjects, and sheltee

a limiting resource foA. subfuscuand for ovipositing individuals d®. carolinianus
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However, interspecific competition between the species was never dghaater
intraspecific competition withi®. carolinianus.

Food was a limiting resource at naturally low levels, affecting miostsis
variables for both species and for both adult and juvénit&arolinianus(Experiments 1,
2, and 4). Field levels of food have been shown to be limiting for other gastropods.
Stream algae density exists below the level that allows maximal paoudgiawth in
several freshwater gastropods (Eisenberg 1970; Cross and Benke 2002), and natural
levels of food on the forest floor limit growth in some landsnails (Pearce 1¥$aljer
was not generally a limiting resource for either slug species (Expt. ) jpvenileP.
carolinianus(Expt. 4). Although shelter is suspected to be a limiting resource for slugs
(Rollo and Wellington 1979), many slug species, including philomycids, commonly
aggregate in multispecies groups in shelters and appear to be tolerant oheegh ot
presence (Webb 1950; Cook 1982) carolinianuswere found to distribute themselves
randomly under provided shelter, regardless of the number of conspecifics already
present (Tim Pearce and Cagin Unal, unpub. results). In low sheltendreaf.
carolinianuslaid fewer eggs (Expt. 2) and had a lower final mass plus egg laying mass
lost (Expt. 3). Thus, shelter amount can be a limiting resource for ovipositiag by
carolinianus Slugs lay almost all of their eggs under shelter (Rollo and Wellington
1979), and competition for favorable egg-laying sites can result in lower fecundity pe
snail in high-density gastropod populations (Carter and Ashdown 1984) AAlso,
subfuscugost more mass in low shelter treatments in one case (Expt. 3), suggesting that

shelter can occasionally be importanftessubfuscusitness.A. subfuscumay have
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experienced greater desiccation or expended more energy in the pursuit ofrshmite
shelter conditions.

The presence d&. subfuscudid not affect the fithess &f. carolinianusexcept
for egg-laying. In a similar studZhilomycuscf flexuolariss use of shelter was
unaffected by the presencelofmax maximusn a lab setting (Tim Pearce and Paul Robb,
unpub. results)or gastropods, the frequency at which interspecific competition exceeds
intraspecific competition strength (Cameron and Carter 1979; Brown 1982; TidBig)
Riley et al. 2008) is counterbalanced by systems in which intraspecific abampist
greater than or equal to interspecific competition strength (Fenchel d0edKt076;
Tattersfield 1981; Baur 1990; Cross and Benke 2002; Cope and Winterbourn 2004).
From the perspective &f. carolinianus the system oP. carolininausandA. subfuscus
fall into the latter category. Surprisingly, the fecundity of individRiatarolinianus
increased in heterospecific, high-shelter mesocosms (Expts. 2 &d8jolinianus
must be experiencing greater intraspecific than interspecific coropdotr egg-laying
sites. FewA. subfuscusvere laying eggs at the time of the experiment, which, in high
shelter mesocosms, may have maximized the availability of suitable owigapaces
for their cohabiting?. carolinianusIf the seasonal timing of reproduction in the field
were consistent with these lab results, shelter as an ovipositing siteotriag a
contested resource between these species.

Distances between heterospecific pairs of slugs were unaffectezbbmént,
suggesting that any inherent antagonism was unaffected by resourcenléaet,R.
carolinianusandA. subfuscugpairs were closer together in low moisture, low shelter

treatments than in other treatments (Expt. 3). They appeared to be trackiag¢he s
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moist soil under the single piece of shelter, conserving moisture by huddlirigeto ge
both. Slugs adeptly manage water loss by moving into moist shelter (Luctit®legrup-
Olsen 2001), which was a single piece of CWD in the present experiment. Under
excessively dry conditions, slugs such_asaxpseudoflavuslso huddle together to
limit water loss (Cook 1981).

Unexpectedly, shelter amount interacts with food or moisture factor levels i
affecting mortality, resulting in alternately positive and negative fsigmit associations
of P. carolinianusmortality with shelter level. The highest numbePotarolinianus
died in low shelter, low food treatments and the fewest died in low shelter, high food
treatments (Expt. 2). Significantly moPe carolinianus(but notA. subfuscuysdied in
high shelter, high moisture treatments in Expt. 3 than in other treatments. Also, under
high moisture conditions?. carolinianuslost more mass per day (Expt. 3). Perhaps high
shelter amounts under moist conditions may have promoted pathogen growth, overriding
any positive affects of shelter except under low shelter, low food conditiopt @gx

JuvenileP. carolinianusmass gain was greater in the presence of other juveniles
than in the presence of a conspecific adul.asubfuscuadult (Expt. 4). This result is in
accord with other studies of young gastropods (Cook 1989; Baur and Baur 1990; Conner
et al. 2008). For example, juvenNéesodon thyroiduandNeohelix albolabrisnails did
not grow as much in the presence of conspecific adults in the lab (Pearcelu96iies
can experience greater exploitative competition for resources from daanitfrom other
juveniles (Pearce 1997), perhaps due to simple biomass differences. In this experim
there was about a tenfold difference in the mass of four juveniles (0.13 +/-@ddam)

adultP. carolinianug(1.55 +/-0.09 g) or an aduit. subfuscu$1.49 +/-0.09 g). The
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mucus of adults or other interactions with adults may also inhibit the growth avityacti
of young animals (Conner et al. 2008; Foster and Stiven 1996) or may cause jugeniles
“purposefully” suppress their own growth to maximize their resource-useeeffy in a
high density population (Tattersfield 1981). (Although, interestingly, three of the four
“outlier” replicates, in which the mass of one juvenile was very high, wereeets

with eight rather than four juveniles, hinting that juvenile density may sputtlgiava

few individuals.) The species identity of the adult did not affect juvéhitarolinianus
fitness, suggesting that competition strength does not differ be#veserfuscuandP.
carolinianus Conner et al. (2008) found that the survival rate of juvétolmacea
paludosawas greater with a conspecific adult than withcenacea canaliculatadult.
However, in my system, the strength of competition between juvendarolinianusand
adultA. subfuscuandP. carolinianus(as measured by the negative effect on juvenile
fitness) simply parallels the competition strength between Rdehirolinianusand their
heterospecifics or conspecifics.

This study did not and cannot address all potential sources of competition, such as
apparent competition through disease and predation (DeBach 1966; Davis2003).
carolinianusdied often in the high humidity, crowded conditions of high shelter, high
moisture mesocosms, white subfuscusnortality was unaffected by treatment (Expt. 3).
Although mesocosms are artificially confining and do not replicate natesther
conditions, this suggests that subfuscumay experience a fitness advantage during
periods of excessive precipitation and resulting pathogen growth in the field. Although
very little is known about relative efficacy of native slug predators, appeoenetition

through predators is also possible. For example, salamanders readily consintmeghatc
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A. subfuscuglohn Maerz, unpub. results). If these salamanders are predaors of
carolinianusas well, growth of the salamander population in respon8egabfuscus
abundance could result in a local declinéotarolinianus

Pairs of non-native and native species that appear to be likely compestors ar
often not, regardless of shared resource use and the ubiquity of the non-native competitor.
Although the diets of the mourning dove and the non-native Eurasian collared dove are
very similar, the mourning dove was found to be competitively dominant to, and so not
apparently endangered, by the collared dove (Poling and Hayslette 2006). Nevide
for spatial displacement was found between black rats and native Galapagatsricel
remaining patch of habitat, despite evidence of past rice rat extirpatidm@scamrent diet
overlap with black rats (Harris et al. 2006). On a numerically-equivaleist bas
interspecific competition between the two slugs was never greater trespettific
competition withinP. carolinianus Pairs of competing species that exhibit population-
wide detriment or habitat displacement to one species tend to experiencecasgahm
competition in one-on-one interactions (e.g. Krassoi et al. 2008; Riley et al. 2008).

Researchers are increasingly discovering that the invasiveness and ulfiquity
non-native species does not correlate with its impact on ecosystemsr{RiaethCohen
2007), and the interactions Af subfuscusndP. carolinianusfit this pattern. The
densities oP. carolinianusandA. subfuscug these experimental mesocosms are
similar to their densities on coarse woody debris in the field, so they aretbkely
experience similarly weak competition in the field. Perhaps, a temporaertoanent
stable coexistence between non-native and native competitors is very commaman nat

even if the non-native species spreads widely, becomes highly abundant, and appears to
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interact regularly with natives. Indeed, one of the fundamental patterns aggw®the
highly skewed nature of species relative abundance distributions: when countieg spec
sharing a resource base, a few species are numerically dominangm&pgea great
fraction of the individuals encountered, while most species in the assemblagareee s
(Fisher et al. 1943; Preston 1948; McGill et al. 2007).

Other studies corroborate that competition betweesubfuscuandP.
carolinianusis not likely to be great. Resources are shared to a greater extentb&iwee
subfuscugndP. carolinianusthan between either species and the native philomycid slug
Megapallifera mutabiligChapter 2), and exploitation competition betw@esubfuscus
andP. carolinianusexists (Chapter 4). However, populations are often associated and
never dissociated in the field (Chapter 1), suggesting that spatial disptackas not
occur. Intra-specific interference seems to affeatarolinianusfitness more than inter-
specific interference, and mucus of either species does not function as aittmmpet
mechanism foP. carolinianus(Chapter 4)In conclusion, individuals oA. subfuscus
may present no greater threat to the fithed. @larolinianushan members of their own

species.
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CHAPTER 4
M echanisms of Competition between a Non-native Eurasian Slug Species Arion

subfuscus (Drapar naud) and the Native Slug Species Philomycus carolinianus (Bosc)

INTRODUCTION

The degree to which non-native species have altered the demography, ranges, and
microhabitat occupation of native species is poorly known (Parker et al. 1998)iadly
when populations of non-native and native species co-o¢etirthe competition-
mediated decline of native populations, in concert with other factors such ag habit
degradation, can place native species at risk of extirpation (Van Riel et al. 20@igrK

et al. 2009). Critically, understanding whether competition between native andthan-na
species can take place under ordinary environmental conditions can allow us to
extrapolate whether native species are likely to have experienced hé&erpiast and/or

if they are likely to do so in the future.

Determining whether two species compete requires evaluating a sestésrcd
(Wiens 1989; see Chapt®8). A non-native competitor can lower the growth or fecundity
of individuals of a second species, cause shifts in its microhabitat or habjtaih d&s
alter the size, growth, and demography of the native species’ populatioker ¢Ra.
1999). Except for a few sets of experiments that exhaustively investigateelsspie
major ecological or economic importance, such as Argentine ants, the adtgitrthe
New Zealand mudsnail, and Asian tiger mosquitoes (Cope and Winterbourn 2004,
Juliano and Lounibos 2005; Buczkowski and Bennett 2008a; Pintor et al. 2008), studies

of competition between non-native and native species typically only evalustteet sf



79

these demographic and fitness effects and therefore potentially misinteepoerall
impact of competition. For example, studies often test in isolation whether the nam-nati
species harms the fitness of individuals or the growth of subpopulations of the native
species (Shinen and Morgan 2009), or whether a likely competition mechanism such as
territoriality or contest competition is disproportionately exhibitgdhe non-native
species against the native specfdthough highly suggestive, the operationeof
competition mechanism between two species does not by itself indicate tHasithg”’
species is experiencing a fitness decline. Also, population declines ielthednnot be
attributed to competition unless they are accompanied by other evidence {huaed
Padilla 2004). From a practical perspective, if the competition mechanism is known,
recognition of a fitness decline of a native species in the presence of thativen-
species can contribute more to predicting competition outcomes (Schmitt 1996) or
designing conservation efforts. | investigated whether the native Northdamelug
Philomycus carolinianuéBosc) competes with the non-native Eurasian align
subfuscugDraparnaud) as reflected in a series of criteria that are rdpor@&hapter 3.

A. subfuscusvas probably introduced to port cities in New England more than
150 years ago (Binney 1842, cited in Chichester and Getz 1868)bfuscuandP.
carolinianushave had ample opportunity to interact in natural habitats in eastern North
America. They are widespread and common in mesic forests (Chichesteetarntb69
Getz 1974), and they frequently co-occur on fallen dead logs. Both species attain a
maximum length of 7.0 cm in central Maryland (pers. oAskubfuscuss a relatively
aggressive slug that is known to bite conspecifics and heterospecifics (Rollo and

Wellington 1979; Fernandez 1990). Previous studies tested whether the two species
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overlap in resource use (Chapter 2), whether individuals and subpopulations are
disassociated with one another in the field (Chapter 1), whether resourtes kxiging
levels (capable of inducing resource competition) in the field (chapter 3), and wihethe
fitness ofP. carolinianusdeclines in the presenceAf subfuscusnder natural resource
levels reproduced in the laboratdghapter 3).

For the present study, | determined whethesubfuscusteracts withP.
carolinianusthrough the competition mechanisms of exploitation or interference.
Interference is competition perpetrated through aggression, allelochermmstrother
direct interactions between individuals, while exploitation is an indirect form of
competition in which resources are used up before they can be accessed biarsmpet
(Schoener 1983 hese mechanisms are well known to influence gastropod body size,
growth rate, fecundity, mortality, and activity level (Tilling 1985; Baur 1988jr and
Baur 1990). Gastropods compete for shelter through the mechanisms of mucus
interference and aggression (Rollo and Wellington 1979; Dan and Bailey 1982; Tilling
1985; Pearce 1997), whereas competition for food can occur through exploitation
competition (resource pre-emption) and/or mucus interference and aggressi@ngiCam
and Carter 1979; Rollo 1983b; Cook 1989; Pearce 1997). Gastropod mucus can inhibit
the growth and activity of heterospecifics and conspecifics (Williarasah 1976; Baur
1988; Conner et al. 2008). However, heterospecific mucus does not always deter slugs
(Jordaengt al 2003), and the negative effects tend to be greatest within species and to
diminish with increasing taxonomic distance between two species (Cameroardad C
1979; Dan and Bailey 1982). A likelier mechanism of interspecies competition is

aggression. A good example is the dligpax maximuswhichoften bites, pursues,
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attacks, and kills other slug&. maximuskills heterospecifics, whereas conspecific
encounters are rarely fatal (Rollo and Wellington 1979). Even coexistetica mildly
aggressive species can ultimately limit fecundity and survival (Rollo 1983anirast

to interference, exploitation competition has not received much study in gastréfitds
the exception of a few studies (Pearce 1997; Riley et al. 2008), exploitation is not
explicitly tested for (but is often the assumed mechanism (Cook 1989)) in gastropod
studies. Fecundity and growth rate of snails can be greatly enhanced iy faddi to a
natural system, suggesting that exploitation competition for food is occurisenfierg
1970; Pearce 1997). Shelter might be a source of exploitation competition for ovipositing
gastropods when favorable egg-laying spots are exhausted in dense populatiens (Cart
and Ashdown 1984).

Through a series of lab experiments, | addressed the following question®.. does
carolinianusengage in exploitation or interference competition for food or shelterAwith
subfuscu® Does the mucus &. subfuscusact as a competition mechanism with
carolinianu® | hypothesized that (B. carolinianusandA. subfuscugngage in
exploitation, i.e., when in a heterospecific treatmBntarolinianushas greater fithess
under high than low resources. (2) Interference competition befemrolinianusand
A. subfuscuss greater than interference competition witRircarolinianusi.e., if
resources are high (inexhaustibe)carolinianushas a higher fithess when paired with
conspecificghan when paired witA. subfuscuq3) P. carolinianusis deterred by.

subfuscusnucus relative t®. carolinianusmucus on food and on shelter.
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METHODS

Experiment 1. Exploitation VersusInterference

The potential for exploitation and interference to act as the mechanisms pdtdmn
was evaluated through a series of laboratory comparisons. A 2 x 2 x 2 factagal des
was established to evaluate the influence of shelter amount (low or higth)aldandance
(low or high), andA. subfuscugpresent or absent) on the fithes$otarolinianus

(Table 4.1a). Four slugs, including either f@urcarolinianugrepresenting the absence
of A. subfuscysor twoP. carolinianusand twoA. subfuscugrepresenting the presence
of A. subfuscuswere placed in each replicate mesocosm. There were five replicates per
conspecific treatment and nine replicates per mixed species trea®heltéer and food
abundances approximated levels of resources occurring naturally in the tisd$sFi
response variables, including eggs laid per slug, slug mass, and slug moréaty, w
recorded every seven days (+/-1 day) for eight sampling periods betwed®thuand
September 9th, 2008 (a total of eight values per response variable). A detaitgitidesc
of additional methods can be found in Chapter 3, Experiment 2.

When two competing species co-exist, we must account for multiple concurrent
interactions: exploitation and interference competition, both within and betwesasspe
Planned 4 priori) comparisons among treatments were used to separate these interactions
as much as possible in order to evaluate whether exploitation or interferencéittampe

was occurring between species.
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Experiment 1.A: Exploitation Competition

Exploitation competition can be manifest when resource levels are belonuapti
(Duycket al 2004). Exploitation competition betweBncarolinianusandA. subfuscus
may be shown if, when in a heterospecific treatmféntarolinianushas greater fitness
under high than low resourceésprevious study suggested that antagonistic behaviors (as
indicated by distances between heterospecific pairs of slugs) was wtigatesource
level (see Chapter 3). So, interference via aggression can be ignored whendesting f
exploitation competition between resource levels. However, the influenceoafees
level on mucus interference (if present) was unknown. The effect of exploitati
competition orP. carolinianusin mixed-species groups was measured by compRring
carolinianusfitness between high and low resource tubs contaihirsgibfuscuélable

4.1b). The analysis was performed separately for food and for shelter.

Experiment 1.B: I nterference Competition

Exploitation competition can be eliminated from a system by making @stavels
superabundant. Interference competitiombgubfuscusn P. carolinianuswould be
indicated if resource levels were high and effectively inexhaustiblé.lmarolinianus
still had greater fithess undar subfuscuabsence treatments than undesubfuscus
presence treatmenigested whether interspecific interference (betwecarolinianus
andA. subfuscusaffectedP. carolinianudfitness differently than intraspecific
interference (amonB. carolinianu3 by comparing?. carolinianusfitness between

conspecific and heterospecific tubs with high levels of resource (Table 4ahia)yred
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the high food tubs and high shelter tubs separatéig. test for interference does not

distinguish between aggression and mucus interference as competition meshanism

Experiment 1. Statistical Analysis

SAS software version 9.2 (SAS Institute Inc. 2008) was used to evaluatarnhegl
comparisons through the least squares means (t-tests) procedure obtained during a
factorial, mixed-model ANCOVA. The covariate was the initial massohelug, the
replicate was the mesocosm, and each slug was treated as a subsample @secasnm
The fitness (response) variables for each slug were average mags pbaday, final
mass, eggs laid overall, and final mass plus egg laying mass lost, and the hegsent s
dead per mesocosm were calculated as an overall fitness variable faresadosm (see
Chapter 3). Denominator degrees of freedom were determined by the Satterthwai
procedure (Satterthwaite 1946). Independent variables were shelter, food, and
heterospecific presence. Planned comparison tests were used to dengaacdinianus
fitness between high and low resource levels within mixed-species tubs (@iquoit
competition) and to compare their fithess between single-species and mizied syles
within high resource treatments (interference competition). Food and shelker we
evaluated separately as factors. These tests were plamnedi and did not require

alpha adjustment for multiple comparisons.
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Table4.1 Description of treatments used in the experiments testing for exoitatd

interference, including (&3. subfuscudood, and shelter as the three factors with two

levels eachA. subfuscupresent treatments contained tvosubfuscuand twoP.

carolinianuseach, whileA. subfuscuabsent treatments contained only fBur

carolinianus (b) Paired comparisons of subsets of treatments were used to test both the

hypotheses of exploitation and interference, with food and shelter effectstedalua

separately.

(a) Factors

Factor levels

Abbreviations

A. subfuscus absent 4Pc
present 2As2Pc
Food low LF
high HF
Shelter low LS
high HS

(b) Hypothesis tested

Paired comparisons of treatments

Between food levels

Between shelter levels

Exploitation

2As2Pc_LF vs. 2As2Pc_H

F 2As2Pc_LS vs. 2As2Pc

HS

Interference

4Pc_HF vs. 2As2Pc_HF

4Pc_HS vs. 2As2Pc_HS

Experiment 2: Interference via Mucus

| tested the effect of mucus — whether present, or whether belonghgubfuscusr P.

carolinianus- onP. carolinianuspreferences for food and shelter.
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Experiment 2.A: Interference via Mucus-on-Food

Each of twentyP. carolinianuswas placed in a separate large mesocosm (12.5 cm wide,
32.5 cm long, and 17.5 cm tall) and given a choice of three food pieces: food without
mucus, with a conspecific’'s mucus, and withsubfuscus mucus (e.g., Pearce 1997).
Sixty wedges of commercially-grown white mushroogdricus bisporusweighing

0.50g (+/- 0.005¢g) were used. The wedges were laid flat in one layer, and one of three
mucus treatments was applied: no muéusubfuscusiucus, andP. carolinianus

mucus. In order to coat the mushroom wedges with mucus, twebugbfuscusvere
provided 20 mushroom pieces lacking mucus and allowed to move and feed freely for
about 30 minutes, although | occasionally relocated individuals to pieces that lacke
mucus. EighP. carolinianuscrawled upon 20 mushroom pieces for hearolinianus
mucus treatment. After 30 minutes, mucus was fairly evenly distributed atrosscus-
treated mushrooms. Food pieces were each set on a labeled plastic codtdiaenas
about 3 cm in diameter.

After the mucus application, | tested which of the three mucus types individuals
of P. carolinianusaccepted based on the relative amounts of each mushroom treatment
consumed. Each of 20 plastic (32.5 x 12.5 x 17.5 cm) tubs was lined with a strip of moist
paper towel. Twenty sectioned branches that were 5-6 cm in diameter, 3-4 ¢cemnidng
in stage three of decay (Stokland and Kauserud 2004) were soaked in water for one hour.
A branch section was placed in the center of each mesocosm as shelter tqy. tGasl
of each of the 3 food types was placed 2 cm from the shelter (Fig. 4.1a). (The food lids
were arranged so that they would be as close to equidistant from each othartds pos

while still fitting in the oblong mesocosm.) The food dishes were rotatédtisat
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treatments were in each location in the mesocosm for the same number ofe® ffgat
4.1b). TwentyP. carolinianusslugs had been deprived of food for 24 hours. Each slug
was set on the top of the shelter, consistently facing the same directiah in ea
mesocosm. Lids were placed on the tubs. To estimate natural water loss fromamshr
six wedges of mushroom identical to those used in the experiment were placed in a

mesocosm without slugs as a control and weighed at the end of the experiment.

(a) (b)

Replicate 1. p g

J

T
@ Replicate 2| 4 “PRa
As @ Pc(
—

Replicate 3. 4 "Nm

\

etc.
Fig. 4.1 Arrangement of the contents of a mucus-on-food mesocagiiRo( each
mesocosm, mushroom pieces (triangles) Witkearolinianusmucus (Pc)A. subfuscus
mucus (As), and no mucus (Nm) were arranged around a central shelter on which a single
P. carolinianuswas first placed.l) The location of the treated mushrooms was shifted

clockwise around the mesocosm for each successive replicate mesocosm.

The experiment began at 22:45 on Novembé&} 2807, and ended 36 hours
later. At that time, many mushrooms appeared to be at least half-consumed. All

mushrooms were weighed, placed in a drying oven for 24 hours, and weighed again. Wet
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masses of mushrooms were multiplied times a correction factor ofdlag@ount for
water loss due to drying. (The correction factor was calculated fronotiteoc
mushrooms as the initial mass divided by the final mass.) The results fdugsdtsat
died during the experiment were excluded from the analysis.

A one-way ANOVA tested whether slugs consumed different amounts of
mushroom depending on the type of mucus applied to its surface. Mucus type was the
independent variable, final mass of the mushroom was the response variable, and the
mass of the slug was the covariate. Wet mass and dry mass of the mushroom éood wer
analyzed separately. An initial model treated the identity of the individuahslagolock;

this factor was non-significant and so was removed from the model.

Experiment 2.B: Interference via Mucus-on-Shelter

An experiment of parallel design to the mucus-on-food experiment tested wWiRether
carolinianuspreferentially responded to the species-specific identity of mucus on shelter
Seventy-two sectioned branch pieces 5-7.5 cm diameter by 1.5-3 cm in length€(in stag
three of decay) were scrubbed to remove any traces of mucus and soaked inrwater fo
hour. Wood pieces were treated with mucus for 30 minutes as per the Mucus-on-Food
experiment, resulting in shelter wikh carolinianusmucus,A. subfuscusaucus, or no
mucus. Trios of shelter pieces from the same log were maintained withiloie24
mesocosm replicates (Fig. 4.2). A dish of 0.50 g of mushroom was placed in the center of
each mesocosm on a single layer of paper towel, and shelters were set irleg Ziang

from the central food disl. carolinianuswere set facing a single direction between two

shelters. As before, shelters were arranged randomly (Fig. 4.1b), and tine tteait



89

each shelter was marked on the mesocosm lid. At 3, 6,9, 12, 18, and 24 hours following

the start of the experiment, | recorded the shelter with which each slug e@#act.

.

Fig. 4.2 Arrangement of the contents of a mucus-on-shelter mesocosm. Sheltér with

Pc
As

carolinianusmucus (Pc), shelter with. subfuscusnucus (As), and shelter with no
mucus (Nm) surrounded a central food dish beside which a $ingbrolinianuswas

placed. (Order of mucus treatments varied among mesocosms.)

A Chi-square test was performed to determine whether equal numbers of slugs
chose each shelter treatment as their first shelter. The shelter tymeeacby each slug
was not independent across observations, because slugs tended to remain for multiple
observation sessions on the same shelter. Thus, a metric m was devised to take int
account multiple sessions:

m; = (Npc - Nias) / 1y
where nis the total number of sessions for which each slug i occupied shelter (including
the no mucus shelter), angdand s are the number of those sessions for wRich
carolinianus andA. subfuscusnucus shelters respectively were occupied by slug i. A

one-tailed t-test of m was performed to determine whether the mean diffared,f
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meaning equal time spent betwdercarolinianus andA. subfuscusnucus treatments.

The observations of one slug that died were excluded from the analysis.

RESULTS

Experiment 1.A: Exploitation Competition

Exploitation competition is manifested as greater fitness in higiures treatments than

in low-resource treatments. This hypothesis was supported for food and, with tespect
eggs laid overall, for shelter as resources. All fithess metriepéekar percent slugs

dead were significantly higher for treatments with high food than low food4Ry In

high food conditions, slugs lost less mass per Bay ©.0001), had a higher final mass

(P =0.0001) and final mass plus egg mass Bst 0.0001), and laid more egd3#£

0.0008). The number of eggs laid per slug was greater in high shelter conditions than low
shelter conditions (eggs laid overalk 3.50,df = 55.9,P < 0.001; 22.8 +/-2.0 eggs vs.
12.9 +/-2.0 eggs, respectively), although other fithess measures were exdbfgct

shelter amount. Note that slugs lost weight during the course of the experivegagéa
-0.019 g per day). Degrowth is a common phenomenon in mature slugs that increases

with egg-laying (Rollo and Shibata 1991).
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Fig. 4.3 Exploitation competition, tested throughired comparisons of the fitnessRof

carolinianusslugs under high vs. low food and high vs. low shelter conditions. Mixed-

species tubs were used, with tvosubfuscuand twoP. carolinianusper mesocosm. %

slugs dead only represemscarolinianus Error bar is +SE?* indicates significanP-

value. Seg-statistics andif values in Appendix D, Section 1.)
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Experiment 1.B: I nterference Competition

Under high resource conditions, exploitation competition is not as likely to béestani
leaving the effect of interference competition on fitness. This expetitested the
hypothesis that interference competition betw&esubfuscuandP. carolinianusis
greater than interference competition witRincarolinianus The hypothesis was rejected
for both high food and high shelter conditioRs carolinianusdid not perform
significantly differently under high food conditions (Fig. 4.4). Under high shelt
conditions,P. carolinianugpaired withA. subfuscufaid more eggs than slugs in
conspecific treatments (overall mass change plus egg madsd6&t10,df = 42.2,P =
0.0420; eggs laid overall=-2.33,df = 33.7,P = 0.0260). Other fithess measurements

under high shelter were similar between conspecific and heterospeciinents.
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Fig. 4.4 Fitness oP. carolinianusslugs inA. subfuscuabsence (foulP. carolinianu$

vs. A. subfuscupresence (twé. subfuscuand twoP. carolinianug treatments, under

high food or high shelter conditior slugs dead only represeftscarolinianus Error

bar is +SE. (* indicates significaRtvalue. Seé-statistics andlf values in Appendix D,

Section I.)
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Experiment 2: Mucus-on-Food and Mucus-on-Shelter Competition

P. carolinianusdid not feed preferentially in response to the species identity of mucus or

to the presence or absence of mucus (1-way ANCR4A¢= 0.56,P = 0.5772 for dry

mass mushrooms; 1-way ANOVA:; so= 0.20,P = 0.8198 for wet mass mushrooms)

(Fig. 4.5a and 4.5b)Their first choice of shelter was unaffected by mucus (Chi-square:

;(2= 2.174,P =0.3372) (Fig. 4.5¢), and they did not prefer to spend more time in contact
with shelter withP. carolinianusmucus tharA. subfuscusnucus (one-tailed t-tedt=

0.0436,df = 22,P = 0.483) (Fig. 4.5d). Howevep, carolinianuswas observed
disproportionately frequently on log pieces lacking any mucus than on logs with mucus
produced by either species. (i.e., of 135 slugs seen on shelter across observation sessions
54 slugs were on no-mucus logs, which is greater than the expected count of 45 (one third

of 135).
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Fig. 4.5 Mucus-on-food and mucus-on-shelter experimental resajtBry mass of
mushrooms remaining aftér. carolinianusfeeding. The purple line indicates the

controls’ average dry mas$)(Wet mass of mushrooms remaining plus water weight lost
by treatment. Bar is +SEc)(First choice of shelter by treatmerd) (ndex “m” of

contacts per shelter type, where m < 0 indicBtesarolinianusindividuals that spent

more sessions of. subfuscusnucus shelters and m > 0 indicates slugs that spent more

sessions oR. carolinianusmucus shelters. (No results were significant.)

DISCUSSION

In accord with other experiments, which did not provide strong support for competition,
this study showed that competition mechanisms play a limited role in imb&s.ct

between the native sl carolinianusand the non-native slud. subfuscus

Exploitation competition occurred between the species, Rvittarolinianusfitness
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harmed by competition witA. subfuscudnterference competition was minimal,
although competition withif. carolinianuswas greater than competition between the
species for egg-laying sites.

Resource exploitation, or direct resource use, lowers fithess when resouise leve
are low (Duyck et al. 2004). Tests for exploitatcmmpared®. carolinianusfitness
between high and low resource conditions in a mixed species treatment. Egploitat
competition was shown to occur for both food and shdttearolinianusexhibited
generally higher fitness under high food conditions and laid more eggs in highn shelte
treatments. Several gastropod systems have been shown to exhibit exploitation
competition for resources. Exploitation occurred for food and moisture in juvenile
Mesodon thyroidyswvhich experienced lower growth rates when adults were present but
not with augmented food and water (Pearce 1997). The marine Begilk aureotincta
andTegula eisencompeted for food, with increasing snail density resulting in a decline
of algae (Schmitt 1996), and the freshwater stditeia cahawbensiandE. carinifera
competed for stream algae, which was shown to be a limiting resource at leaelsal
(Cross and Benke 2002).

Interference competition can lower fitness independently of resours.lév
assessed the occurrence of interference competition by determining nwgetire high
(inexhaustible) resourceB, carolinianushad lower fithess when combined with another
species than withonspecifics (e.g., Pearce 1997). For most fithess measures, there was
no difference whether individuals were in the presence of an equal number of
conspecifics or heterospecifics, indicating that interspecific araspecific competition

were of similar strength. However, more eggs were laidPpearolinianusin the
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heterospecific treatment than in the conspecific treatment (also seer@)ajtben
ovipositing,P. carolinianusmay experience less interspecific competition with
subfuscushan intraspecific competition for shelter with conspecifics that areasw|
eggs.

Secure, moist shelter is essential for the survival of both eggs and juveniles
(Hunter 1978; Kappes 2005) and is likely to play a major role in competition among
slugs (Rollo and Wellington 1979). For examfilepaea nemoraligid fewer egg
clutches at higher densities, perhaps because there were not enough "fagpablat
the soil for the snails to lay their eggs (Carter and Ashdown 1984). However, thetpres
study may be the first that has demonstrated greater egg-laying wehsed shelter
amount in gastropods, i.e., exploitation competition for egg-laying sites. Severa
mechanisms could enable competition for ovipositing sites among gastropodpsPerha
egg-laying sites are limited in low shelter conditions because mothers aviing) prugir
eggs near other clusters of eggs. Egg cannibalism by hatchlings is a comategy sh
gastropods, and it may increase in denser populations (Baur 1988). Adult mucus density
or egg allelochemicals might also inhibit laying, although | am not awastidies that
have specifically tested for these mechanisms.

Despite the likely importance of competition for oviposition sites wighin
carolinianuspopulations, the native slug is unlikely to compete for this resourcefwith
subfuscusln central MarylandP. carolinianuslays eggs in the late spring through the
summer, wherea&. subfuscutays most eggs between mid-September to mid-October
(pers. obs.). This temporal disjunction in egg-laying makes it unlikely thatpetafis

competition for oviposition sites happens in this region. However, conflicts over
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ovipositing sites may occur betweBncarolinianusandA. subfuscug colder regions

with shorter summers. For exampfe,subfuscusay eggs in July to early September
rather than the fall in Nova Scotia (Pelluet and Watts 1951), which is the northesh end
the range of many philomycids (Grimm 1996).

A. subfuscusucus did not detd?. carolinianusfrom fungus and shelter (see
Appendix D, Section Il)Thus,A. subfuscuslid not exhibit any mucus-based interference
competition withP. carolinianus However, it would be worth investigating whethay
mucus on shelter will det&t. carolinianusrelative to shelters with no mucus; a more
powerful test in which only two shelter options are provided (mucus and no mucus) may
show that mucus in general can attract or detearolinianusfrom selecting a shelter.
The slugDeroceras laeverefers surfaces with the mucus of either conspecifics or
heterospecifics to surfaces with no mucus (Jordaens et al. 2006). The fitness of some
gastropods is affected negatively by mucus (Williamestoal. 1976; Baur 1988; Jordaens
et al 2003; Conner et al 2008). A wider taxonomic distance between two species can
limit the negative effects of mucus (Dan and Bailey 1982), perhaps becauseveadap
is greatest within a species (Wiens 1989) and so gastropods have reason to avoid their
own species. However, in this study, no evidence was found that intraspecific
competition through mucus occurs forcarolinianusas it occurs iHelix aspersa
(Cameron and Carter 1979) and other species (Kawata and Ishigami 1992; Bull et al.
1992; Schmitt 1996). It would be interesting to compare the strength of competition
within and between species of gastropods with their use of mucus as an interference
mechanism, to suggest in which gastropod systems (e.g. freshwater or tera¢stria

naturally low density or high density) mucus has evolved to be an interference
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mechanism. For example, carolinianusoccur at relatively low densities (Chichester
and Getz 1969), a trait which may correlate with low competition and limited use of
mucus as an interference mechanism across gastropod taxa.

Non-native species whose competition mechanisms are clearly moréveffect
than those of their native competitors can cause local extinctions of the nidteay
1999; Cole et al. 2005). The non-native Argenting(laimepithema humilg which alters
the composition of, and causes local extinctions in, the native ant fauna, exhibits more
effective exploitation (higher rate of discovery and faster recruitmenbtbgources
(Holway 1999; Buczkowski and Bennett 2008b)) and interference competition
mechanisms (greater success in contests over food sources (Carpinteeyesildpez
2008), faster recruitment of ants to engage in colony battles (Buczkowski anetBe
2008a), and lower mortality (Buczkowski and Bennett 2008b)) than native ants. The
house geckoHemidactylus frenatgss more effective at exploiting food (lowering the
local insect density (Petren and Case 1996)) and displacing other geckosftigien re
through aggression (Cole et al. 2005) than native gecko species, resulting in the
extirpations of other geckos from islands to which it was introduced (Cole et al. 2005).
Exploitation competition for food did occur betweencarolinianusandA. subfuscus
However, in contrast to these pairs of native and non-native specesgolinianusand
A. subfuscusonsistently showed limited evidence of interspecific competition (Chapter
3), andP. carolinianuswere more affected by intraspecific competition than interspecific
competition for ovipositing sites. Mechanisms of competition, which are key$aa

the displacement of a native competitor when they asymmetrically favor theatioe
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species (Holway 1999), do not provide an advantade sobfuscuand, by themselves,
do not suggest th#t. subfuscuss likely to displacd. carolinianus

Multiple lines of evidence, including both mechanisms of competition and
consequences of competition (i.e., reduced fitness or spatial displacemers3eateake
to demonstrate the presence or absence of competition (Wiens 1989). Previous studies
have shown tha®. carolinianusdoes not experience displacement du&.tsubfuscusm
the field (Chapter 1), overlap in niche dimensions between the two speciesad limit
(Chapter 2), an®. carolinianusfitness increases when placed withsubfuscuselative
to conspecifics (Chapter 3). In addition to these lines of evidence, the present study
supports that competition betweAnsubfuscuandP. carolinianusis not strong. The
persistence dP. carolinianusin sympatry with populations &. subfuscusloes not
appear to be under immediate threat (see Chapter 1). When the future of a neittge spe
is of major concern, its interactions with a likely non-native competitor shocgd/eca
thorough evaluation. Such efforts are needed to determine whether competition is indeed
occurring, whether alternate factors are at play in the decline ofve etg., habitat
destruction occurring concomitantly with the range spread of an non-natives3pand
which aspects of the interaction might be targeted in conservation effortstto li
competition, such as providing additional shelters if exploitation competition tayaef

IS occurring.
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APPENDIX A

Section A.l .

Daytime field surveys methodology

Daytime field surveys using shelter traps were attempted as a com@eymarthod to
visual night surveys. The fact that this method was ineffectual in temperese $ettings
may be of interest to other researchers intending to survey forest populatstungsof

| had sought to perform surveys in the field by laying out artificial shehets
could be checked for slugs during the day (South 1965, 1989; Schrim and Byers 1980).
For each cell of the field grids, three pieces of cardboard (about 75 x 30 cm) were
wrapped with twine around the trunks of the largest live trees and fallen logs. Four
particleboard tiles (30 cm x 30 cm) were placed on the ground. Slugs did not use the
artificial shelters during dry weather, rendering the shelemgmlly ineffectual for
daytime surveys. Soil beneath the tiles did not remain moist, which would have
encouraged slugs to remain beneath. | suspect that this methodological failibg emay
result of the environment: artificial slug shelters have been used predominantly
agricultural settings (South 1964; Byers et al. 1989). The forests of centsgaiMbmay
be too dry, or they may provide more attractive natural shelters to Blegsarchers
considering using shelter traps in a forest setting might encourage aggegghys
distributing the traps during wet weather or by artificially moistetigtraps, neither of

which | attempted.
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Section ALl .
Response of slug numbersto rainfall
The effect of rainfall on slug activity and abundance is presented as an importa

consideration in surveying slugs and may be of interest to future ressarcher

INTRODUCTION

Attempts to model activity levels and population dynamics of gastropods haeéeceve
that environmental moisture levels tend to correlate with observed slug ny@beks
2001). Moisture availability affects the survival of slugs, in particular jueg(Hunter
1978; South 1989; Choi et al. 2004), and rainfall induces egg laying in gastropods
(Wolda 1973; Rollo and Shibata 1991). In addition to affecting slug population
persistence, rainfall is a major factor constraining slug activityt klags forage and
mate at night or else during or after rain (Judge 1972), when the vapor pressitresdefic
low (Crawford-Sidebotham 1972).

During my field surveys of slug populations at Patuxent Research Refuge, (PR
Laurel, Maryland in the late spring through early fall of 2007 and 2008 (Chapter 1),
numbers of observed slugs varied greatly across the nine field surveys arttedwar t
years (Figs. 3 and 4, Chapter 1). | suspect that the declhesabfuscus, M. mutabilis
andP. carolinianusduring 2007 was a response to the onset of drought that summer.
Thus, | performed a simple analysis on my observations to answer the questioa, did th
abundance of slugs observed during field surveys at PRR correspond to recent levels of

rainfall?
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METHODS

Populations of the slug specigssubfuscudvl. mutabilis andP. carolinianuswere

surveyed between the late spring through early fall of 2007 and 2008 at Patuxent National
Wildlife Refuge, Laurel, Maryland. For further details, see Chapterrie Blirveys took

place. For each survey, the average number of slugs for each species per ShxEm ce
calculated across a total of 225 cells on all field grids. Using local @aifall records

(Laurel 3W weather statioihttp://www.ncdc.noaa.gov/oa/mpp/freedata.hirl

calculated the total amount of rainfall of the previous one and two weeks prior to each
day of a survey. Because surveys spanned at least three days, theseataisfalere
averaged to obtain a single value of “one week prior” and of “two weeks prior” for each
survey.

| performed a regression analysis of average slug numbers peraiefitage
total rainfall, with “one week prior” and “two weeks prior” analyzed sepbrate
employed the regression program GENMOD in SAS with a Poisson distribution model,

because the slug count data were non-normal (SAS Institute Inc 2008).

RESULTS

P. carolinianusandM. mutabiliscounts were not associated with rainfall in the previous
one week . carolinianus Poisson regressiod:= 1.65,P = 0.0990;M. mutabilis

Poisson regressio#: = 0.33 P =0.7384) (Fig. A.1a). However, bokh carolinianus
andM. mutabilisnumbers were associated with the previous two weeks of raifall (
carolinianus Poisson regressio:= 2.18,P = 0.0292;M. mutabilis Poisson regression:

Z = 2.40,P = 0.0166) (Fig. A.1Db).
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There was no association &f subfuscusounts with either the previous one

week of rainfall (Poisson regressiah= -0.60,P = 0.5501) or the previous two weeks of

rainfall (Poisson regressiod:= 0.90,P = 0.3698).
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Fig. A.1 Natural log of total counts per slug species for each survey, versus the total

rainfall over @) the previous one week artg) the previous two weeks. For each slug,

each point represents one of nine survey sessions.
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DISCUSSION

The previous two weeks of rainfall were positively correlated with numbévis of
mutabilisandP. carolinianus wherea®\. subfuscusumbers did not correlate with either
span of rainfall. Rainfall may have induced activiMnmutabilisandP. carolinianus.
Jaremovic and Rollo (1979) found that most individual€gbaea nemoralidid not
become active on a given day unless there was rain, and among environmental factors
rain was most strongly correlated with nemoralisactivity. M. mutabilisandP.
carolinianusnumbers may also reflect the response of population size to rainfall, if
individuals died during long-term droughts. Models used by Choi et al. (2004) suggest
that rainfall contributes the most to juvenile recruitment (egg survival) ant adul
mortality in the slugoeroceras reticulatumHowever, relative to two limacid slug
speciesP. carolinianusexperiences slower dehydration and greater tolerance of water
loss, suggesting that this species resists mortality from drought (Thoeipzio2006).

(No similar comparative data exist far subfuscusr M. mutabilis)

M. mutabilisandP. carolinianusactivity may have responded in part to the
degree of substrate saturation resulting from long-term rainfall. Acexposes more of
the mantle to the air (Cook 1981), and gastropod locomotion requires mucus to be
released (Machin 1978; Denny 1981). Having a wet substrate, such as watéegatura
logs after a long or heavy period of rainfall, limits the expense of mohilidyhelps to
prevent slugs from drying out when active (Barnes and Weil 1944, 1945). For example,
Jaremovic and Rollo (1979) found ti&tnemoralison the ground became active more

often than snails on bushes, which were relatively dry and exposed.
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In comparison to the two philomycid speciéssubfuscuaumbers correlated
poorly (although positively) with recent rainfall levels, which may be a trattrhakes
them successful invaders. subfuscusay not respond as readily to rainfall and
substrate moisture as the two philomycid species. One possible reason feldbiee r
detachment from weather conditions is thasubfuscusay be able to attain acceptable
bodily moisture content through behavioral adaptations. Given a choice, slugs tend to
take shelter within moist cracks in coarse woody debris, leaf littey asailrocks
(Luchtel and Deyrup-Olsen 2001). Perh&psubfuscuss more adept than the
philomycid species at maintaining body moisture by moving back and forth between
moist and less moist microhabitats (Lyth 1983; Cook 2001). Alternatikelybfuscus
response to moisture may be attenuated by a sensitivity to other environfiaeotal
such as wind and temperature (Dainton 1954a, 1954b; Crawford-Sidebotham 1972), such
that they don’t readily emerge even if rainfall amounts have been high.

Even after rain in the late summer of 2007, slug numbers did not increase during
the rest of 2007 or 2008. The water deficit may have been great enough that the
environment was still too dry for slug activity, or else a significant portiaiugls may
have died directly from the drought. It is unknown whether activity levels or ntyprtal
was responsible for the change in slug numbers observed. However, at least part of the
response was probably mortality: numbers never returned to the levels observed during

the first survey.
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Section A.l11.:

Methods and results of spatial analysisthrough SADIE

In my first attempt to determine spatial disassociation between nativeoasthtive
slugs (Chapter 1), | identified patterns of slug population spatial distmibwitbin each
field grid by using the Spatial Analysis by Distribution IndicEs (SADIEbgram (Perry
1998). The methods and datasets produced during this analysis are presented here as a
demonstration of an alternative method of spatial analysis to a partial NisttelThese
initial results also showed that slug populations were often spatially asxbdin
response, | attempted to eliminate the factor of coarse woody debris)(tBlnay
have caused aggregations of slugs in order to study underlying patterns ofiorteract
between slug populations (Chapter 1).
Through SADIE, pairs of species abundance datasets were compared individually
for each survey and field site to determine if any pairs are spatisfigsticiated, at any
site or point in time. | used countsMf mutabilis, P. carolinianusand all non-native
species per cell; | originally chose to add together all non-native sifeties are
mostlyA. subfuscusbecause my goal had been to compare native slug abundance against
all non-native slugs in general. (Given the current degree of specificity oésearch,
which restricts all lab experimentsAo subfuscuandP. carolinianus and given the
relatively low abundance of other slug species within forest sites, Pusebfuscus
numbers rather than total non-native numbers to analyze patterns of fieldtassatia

subsequent spatial analysis.)
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SADIE is a non-parametric method to determine the degree of spatiabéissoci
between two count datasets. For a given dataset, SADIE calculatesitmeimidistance
that individuals in a grid must move to reach regularity, i.e. the same number of
individuals in each grid cell (Perry 1995, 1998)r each cell on a grid, SADIE
calculates its cluster index,as the average inflow/outflow distance of individuals from
that cell to reach overall regularity on the grid (Perry et al. 1999). Theiai$soy
between two sets of co-occurring populations on one grid cell, k, is measured as:

1 = N (Za 90)(2Ze- G) / [z o) Zil(ze-02)]

wherez is the cluster index of population 1 at celkl,is the cluster index of
population 2 at cell kguis the mearz of population 1, is the mearz of population 2,
andN is the number of cells. The total spatial association for a &reXy/N, of yk, IS
the average of all cells’ individual standardizgdalues. Significance of is calculated
by comparing the observed valueXohgainst a distribution of random permutations of
thez, value among cells of the grid (Winder et al. 2001).

For most surveys, pairs of populations were neither associated nor disadsociate
but were randomly distributed with respect to one another (22 of 46 surveys total) (Table
A.1). A positive association between species pairs was exhibited in a stigialier
number of surveys (19 of 46 surveys). Species pairs were disassociated in only five
surveys, three of which were between non-native slugd/amautabilis Otherwise,

similar proportions of each species pairing were randomly distributed orassoci
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Given that more than half of slug populations were randomly associated, | can
conclude that most slug populations did not have a distributional influence on each other.
The high number of positive associations suggests that slugs are using the same
resources, such as coarse woody debris or food (Chaf@dehanet al. 2000).1
attempted to eliminate the likeliest habitat factor responsible for slugaimpul
aggregations in order to retest for spatial (dis)associations between slig3 g@@'s. My
observations suggested that slugs were aggregated on IG\Wd3ponsepartial Mantel
tests were conducted in the program, PASSaGE (Rosenberg 2001) to eliminatéothe f
of CWD by treating it as a covariate while reanalyzing associationgbeetpopulations
(Chapter 1).

Note that SADIE and PASSaGE results should not be compared directly. The
PASSaGE analysis takes into account CWD as a factor, several da@setdininated
because autocorrelation could not be removed, and other adjustments were made to the

underlying datasets.
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TableA.1 Overall associatioX of slug species pairs at each site. Light gray boxes
indicate a significant positive associatiéh< 0.025) and dark gray boxes indicate a
significant negative associatioR ¥ 0.975) under a two-tailed distribution. NN are non-
native slugs, Pc afe. carolinianus and Mm areM. mutabilis Blank cells represent

surveys for which population sizes were too small to conduct statistical analyses

Site A Site B Site C
Species | NN + Pc NN + Pc + NN + Pc NN + Pc + NN + NN + Pc +
Pairs Mm Mm Mm Mm Pc Mm Mm
Survey 1 Survey 1 Survey 1
X 0.4947 0.4582 0.3831 0.3168 0.4954 0.413 0.1954 0.2694 0.1275
P <0.0001 <0.0001 0.0014 0.004 <0.0001 0.0005 0.0513 0.0134 0.1385
Survey 2 Survey 2 Survey 2
X 0.4658 0.0335 0.246 0.1836 -0.0916 0.1598
P 0.0001 0.0165 0.0703 | 0.7416 | 0.1644
Survey 3-6 Survey 3-6 Survey 3-6
X 0.2855 0.2633 0.1863 0.6528 0.1092 0.0886 0.7165
P 0.0379 0.0133 0.0608 <0.0001 0.211 0.2508 <0.0001
Survey 7 Survey 7 Survey 7
0.2372 0.1672 0.1004 0.3729 0.1395 0.2852 -0.081
P 0.0813 0.0792 0.1932 0.0015 0.1582 0.02 0.7469
Survey 8 Survey 8 Survey 8
X 0.1600 0.3217 0.0351 0.3118 0.3956 0.0776 0.1065
P 0.0971 0.0079 0.3792 0.0107 0.0002 0.2699 -E
Survey 9 Survey 9 Survey 9
-0.1773 0.2085 -0.26 0.2555 0.3123
P 0.9338 0.0381 0.9745 0.0167 0.0067
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Section A.1V.:

Field survey datasets used in spatial analysisthrough PASSaGE

Table A.2 This table details the original field survey datasets and whether thekegtre
in their original form, rescaled, or dropped from analysis. For explanations ef thes
dataset types, see Chapter 1 or Appendix B, Section V.

O = original dataset used

2 =rescaled to lag 2

5 =rescaled to lag 5

X = dataset unusable.
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Survey | Site | A. subfuscus | M. mutabilis | P. carolinianus

number
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Section A.V.:

Spatial associations of species pairs obtained through PASSaGE

Table A.3 Statistical details are shown of the partial Mantel tests of the associa
between species pairs’ abundances, with coarse woody debris treataasaie. Most
datasets were analyzed at their original scale (75 cells; laglks), gvhile others
exhibiting spatial autocorrelation were rescaled to a coarser grain efl42ag = 2
cells), or rescaled to an even coarser grain of three cells (lag =)=acellsombined
across sites and surveys. A left-taileg 0.05 and < 0 indicates a significant negative
association, while a right-taildei< 0.05 and > 0 indicates a significant positive

association between the abundance datasets. (* shows a sigmifjcant

Survey Site | Number of cells| Species paircorrelationr | left-tailedP | right-tailedP
number
2 A 75 As and Pc 0.1735 0.91111 0.08899
5 A 75 As and Pc 0.0214 0.88871 0.11139
7 A 75 As and Pc 1.0000 1.00000 | *0.00010
8 A 75 As and Pc| 0.0869 0.76592 0.23418
4 B 75 As and Pc -0.0540 0.14459 0.85551
5 B 12 As and Pc| -0.1807 0.09249 0.90761
9 B 12 Asand Pc| 0.2772 0.90041 0.09969
2 C 75 As and Pc| 0.2580 0.98340 | *0.01670
3 C 75 As and Pc 0.3827 0.96500 *0.03510
5 C 75 As and Pc 0.1084 0.87861 0.12149
7 C 12 As and Pc -0.1131 0.38336 0.61674
8 C 75 As and Pc -0.0534 0.20588 0.79422
all 12 As and Pc 0.5321 0.99490 *0.00520
2 A 75 As and Mm| -0.0452 0.55024 0.44986
8 A 75 As and Mm 0.3450 0.98580 *0.01430
4 B 75 As and Mm| -0.0349 0.37186 0.62824




2 C 75 As and Mm| -0.0628 0.25097 0.74913
3 C 75 As and Mm| -0.0278 0.37506 0.62504
5 C 75 As and Mm| 0.0948 0.88671 0.11339
8 C 75 As and Mm 0.0362 0.90431 0.09579
all 9 As and Mm| -0.1089 0.23708 0.76302
1 A 12 Mm and Pc 0.2361 0.85691 0.14319
2 A 75 Mm and Pc| -0.0354 0.63924 0.36086
8 A 75 Mm and Pc 0.4920 0.98240 *0.01770
4 B 75 Mm and Pc| -0.0301 0.63404 0.36606
1 C 12 Mm and Pc 0.2431 0.84972 0.15038
2 C 75 Mm and Pc| -0.0179 0.64224 0.35786
3 C 75 Mm and Pc 0.4718 0.98880 *0.01130
5 C 75 Mm and Pc 0.5095 0.99570 *0.00440
8 C 75 Mm and Pc| 0.0996 0.88531 0.11479
all 12 Mm and Pc| -0.0175 0.60484 0.39526

114
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APPENDIX B

Diets of A. subfuscus, M. mutabilis, and P. carolinianus through the year

In this section, the diet of slugs is compared between two periods of the year to test
whether season was likely to have altered slug feeding habits and thdrefareerlap
between slug species pairs. This is a supplementary test to provide sonfierlhsis
assumptions in Chapter 2 that diet is fairly consistent through time and thehefiottee
calculated overlap statistics are meaningful.

Gastropod diets often vary during the course of a year. Changes in food quality,
food availability, and gastropod nutritional requirements cause seasonabwanati
foods consumed (Speiser and Rowell-Rahier 1991). Jennings and Barkham (1975)
observed seasonal changes in the proportions of fungus and animal matter consumed by
some slug species, possibly in response to availability of food (Beyer and Saari 1978).
Herbivorous gastropods often shift between live and senescent plant matenangr a
plant species, depending on the allelochemical content of their food plantsdl@hatf
1976; Richter 1976; Hatziioannou et al. 1994; Hagele and Rahier 2001). Unfavorable
weather may force slugs to remain close to the ground when feeding and tdérgo t
preferred foods (Jennings and Barkham 19MBwever, Hagele and Rahier (2001) noted
thatArianta arbustorunconsumed a consistent proportion of senescent plants across
their field seasorf-or my dataset, | sought to answer the question, do proportions of food
consumed by the sluds subfuscus, M. mutabiliandP. carolinianusvary between the
late spring and early summer? A shift would indicate that feeding niche donstrisr

these slugs vary during the course of the year.
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In order to determine whether the time of year affects the diets of slugs
conducted a regression analysis to compare relative volumes of each food tygenbetw
fecal surveys taken during the two periods of time. See Chapter 2 for methods in
guantifying fecal material types on a grid. A regression analysis in SAtedreach food
type (algae, fungus, plant, wood, minerals, soil, exoskeleton, and “others”) as one data
point, with the average fecal volume per slug at period 1 (MayJune %) on the x-
axis and the volume at time 2 (Jund'£2July 12" on the y-axis. The volumes were
non-normally distributed, and so they were log-transformed. A separate regreas
performed for each species.

Amounts were proportionately similar among food types between the two time
periods.A. subfuscuandM. mutabiliseach showed a significant association between
food type proportionsA. subfuscusegressionfE = 9.01,P = 0.0239 R = 0.6003M.
mutabilis regressionE = 6.35,P = 0.0452 R = 0.5143) (Fig. B.1). Food types
consumed byP. carolinianuswere not quite significantly proportionate between time
periods (regressioft = 3.77,P = 0.1002;R? = 0.3859) P. carolinianusfeces mostly
consisted of fungus, of which amounts were similar (174 vs. 193 boxes per grid) between
the time periods 1 and 2, while the amount of “other” foods (19 vs. 0 boxes) and algae

(10 vs. 1) were greater in time period 1 than 2.
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A. subfuscus M. mutabilis P. carolinianus
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Fig. B.1 Amounts of each food type in feces collected during time period 1 (ltay 4
June ¥) vs. time period 2 (June 12 July 12") for each slug species, to determine if
foods consumed change through time. Food amounts are log-transformed volume units
on a microgrid (see Chapter 2). Each point represents one of eight food types,g,e. alga

fungus, plant, wood, minerals, soil, exoskeleton, and other.

Thus, dietary proportions did not differ greatly for these slug species lrethee
two time periods, even though they encompass a growing period during which plant and
fungus availability may differ. Onlf. carolinianusshowed a marginally non-significant
association of food amounts between time periods. (Given that the main diet component,
fungus, remained in similar proportions in the feces and thus probably was not lacking in
availability, P. carolinianusmay haveconsumed more algae and “other” foods earlier in
the year in order to obtain micronutrients (Speiser and Rowell-Rahier 198é%¢ T
results contrast with evidence of seasonal variation in feeding behavioriin othe
gastropods (Jennings and Barkham 1975; Beyer and Saari 1978; Speiser and Rowell-
Rahier 1991), but they are in accord with data indicating that there iscmakas

consistency in senescent plant consumptioArgnta arbustorun{Hagele and Rahier
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2001).Slugs might consume significantly different foods at other times of year not
investigated, e.g. in the fall, if food availability and quality changegida#lg. However,
many gastropods exhibit enduring preferences among food species (Catemaad Or
1975, Molgaard 1986, Speiser 2001). Perhaps the feeding prefereAcesubfuscus, M.

mutabilis andP. carolinianugdrive them to consistency.
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APPENDIX C
Tables of ANCOVA statisticsfor each experiment manipulating species presence

and resource level

Experiment 1: Limiting Resources

TableC.1 ANCOVA analysis of fitness dP. carolinianusandA. subfuscuslugs under
various levels of food and shelter. Treatments were single-specieactities were not
significant and so are not shown. Ndifis numerator degrees of freedom, and Deis

denominator degrees of freedom. (* indicates signifi€analue.)

Fitness measures IndependentNumdf | Dendf F P
factor

P. carolinianu:

Average mass change per day Food 2 80 27 *<0.0001
Shelter 2 80 0.59 0.557p

Final mass Food 2 80 70.7] *0.0001
Shelter 2 80 0.54 0.585p

Final mass plus egg laying masgood 2 80 101.74 *0.0001

= Shelter 2 80 0.75 0.473p

Total eggs laid Food 2 80 18.7¢ *0.0001
Shelter 2 80 1.36 0.2634

A. subfusct

Average mass change per day Food 2 35.6 8 *0.0008
Shelter 2 354 0.21 0.8100

Final mass Food 2 80 13.2{ *0.0001
Shelter 2 80 2.54 0.085¢4
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Experiment 2: Mixed Species

TableC.2 ANCOVA analysis of the main effects (food, shelter, and mixed species) of
Experiment 2 orP. carolinianusfitness. (* indicates significaf-value. The only
significant interaction is shown. In this case, a main effects factor Witk @.05 was not

marked as significant.)

Fitness measures Independéentum df | Dendf F P
factor
Average mass change per day  Food 1 41.4 31.] *<0.0001
Shelter 1 41.4 0.19 0.6678
Mixed Species 1 41.3 0.72 0.4006
Final mass Food 1 44.8 30.25| *<0.0001
Shelter 1 44.8 0.00 0.949p
Mixed Species 1 44.7 2.26 0.1400
Final mass plus egg laying mag®od 1 42.3 52.01 | *<0.0001
= Shelter 1 42.3 1.66 0.2049
Mixed Species 1 42.2 432 *0.0439
Total eggs laid Food 1 33.8 16.43] *0.0003
Shelter 1 33.7 7.52 *0.0097
Mixed Species 1 33.7 1.76 0.1938
Count of slugs dead Food 1 48 4.10 0.0484
Shelter 1 48 0.92 0.3422
Mixed Species 1 48 0.36 0.5487
Shelter x Food 1 48 4.10| *0.0484
Distances between Pc and As|Food 1 31 1.20 0.2825
Shelter 1 31 211 0.1567




Experiment 3: Shelter and Moisture
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Table C.3 ANCOVA analysis of the main effects (shelter, moisture, and mixed s)ecie

of the shelter moisture experiment®ncarolinianusandA. subfuscufitness. (*

indicates significanP-value. No interactions were significant except for the two shown.

In these cases of interaction, main effects factors for whicl®.05 were not marked as

significant.)
Fitness measures IndependentNumdf | Dendf F P
factor

P. carolinianu:

Average mass change per day Shelter 3L.9 Q.02 0(8804
Moisture 1 31.9 7.68| *0.0092
Mixed Species 1 31.2 0.05 0.8271

Final mass Shelter 1 27.2 2.4p 0.1314
Moisture 1 27.2 1.83 0.1874
Mixed Species 1 26.5 0.14 0.6949

Final mass plus egg laying miShelter 1 27.9 5.04| *0.0328

= Moisture 1 27.8 0.41| 0.5273
Mixed Species 1 27.2 0.21 0.6491

Total eggs laid Shelter 1 24.6 2.28 0.1440
Moisture 1 24.6 0.87 0.3613
Mixed Species 1 24.2 1.74 0.1982

Count of slugs dead Shelter 1 24 3.88 0.0p04
Moisture 1 24 12.83 0.0015
Mixed Species 1 24 0.80 0.3793
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Shelter x Moisture 24 4.62 | *0.0419

A. subfusct

Average mass change per day Shelter 26.8 13 *0.0009
Moisture 26.8 1.38 0.2504
Mixed Species 26.8 1.61 0.21p7

Final mass Shelter 26.3 13.6] *0.0010
Moisture 26.3 0.77 0.3891
Mixed Species 26.3 2.96 0.0972

Count of slugs dead Shelter 24 1.86 0.1852
Moisture 24 0.34 0.5643
Mixed Species 24 0.04 0.8471

Distances between Pc and [Shelter 11 29.11 0.0002
Moisture 11 3341 0.0001
Shelter x Moisture 11 5.69 | *0.0361
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Experiment 4: Juveniles

TableC.4 ANCOVA analysis of the fitness &f. carolinianuguveniles occurring with
different cohabitants, food levels, and shelter levels. (No interactions igeifecant. *

indicates significanP-value.)

Fitness measures Nudh| Dendf F P
/Average mass change per day

Food 1 58 2.90 0.0939

Shelter 1 58 0.03 0.8589

Cohabitants 3 58 4.3 *0.0078
Final mass

Food 1 59 9.84| *0.0027

Shelter 1 59 0.00 0.9562

Cohabitants 3 59 6.57] *0.0007
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Section D.I .

Tablesof t-statistics for exploitation and interference planned comparisons
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TableD.1 Exploitation competition, tested throughired comparisons of the fitness of

P. carolinianusslugs under high vs. low food and high vs. low shelter conditions.

Mixed-species mesocosms containing &vaarolinianusand twoA. subfuscugach

were used* indicates significanP-value.)

Fitness measur es Food: high vs. low Shelter: high vs. low
df t P df t P
Average mass change per day 69.3 4.32 | *<0.0001 69.3 0.53 0.6001
Final mass 68.7 4.06 | *0.0001 68.7 -0.11 0.9136
Final mass plus egg laying mass lpst62.9 5.66 | *<0.0001 62.9 1.64 0.1056
Total eggs laid 55.9 3.53 *0.0008 55.9 3.50 | *0.0009
% Slugs dead 48 -1.78 0.0808 48 0.00 1.000(
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TableD.2 Interference competition, measured as fitne$. earolinianusslugs inA.
subfuscusbsence V. subfuscupresence treatments, under high food or high shelter

conditions(* indicates significanP-value.)

Fitness measures A. subfuscus presencevs. | A. subfuscus presencevs.
absence (high food) absence (high shelter)
df t P df t P
Average mass change per day 4113 -0.[79 0.4835 41.3 -D.80 0/4255
Final mass 44.7 -1.02 0.314p 44.7 -1.00 0.3206

Final mass plus egg laying mass Ipst42.2 -1.67 0.1022 42.2 -2.1(0 *0.0420
Total eggs laid 33.7 -1.43 0.161 33.7 -2.3 *0.0260
% Slugs dead 48 -0.35 0.7266 48 -1.11 0.2745

W
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Section D.11.:

Response of slugsto the speciesidentity of and food consumed by a mucus-producer
This experiment was a side project to determine whé&thearolinianusresponse (or
non-response) to mucus depended on the species producing the mucus or the food it
consumes. AlthougR. carolinianusremained consistently unaffected by mucus quality,
these methods may be of interest to researchers investigating thesmpha in

gastropod species that do respond to mucus.

INTRODUCTION

Gastropods depend on mucus to navigate through their environment and to communicate
with other gastropods. Their locomotion is energetically expensivearsgs major

water loss (Machin 1978; Denny 1980). Perhaps to minimize the costs of locomaotion,
gastropods respond readily to environmental cues including mucus trails Ieffieby ot
gastropods (Chelazzi et al. 19&3%)ok 1992). Slugs can save energy by following other
slugs (Rollo and Wellington 1981) rather than by discovering and forging a new trail.
Mucus also has roles in defense, competition, mating, homing, and other behaviors.
Deroceras laevavoid places smeared with the mucus of stressed conspecifics (Jordaens
et al. 2003). Mucus serves as a competition mechanism that interferes with gnaw

activity within and among many gastropod species (Cameron and Carter 1970afrte
Ashdown 1984; Pearce 1997). Many slug species exhibit a phase of courtship in which a
slug follows a prospective partner's mucus trail (Reise 2@&3tropods follow slime

trails and orient toward chemical “beacons” deposited in shelters whilartkdyming
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towards shelters (Peake 1978; Cook 1979). Large slugs tend to have daytime statlter
they recognize chemically and which groups of slugs share (Cook 1992).

Given that individuals most closely share the niche requirements of their own
species (DeBach 1966; Reitz & Trumble 2002; Dugthl 2004), slugs would benefit
from recognizing and most strongly responding to the mucus of conspecifics incorder
follow them to food sources and to appropriate shelter. Presumably, those dycies t
engage in trail following during courtship (Reise 2007) or that differentialipond to
the mucus of conspecifics or heterospecifics during competitive intera@@anseron &
Carter 1979; Lee and Silliman 2006) recognize the species identity of the mucus-
producer. However, the effect of food consumption on the chemical qualities of slug
mucus is unknown. Perhaps, chemical traces of foods exuded in mucus would be an
indicator of favorable microhabitats, i.e., shelter near preferred foodsleggaof the
species identity of the mucus producer. However, previous studies did not evaluate
whether the stimulus is an endogenous chemical produced specifically by each slug
species or a chemical trace of attractive food consumed and exuded in the mucus.

Slugs may respond to the species producing the mucus, the food consumed by the
mucus producer, or both. To determine whetherarolinianuss response to mucus
depends on the food of the mucus-producer, | fed AoubfuscuandP. carolinianus
different foods and measured the amount of fimearolinianuslingered in the presence

of their mucus.
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METHODS
In October, 2009, fouh. subfuscusnd fourP. carolinianusadults were selected. Each
slug was placed in its own 240 ml deli container with commercial white mushroam (tw
P. carolinianusand twoA. subfuscus dried wild fungus (twd”. carolinianug, or lettuce
(two A. subfuscus Slugs were allowed to feed for at least 48 hours.

A circle of 5.0 cm diameter was drawn on the center of small Petri dishesGabout
cm in diameter. The food treatment slugs were allowed to crawl on the a@raieabf
the dishes for 30 minutes, and afterwards, the deposited mucus was spread oveethe entir
circle with a small spatula. The five treatments to which individual diskes subjected
were no mucus, mucus Af subfuscusvith lettuce food, mucus @&. subfuscusvith
fresh mushroom, mucus Bf carolinianuswith dried mushroom, and mucuskf
carolinianuswith fresh mushroom. Partly-growh carolinianuguveniles that had been
raised from eggs were the subjects to be exposed to the mucus. All had fed on a diet of
store-bought white mushrooms for at least 48 hours before the experiment began. A total
of 32 mucus-exposure trials per treatment took place over two separate days. Each
juvenile subject was placed in the center of a circle, and 600 seconds were allowed to
pass. | recorded for each slug when its tentacles protruded from the circle ¢Une)
and when the tail tip left the circle (“tail out”). Subjects underwent séwgals with
dish treatment assigned randomly. Each dish was reused four times, which didatot af
the outcome of the experiment. (The results were the same if the firstr@lsilvere
considered.)

A similar experiment was attempted #r subfuscusbut subjects became

immobile after a few sessions and no more trials could take plasabfuscusesponded
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to repeated contact with forceps by compressing their bodies to the substedensave
posture (Rollo and Wellington 1979), whHe carolinianusseemed to react less to the
same contact.

Two one-way ANOVAs were performed in SAS (SAS Institute Inc. 2008). For
both ANOVASs, mucus treatment was the independent variable, and the time until “head
out” or “tail out” was the dependent variable. Slugs that did not move within 600 seconds

were excluded from the analysis.

RESULTS
The average time for “heads out” did not differ among treatments (1-way ANGM1
=0.136,P = 0.968) (Fig. D.1). Also, the average time for “tails out” did not vary among

treatments (1-way ANOVAEF,63= 1.184,P = 0.3265).
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Fig. D.1 The average time for each juveriecarolinianusslug’s tentacles and tail tip to
leave a mucus-treated circle. Treatments were no mucus A bfuscusvith lettuce

food (AsL),A. subfuscusvith fresh mushroom (AsMJ,. carolinianuswith dried

mushroom (PcD), ané. carolinianuswith fresh mushroom (PcM). Bars indicate average

time +SE.

DISCUSSION

P. carolinianusdid not differ significantly in their responses to the identity of the mucus-
producer or the foods consumed by the mucus-producer. However, the time for “heads
out” and “tails out” was highly variable among individual slugs, which may hag&eda
slight trends in mucus preferences.

Perhap$. carolinianusdoes not respond to mucus of any type, treatments were
not composed of equivalent offerings, or smearing the mucus may have altered the
gualities of the mucus. Mucus contains chemicals that can act as social chisgena
other gastropods to find partners for mating, to find home shelters, to avoid predators,

and to engage in territoriality or growth suppression (Cameron and CarteiCEO%;
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and Ashdown 1984; Pearce 1997; Lee and Silliman 2006; Reise 2007). Unlike slugs such
asLehmannia valentianand severdlimaxspecies (Cook 1981; South 199R),

carolinianusis not known to seek out huddles of other slugs (Thompson et al. 2006),
although they do aggregate in moist crannies in dead ViR adrolinianusdoes not

appear to notice the presence of other slugs, but rather, randomly selects piede= of she
wood regardless of the number of conspecifics occupying it (Tim Pearceagimdlthal,

unpub. results). Mucus was not shown to be an interference mechanismPwithin
carolinianusor betweerP. carolinianusandA. subfuscugChapter 4). No one has
investigated mucus as a homing mechanism or as a part of the courtship process in
philomycid slugs. The social aspects of mucus may not be as imporRartdmlinianus

as to other species. A similar experiment should be attempted for anothes spec

Limax maximu®r D. reticulatum for which several social functions of mucus have been
discovered, to test whether the species of the mucus-producer, its food consumed, or both

determine slug response to mucus.
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