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Abstract. The salt marsh periwinkle (Littoraria irrorata) is a common and often abundant mollusk in
marshes of the Gulf and Atlantic coasts of the United States. Several studies have focused on the effects of
periwinkles on Spartina alterniflora production and the effects of oil on periwinkle survivability, yet the gen-
eral ecology of the snail has been underreported. In this study, we measured spatial distributions, biomass,
shell repair frequency, and a suite of morphological characteristics of L. irrorata at three sites in each of five
regions spanning the southeastern Louisiana Coast between the Atchafalaya and Mississippi rivers. Sam-
pling was conducted along 50 m edge-to-interior transects in S. alterniflora-dominated marshes. We found
that L. irrorata density, individual biomass, and total areal biomass significantly varied by region. Each also
significantly varied with distance from the marsh edge, with the exception of total periwinkle areal bio-
mass. We saw a general trend across most regions where periwinkle density tended to be greatest 10 m
from the marsh edge and biomass tended to be greatest 20-30 m from the marsh edge; however, neither
periwinkle density nor biomass was related to S. alterniflora density or stem height. The allometric relation-
ship between shell length and biomass varied significantly between all regions, indicating that this species
has differing regional growth patterns. A possible driver of these regional patterns in allometry is differ-
ences in predation pressures, with increased predation scaring at Port Fourchon sites corresponding to
snails with larger shells yet less internal biomass per length compared to other regions. This study provides
the first large-scale description of the spatial ecology and regional morphometry of the salt marsh periwin-
kle, an important organism in structuring salt marsh ecosystems, and suggests that the pressures exerted
by L. irrorata on plant production found in other studies likely varies by geography and spatial location
within a marsh.
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INTRODUCTION but also linked to thermoregulation (Williams and
Appel 1989, Henry et al. 1993). The periwinkle
The salt marsh periwinkle (Littoraria irrorata) also plays many diverse roles in salt marsh ecosys-

inhabits salt marshes of the Atlantic and Gulf tems (Sullivan and Moncreiff 1990, Newell 1993,

coasts of the United States where it is associated
with emergent vegetation, most commonly
Spartina alterniflora. The periwinkle displays the
conspicuous behavior of climbing plant stems at
high tide likely to avoid predation (Warren 1985),
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Newell and Barlocher 1993, Graca et al. 2000).
Littoraria irrorata has been extensively studied in
terms of the organisms effect on S. alterniflora pro-
ductivity (Silliman and Zieman 2001, Kiehn and
Morris 2009) and on the effects of the Deepwater
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Horizon oil spill on survivability (Zengel et al.
20164, b); however, distributions (regionally and
spatially within regions), areal biomass estimates,
and morphological characteristics of this species
are currently underreported across the species
range, making extrapolations regarding this
species effects on salt marsh ecosystems difficult.

Along the Atlantic Coast, densities of L. irro-
rata have ranged from 1.4 to 558 individuals/m?
reported from marshes termed healthy and up to
2634 individuals/m® in marshes experiencing
die-off in Georgia (Silliman et al. 2005). Similar
ranges in density (4-700 individuals/m?) have
been reported for other marsh sites along the
Atlantic Coast (Newell et al. 1989, Silliman and
Zieman 2001, Hutchens and Walter 2006). Densi-
ties along the Gulf Coast have been reported to
be between 24 and 200 individuals/m? (Alexan-
der 1979, McFarlin et al. 2015, Zengel et al.
20164, b, Rietl et al. 2017). However, in each of
these studies with the exception of Hutchens and
Walter (2006), the variation in density and spatial
distribution was not the focus of the work and
density estimates were limited by low replication
and a lack of assessment of within marsh spatial
distribution and variation.

Likewise, even less is known about patterns in
L. irrorata biomass on an individual or areal
basis. Areal biomass values measured as ash-free
dry mass (AFDM) ranged from approxi-
mately < 0.5 to 10 g/m? in North and South Car-
olina (Cammen et al. 1980, Hutchens and Walter
2006) to 57 g/m? in Louisiana (Tong et al. 2013).
Very few studies have looked at within marsh
spatial variability in biomass; however, Hutchens
and Walter (2006) found significant biomass dif-
ferences between low, mid, and high marsh
plots, but only reported a maximum areal bio-
mass of ~9 g/m®. Similarly, low biomass esti-
mates have been reported from salt marshes in
Georgia and Louisiana in the range of 5-10 g/m?
(as reported in Alexander 1979). The scarcity of
reported biomass values for this species leaves us
unable to assess the accuracy of these estimates
and further emphasizes the high degree of varia-
tion in what is known about marsh periwinkle
ecology. A better understanding of the basic ecol-
ogy of this species could help put other marsh
periwinkle studies into a broader and more
applicable context. For example, top-down con-
trol of S. alterniflora production by marsh
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periwinkles (Silliman and Zieman 2001) and
energy flow through marshes (Cammen et al.
1980) are wholly dependent upon densities and
spatial organization of local communities; thus,
the effects of periwinkles on marsh processes
may exhibit high spatial heterogeneity.

Littoraria irrorata shell morphology and preda-
tion has received considerably more attention in
the literature relative to distributions and bio-
mass estimates (Moody and Aronson 2007, 2012,
Dietl and Alexander 2009) as well as the effects
of the Deepwater Horizon oil spill on snail
growth (Zengel et al. 20164, b). Marsh periwinkle
maximum size is known to vary between differ-
ent marshes (Crist and Banta 1983), and shell
length has been shown to increase with elevation
in South Carolina and Florida (Hamilton 1978,
Hutchens and Walter 2006), but decrease with
elevation in Virginia (Crist and Banta 1983).
Mean shell lengths (+ SE) as reported by Zengel
et al. (2016a) were between 17.3 £ 1.6 and
20.6 £ 0.6 mm in Louisiana and 14 mm in South
Carolina (Kiehn and Morris 2009). Periwinkle
size is important in predator—prey relationships
with blue crabs (Callinectes sapidus), as these
crabs are more effective at feeding on smaller
periwinkles (greater crab width:snail length
ratios) than on larger periwinkles (lower crab
width:snail length ratios).

Snails often survive predation attempts leaving
behind damaged shells (Schindler et al. 1994).
Many studies have utilized shell scarring as a
measure of predation, termed shell repair fre-
quency (Dietl and Alexander 2009, Moody and
Aronson 2012, Stafford et al. 2014). This predation
measure has been linked to increased aperture
ridge thickness, both in the field and in the labora-
tory experiments (Dietl and Alexander 2009,
Moody and Aronson 2012). This is thought to
better protect the periwinkle from predation by
making the aperture opening smaller, thereby
making it harder for predators to extract the snail
from its shell. This is important as C. sapidus (blue
crab) is known to progressively chip away at the
aperture lip when attempting to feed on larger
periwinkles (Schindler et al. 1994).

The goal of this study was to identify drivers of
spatial and morphological variations in L. irrorata
at two spatial scales (within marsh and regional).
We hypothesized that (1) periwinkle density and
biomass will be lower near the marsh edge where
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predation pressures from blue crabs are likely
highest (Schindler et al. 1994), as well as in the
marsh interior due to less inundation and higher
probabilities of desiccation (Williams and Appel
1989, Henry et al. 1993), that these within marsh
patterns will differ among regions, and that areal
biomass will closely track density patterns; (2)
allometric relationships will vary among regions
in concert with S. alterniflora nitrogen content and
with marsh position; (3) periwinkle density will
increase with S. alterniflora stem density due to
reported controls over S. alterniflora production
(Silliman and Zieman 2001, Kiehn and Morris
2009); and (4) shell repair frequency will decrease
with distance from the marsh edge and exhibit
thicker aperture ridges in regions with higher shell
scarring frequencies (Moody and Aronson 2012).

METHODS
Sampling regions and design

Five study regions spanning the southeastern
Louisiana Coast between the Atchafalaya and
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Mississippi rivers were sampled between June
and September of 2016 (Fig. 1). From west to
east, we sampled Old Oyster Bayou (OB) near
Fourleague Bay in September, Cocodrie (CO)
near the Louisiana Universities Marine Consor-
tium (LUMCON) DeFelice Marine Center facility
in June, the Bay LaFleur/Lake Barre region of
Terrebonne Bay (TB) in June, Port Fourchon (PF)
north of the LUMCON laboratory in August,
and the Bay Batiste/Bay Sansbois region in the
east of Barataria Bay (EB) in August (Table 1).
Spartina alterniflora is the dominant vegetation in
all regions, but Juncus romerianus, Distichlis spi-
cata, and Spartina patens are also often present.
Spartina alterniflora is preferred by the periwin-
kle, but it can found on all four vegetation types
(Alexander 1979). Two other snail species, east-
ern melampus (Melampus bidentatus), and Ner-
itina usnea are found at much lower densities in
our study regions.

Within in each region, 50 m marsh edge-to-
interior transects were established at three sites
where only S. alterniflora would be sampled and
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8 Km

Cocodrie and
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Fig. 1. Locations of the regions and sites within regions that were sampled in southeastern Louisiana. Site

coordinates given in Table 2.
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Table 1. Site coordinates and environmental variables measured at each region and distance from edge transect
(n = 2 at each distance from edge point for water depth and S. alterniflora stem density; n = 20 for each distance
from edge point for S. alterniflora height).

S. alterniflora stems

S. alterniflora leaves

Water

Region Site Latitude Longitude depth (cm) Height (cm) Density (m?) C (%) N (%)
Oyster Bayou 1 29°15'21.45" N 91°6'4221"W 37 +11 767 £20 230+ 0.8 438 £03 0.8 =*0.1
2 29°15'37.19" N 91°6'14.97" W 53 +£12  80.2 £ 39 214 £ 2.1 448 £03 12+0.1
3 29°15'46.73" N 91°5'4227"W 58 £ 1.0 81.6 +35 234 +32 453 +£05 08 =*0.1
Mean 49+09 795+ 18 226 +13 446 £03 1.0=£0.1
Cocodrie 1 29°15'19.13" N 90°39'52.99” W 153 + 1.6 832 +28 21.8 £25 446 +£02 12=+0.1
2 29°15'21.38" N 90°40'5.02" W 174 +12 842 + 3.1 204 +24 442 +£04 1.3 +0.03
3 29°15'28.92" N 90°39'41.22" W 179 +3.1 79.8 +2.7 240 +£22 440+04 14 +01
Mean 169 £09 824+ 1.6 221 +13 442 +£02 13 +0.04
Terrebonne 1 29°17'35.17" N 90°36'17.29" W 203 +25 773 £ 1.8 21.8 £27 444 +04 16+01
Bay 2 29°17'29.27" N 90°36'10.89” W 30.2 + 3.0 70.5 +29 165+ 14 452+02 16+0.1
3 29°17'47.02" N 90°33'0.01" W  16.6 + 45 734 +34 225+ 0.8 438 £04 1.4 +0.03
Mean 224 + 1.7 737 £ 1.6 203 + 1.1 445+ 03 1.6 +£0.04
Port Fourchon 1 29°8'15.13" N 90°10'37.31" W 227 + 1.6 743 + 1.3 213 +£19 443 +£03 11 =£0.1
2 29°8'27.23" N 90°10'30.56" W 249 + 1.2 841 + 21 198 +12 441+02 11+0.1
3 29°8'55.68" N 90°10'28.04” W 21.8 £2.0 823 +15 230+ 1.6 447 +£03 11 =£0.1
Mean 231+ 0.7 802 +12 214 +£09 444 +£02 11=£0.1
East Barataria 1 29°28'31.65" N 89°51'17.16" W 162 + 2.5 722 + 238 165+ 14 438 +05 08=+0.2
2 29°27'23.75" N 89°47'34.63" W 287 +22 887 +32 181 +13 438+05 07+0.1
3 29°27'19.90" N 89°45'31.34" W 0 86.1 + 1.8 205+ 14 449 £02 08 =£0.1
Mean 224 +18 824 +20 184 +£08 442+03 08+0.1

Note: Values for water depth, S. alterniflora height, and stem density are means + SE.

the marsh interior sampling point was at least
50 m from major waterbodies on all sides. Along
each transect, all snails regardless of species were
collected at 1, 10, 20, 30, and 50 m from the
marsh edge within two replicate 0.25 x 0.25 m
quadrats, kept on ice during transport, and
stored at 4°C to await processing, which was
completed within 80 h of collection. Within each
quadrat, the total number of S. alterniflora stems
was recorded along with the heights of ten repre-
sentative stems, mean water depth from five
points within the plot, and the third leaf from the
top was collected from three S. alterniflora plants
to determine C and N content. Salinity data were
gathered from the Coastwide Reference Monitor-
ing System (CRMS; https://www.lacoast.gov/crm
s2/home.aspx), sites 0326, 0369, 0355, 0164, and
4529, and were averaged for the growing season.

Sample processing

In the laboratory, all snails were rinsed clean
and counted, and a series of morphological mea-
surements as illustrated and described by Moody
and Aronson (2012; Fig. 1) were made on Littoraria
irrorata using digital calipers. Briefly, four size
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metrics (shell length and width, and aperture
length and width) were made along with three
measurements of ridge thickness (anterior, central,
and posterior) which were averaged into a single
ridge thickness value. For ridge thickness mea-
surements, only periwinkles >17 mm in shell
length were used, as the labial ridge is only pro-
duced late in ontogeny and previous research
shows that Gulf of Mexico populations show a
threshold for ridge formation at approximately
15 mm in shell length (Moody and Aronson 2012).

Periwinkles were classified based on shell length
as either juvenile (<6 mm), sub-adults (6-13 mm),
or adults (>13 mm) as in Zengel et al. (20164). The
number of shell repair scars on each snail was also
counted as an estimation of predation pressure
(Dietl and Alexander 2009). The total number of
scars was divided by the number of snails in a
given quadrat to yield shell repair frequency. From
each quadrat, ten periwinkles representative of all
snail sizes within the quadrat were individually
wrapped in aluminum foil and dried to constant
mass at 80°C and were then ashed in a mulffle fur-
nace at 500°C for 4 h to determine AFDM. The
remaining periwinkles from the quadrat were
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dried and ashed in bulk, and these values were
added to the subsample of ten periwinkles to
obtain total areal biomass. Melampus bidentatus
and N. usnea snails were dried and ashed in bulk
by species per quadrat to obtain areal biomass esti-
mates for each species. Leaves collected from S. al-
terniflora were wrapped in aluminum foil and
dried to a constant mass at 80°C, ground to a fine
powder, and passed through a 425-micron sieve,
and 5 mg of the powder was analyzed for total
organic C and total N using a Flash 1112 series ele-
mental analyzer (CE Elantech, Lakewood, New
Jersey, USA). We ran concurrent standards
(National Institute of Standards and Technology,
Buffalo River Sediment, 2704), which yielded C
recoveries of 100.3 + 0.4%.

Statistical analysis

All data analyses were performed in R version
3.3.1 (https://cran.r-project.org). Linear regression
and ANOVA were used to examine relationships
between snail density, biomass, and morphology,
and the relationship between these variables and
the measured environmental variables (water
depth, seasonal salinity from CRMS sites, and
S. alterniflora parameters [stem height, density,
and leaf C:N content]). All variables were checked
for meeting the assumptions of normality when
appropriate by visual inspection of qg-plots and
Shapiro-Wilks tests on residuals, and data were
transformed as necessary using either square root
or natural log transformations. For instances in
which data could not be transformed to meet the
assumptions of normality, permutation tests were
used, using the package ImPerm. The allometric
relationship between snail shell length and bio-
mass was modeled using the power law equa-
tion y = kx”, where y was equal to individual
periwinkle AFDM and x was equal to shell length.
To test for differences in allometric relationships
between regions, variances of residuals were
assessed via Levene’s test and inspecting boxplots,
and comparisons between regions were made fol-
lowing Herberich et al. (2010) using the glht func-
tion within the package multcomp.

REsuLTS
Site characteristics and environmental variables

Mean regional salinities of surface water during
June-September 2016 for OB, CO, TB, PF, and EB
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were 4.11 £ 0.16, 2.60 £+ 0.09, 11.69 £+ 0.15,
15.69 £ 0.20, and 5.78 + 0.12 psu, respectively
(CRMS; https://www.lacoast.gov/crms2/home.
aspx), sites 0326, 0369, 0355, 0164, and 4529, res-
pectively). Water depth significantly varied by
region (P < 0.001, n =75), with OB having the
lowest water depths (4.9 &+ 0.5 cm compared to
21.1 £ 0.7 cm for other regions), but did not vary
by distance from edge on the dates of sampling.
Spartina alterniflora stem density did not differ by
region or distance from edge, with a mean (& SE)
of 334.9 + 9.2 stems/m®.  Spartina alterniflora
height significantly varied by region (P = 0.036,
n =75) with TB having the shortest stems
(72.8 £ 2.5 cm compared to 81.1 & 0.8 cm across
other regions), but did not vary by distance from
edge. The percentage C in S. alterniflora leaf tissue
was not different between regions or distance
from marsh edge; however, percentage N signifi-
cantly varied by region (P < 0.001; n = 75; Fig. 2)
with TB having the highest N content.

Shell repair frequency did not vary by distance
from marsh edge, but did vary by region with PF
having a mean shell repair frequency ~2.5-5 times
higher than other regions (0.36 + 0.03 compared
to 0.07 & 0.02, 0.07 + 0.02, 0.14 + 0.03, and
0.12 & 0.03 for OB, CO, TB, and EB, respectively).
Shell repair frequency was only related to water
depth regardless of region (P < 0.001, n = 75)
where repair frequencies increased in deeper
waters. A positive relationship between shell repair
frequency and % N in S. alterniflora leaves was
only observed at PF (r* = 0.18, P = 0.065, n = 15).

b
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Fig. 2. Percent nitrogen (N) in Spartina alterniflora
leaf tissue across five regions in southeastern Louisi-
ana, Oyster Bayou (OB), Cocodrie (CO), Terrebonne
Bay (TB), Port Fourchon (PF), and East Barataria Bay
(EB). Values are means + SE, and lowercase letters
represent significant differences based on post hoc
pairwise comparisons.
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Periwinkle distribution

We measured 1614 snails collected from five
regions in southeastern Louisiana including 20
juvenile, 107 sub-adult, and 1487 adult snails.
Mean (£ SE) Littoraria irrorata density across all
regions and marsh distance transects was
172.2 4+ 10.4 individuals/m®> with a maximum
density of 520 individuals/m? recorded 10 m
from the marsh edge at TB site 2 and a minimum
density of 0 individuals/m? recorded 50 m from
the marsh edge at OB site 3. Littoraria irrorata den-
sity significantly (P < 0.001, n =75) varied by
region and distance from marsh edge (Fig. 3).
Mean densities at OB, CO, TB, PF, and EB were
1152 £ 17.6, 172.8 £ 184, 2763 £ 29.0, 97.1 £
13.1, and 199.5 + 20.7 individuals/m?, respec-
tively, and mean densities across all sites at 1, 10,
20, 30, and 50 m from the marsh edge were
135.5 £ 22.4, 273.6 &+ 25.0, 185.1 + 20.3, 166.9 £
21.3, and 99.7 + 14.8 individuals/m?, respectively
(Fig. 3). Snail density at TB was significantly
(P < 0.05) higher than all regions except EB, and
density 10 m from the marsh edge was signifi-
cantly (P < 0.001) higher than all other distances
(Fig. 3). The pattern of highest snail density at
10 m from the marsh edge was true for all regions

= g— (a)
IE | a
. “
=0 ab
5 b I
b=l -T— i
S 24 c T
§ — = ©
£ - == ——
<N @
[
& e = (C
G .
&0 a
2 27 T a I
<
£ L T
5 & L
3 b b
8 =
2= =
S
~N o
OB CO TB PF EB
Region

RIETL ET AL.

individually except for EB and PF, where densities
at 10 m were not different from densities at 20 or
30 m for EB or 20 m at PF.

Periwinkle morphology, biomass, and allometry
Overall mean (+ SE) individual shell length
across all regions and marsh distance transects
was 20.5 = 0.1 mm. The largest snail recorded
had a shell length and width of 28.63 and
20.42 mm, respectively, and was collected 20 m
from the marsh edge at CO site 3. The smallest
snail (4.14 mm in length and 3.18 mm in width)
was collected 1 m from the marsh edge at TB site
3. Shell length and width were positively related
(r2 =0.93, P <0.001, n = 1614), as were aperture
length and width (r* = 0.82, P < 0.001, n = 1565).
Ridge thickness significantly (P = 0.003, n = 74)
increased with shell repair frequency; however,
only ~12% of the variation in ridge thickness was
explained by shell repair frequency (* = 0.12).
Shell lengths and aperture lengths were signifi-
cantly (P < 0.001) different between regions and
distance from marsh edge, where TB had the
smallest snails and PF the largest, and both shell
and aperture lengths were the smallest at 1 m
from the marsh edge, with all other distances
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N 1 10 20 30 50
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Fig. 3. Littoraria irrorata (a) density (m~?) and areal biomass (c) across five regions in southeastern Louisiana,
Oyster Bayou (OB), Cocodrie (CO), Terrebonne Bay (IB), Port Fourchon (PF), and East Barataria Bay (EB). Lit-
toraria irrorata (b) density (m™2) and (d) areal biomass across marsh transects with increasing distance (m) from
the marsh edge. Values are means + SE, and lowercase letters represent significant differences.
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from the edge being similar. Aperture ridge thick-
ness differed only by region (P < 0.001; Table 2),
with the same pattern of TB having the thinnest
and PF the thickest aperture ridges. Terrebonne
Bay was the only region in which juvenile snails
were found (<7 mm shell length, n = 20; Fig. 4,
Table 2). Similarly, TB had 79% of snails classified
as sub-adult (7-13 mm shell length, n = 85;
Fig. 4) and 28% of adult (>13 mm shell length,
n =413; Fig. 4) across the regions (Fig. 3,
Table 2). Shell length was not related to percent-
age N in S. alterniflora leaves when all regions
were combined, but when analyzed separately,
we observed a negative relationship between shell
length and percentage N in S. alterniflora leaves at
PF (©* = 0.48, P < 0.001, n = 15).

The maximum individual snail biomass
recorded (623 mg) was 20 m from the marsh edge
at PF site 2, and the lightest (2 mg) was found at
50 and 1 m from the marsh edge at TB sites 2 and
3, respectively. Oyster Bayou (80 £+ 0.002 mg) and
TB (70 £ 0.003 mg) had the lowest mean individ-
ual biomasses and CO (162 + 0.002 mg) and EB
(132 £ 0.004 mg) had the highest (Fig. 5). We
observed a significant (P =0.01) interaction

RIETL ET AL.

between region and distance from marsh edge
with respect to individual snail biomass (1’2 =0.33,
n = 1080; Fig. 5). Individual snail biomass was
lowest at 1 m, but reached a maximum at different
points along the transects in each region (Fig. 5).
The relationship between shell length and biomass
was significantly different between regions
(P <0.037, n=1082). Thus, for a given shell
length, periwinkle biomass differed by region with
CO snails having more biomass and PF snails hav-
ing less biomass for a given shell length (Fig. 6).

Overall mean (£ SE) areal biomass was 20.1 +
1.7 g/m2 across all regions and marsh distance
transects and varied significantly (P < 0.001) by
region and distance from marsh edge (Fig. 3). EB
and CO had the highest areal biomass (29.9 + 4.1
and 272 + 3.2 g/mz, respectively) and OB and PF
the lowest (9.9 + 2.3 and 11.0 + 2.1 g/m? respec-
tively). Across all regions, areal biomass was sig-
nificantly (P < 0.01) higher at 10 m, but did not
differ from 20 or 30 m from the marsh edge
(Fig. 3), a pattern which is also apparent within
each region individually.

Littoraria irrorata density and areal biomass
were significantly (P < 0.001) positively related

Table 2. Body size metrics for Littoraria irrorata by region and site.

Littoraria irrorata shell metrics (mm)

Posterior Central Anterior
Aperture Aperture ridge ridge ridge

Region Site Shell length ~ Shell width length width thickness thickness thickness
Cocodrie 1 22.04 + 022 16.16 +0.15 742 +0.07 540 +0.09 1.86 +0.02 1.45+ 0.02 1.52 + 0.03
2 2251 +0.24 16.88 +0.16 816 +0.06 6.57 +£0.08 192 +0.02 1.46 +0.02 1.61 + 0.03

3 23.32 £ 0.13 1758 +0.09 850 + 0.06 693 +0.10 195+ 0.05 150+ 0.02 1.65 + 0.03

Mean 2257 +0.12 16.81 +£0.09 797 £0.05 622+ 0.06 190+ 0.01 147 4+ 0.01 1.59 4+ 0.02

East Barataria 1 2096 + 0.18 1593 +0.14 7.75+0.05 6.81 £0.05 1.78 £0.02 1.33 +£0.01 1.67 £+ 0.02
2 21.81 £ 0.16 16.72 +0.11 816 +0.04 724 +£0.04 190 + 0.02 143 +£0.01 2.02 £ 0.02

3 2211 £ 0.16 16.50 + 0.10 8.17 +£0.05 718 £0.05 1.82 +£0.02 1.39 +£0.02 1.99 + 0.02

Mean 2151 +0.11 16.34 +£0.08 7.99 +0.03 7.05+ 0.03 1.83 +0.01 1.38 +0.01 1.87 + 0.01

Opyster Bayou 1 20.31 &£ 0.33 1548 +£0.24 813 £0.05 726 +£0.04 176 £0.02 1.29 +0.02 1.85 + 0.02
2 20.33 £ 0.26 1553 +0.19 812 +0.06 7.10 +0.05 1.69 +0.02 1.31 +0.02 1.68 + 0.03

3 2197 £ 029 16.75 +0.22 846 +0.06 754 +0.06 1.79 +£0.03 138 +£0.02 1.87 £+ 0.03

Mean 20.63 +0.19 1574 +0.14 819 +£0.03 726 +0.03 1.74 £0.01 1.32 +£0.01 1.79 4+ 0.01

Port Fourchon 1 2298 + 0.28 1694 + 0.18 826 +0.08 7.16 +0.06 225+ 0.12 1.62 +0.02 2.12 + 0.02
2 24.60 + 0.26 17.80 + 0.16 8.68 + 0.09 7.47 +0.08 220 + 0.02 1.71 +£0.02 2.14 + 0.03

3 22.01 £ 045 16.31 +£0.30 8.03 +0.12 6.99 + 0.10 2.07 +£0.03 1.63 +£0.03 2.16 + 0.02

Mean 2331 + 020 17.09 +£0.12 836 £ 0.06 7.23 +0.05 2.19 +0.05 1.66 + 0.01 2.14 + 0.01

Terrebonne Bay 1 1798 + 037 13.71 £ 027 7.00 +£0.09 556 +0.09 1.80 +0.03 1.44 4+ 0.02 1.71 4+ 0.02
2 17.80 + 0.27 13.64 £ 020 6.29 +£ 0.10 4.40 +0.08 1.69 + 0.02 1.27 +0.02 1.29 + 0.03

3 16.09 + 044 1237 £ 034 591 £0.16 4.63 +£0.16 1.69 +£0.02 1.26 +0.02 1.51 4+ 0.03

Mean 17.32 +0.21 1327 +£0.16 6.37 +0.07 497 +0.07 1.72 +0.01 1.32 +0.01 1.48 + 0.02

Note: Values are means =+ SE of five distance points from the marsh edge with two replicates each (1 = 10).
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Fig. 4. Littoraria irrorata size class (mm) distribution for juvenile (J), sub-adult (SA), and adult (A) periwinkles
across five regions in southeastern Louisiana (Oyster Bayou, Cocodrie, Terrebonne Bay, Port Fourchon, and East
Barataria Bay). Vertical dashed lines represent cut offs for size classes, and vertical solid lines represent median
values for each region.

for all regions (1’2 =0.96,091,0.72,0.85, and 0.76 and a positive relationship with water depth
for OB, CO, TB, PE, and EB, respectively). Lit- (P < 0.001), but each only explained ~14% of the
toraria irrorata density had a significant negative variation in density (n = 74). There was no rela-
relationship with S. alterniflora height (P < 0.01) tionship between S. alterniflora stem density and
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Fig. 5. Individual Littoraria irrorata biomass (mg) values across five regions in southeastern Louisiana, Oyster
Bayou (OB), Cocodrie (CO), Terrebonne Bay (TB), Port Fourchon (PF), and East Barataria Bay (EB) with different
bars representing different distances (m) from the marsh edge. Values are means + SE.
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Fig. 6. Allometric relationships between shell length (mm) and biomass (mg) for Littoraria irrorata across five
regions in southeastern Louisiana (Oyster Bayou, Cocodrie (CO), Terrebonne Bay (TB), Port Fourchon (PF), and
East Barataria Bay). The allometric equations for each line are given in Table 2. The solid line represents CO;
short dashed line, East Barataria; dotted line, TB; alternating dot-dashed line, Oyster Bayou; and alternating

long—short dashed line, PF.

periwinkle density. Periwinkle density tended to
increase with percentage N in S. alterniflora
leaves across all samples, though this relation-
ship was not significant (P = 0.06). However,
when looking at regions separately, there was a
significant negative relationship within the PF
region (r2 = 0.32, P < 0.01, n = 15), but no signif-
icant relationship in other regions (P > 0.05).
When examining all regions together without PF
(n = 60), we see a significant (P = 0.04), positive
relationship where higher densities corre-
sponded to higher N content; however, this only
explains 5% of the variation.

Other snail species

The other snail species found in this study,
Melampus bidentatus and Neritina usnea, were found
at much lower densities than L. irrorata. Densities
of M. bidentatus were significantly different
between regions and distance from edge (P = 0.02,
n = 75), with densities for OB, CO, TB, PF, and EB
being 0, 9.1 £ 3.6, 4.3 + 25,0, and 11.2 &+ 3.1 in-
dividuals/m?, respectively. Densities of M. bidenta-
tus were significantly lower at 20 m than at other
distances from the marsh edge. Densities of
N. usnea were only different by region (P < 0.001,
n = 75), with densities for OB, CO, TB, PF, and EB
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being 0.5 £ 0.5, 0.5 + 0.5, 133 £5.8, 1.1 £ 1.1,
and 3.7 + 2.7 individuals/m?, respectively.

DiscussioN

Coastal Louisiana periwinkle densities based
on our study (overall mean 172 + 10 individu-
als/m?) may be higher than at other marshes
along the Gulf and Atlantic coasts (most studies
<100 individuals/m?; Table 3), with the possible
exception of Sapelo Island, Georgia, USA, where
densities up to 558 individuals/m® have been
reported (Silliman and Bertness 2002, Silliman
et al. 2005, McFarlin et al. 2015). Periwinkle den-
sities did show differences based on marsh posi-
tion and areal biomass closely tracked density,
with densities being higher at 10 m and biomass
peaking 10-30 m from the marsh edge across all
regions. However, none of the variables we mea-
sured seemed to explain this within marsh distri-
bution. While we initially expected a mid-marsh
peak in density due to marsh edge predation
pressures, shell repair frequency did not vary by
marsh position. It is possible that our measure of
predation was not accurate enough, being as we
only measured unsuccessful predation that
leaves behind shell scars. Some regions or marsh
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Table 3. Studies reporting densities (ind./m?) of Littoraria irrorata within unimpacted marshes along U.S. Atlantic

and Gulf of Mexico coasts.

Location Snail density (m™2) Sources
Barataria Bay, LA 19 £ 4t0 190 + 40 Alexander (1979), Spicer (2007), Silliman et al. (2012),
Zengel et al. (20164, b)
Port Fourchon, LA 27 + 10to 82 £+ 12.6 Silliman et al. (2005), McFarlin et al. (2015)

Sabine NWR, LA to Bay St. Louis, MS

Bayou Lafourche, LA
Dauphin Island, AL
Wakulla Beach, FL.
Sapelo Island, GA

Ossabaw Island, GA
Bryan County, GA
Talahi Island, GA
Lighthouse Marsh, GA
Dean Creek, GA
North End Marsh, GA
Bell Baruch, SC

Hog Inlet, SC

North Inlet, SC
Murrells Inlet, SC
Charleston, SC
Kiawah Island, SC
Calico Creek, NC

Tar Landing Marsh, NC

50 + 25t0 75 £+ 40

34 £29t0133 + 17

65.3 £ 12.3 to 144.8 £+ 31.6
450

145 £ 55 to 558 £ 121

78 £ 17

14 +£08

68 + 11

2244

52-66

52

49 + 15to 56 + 17
18-85

36-74

31-115

96 + 37

42

19.8 £ 6.3 t0 80

113 £ 2.6t018.6 + 4.5
04 £02t023 £09

McCall and Pennings (2012)

Stagg and Mendelssohn (2012), Tong et al. (2013)
West and Williams (1986)

Warren (1985)

Silliman and Bertness (2002), Silliman et al. (2005),
McFarlin et al. (2015)

Silliman et al. (2005)
Silliman et al. (2005)
Silliman et al. (2005)
Schindler et al. (1994)
Schindler et al. (1994)
Schindler et al. (1994)
Silliman et al. (2005)
Hutchens and Walter (2006)
Hutchens and Walter (2006)
Hutchens and Walter (2006)
Silliman et al. (2005)
Tucker et al. (1995)

Stiven and Hunter (1976), Stiven and Kuenzler (1979)
Stiven and Kuenzler (1979)

Causeway Marsh, NC

Ft. Macon, NC 40
Russell’s Creek, NC 60
Walden Creek, NC 33
Wallops Island, VA 12.1-14.2
Hog Island, VA 48

Stiven and Kuenzler (1979)
Stiven and Hunter (1976)
Stiven and Hunter (1976)
Cammen et al. (1980)

Crist and Banta (1983)
Silliman and Zieman (2001)

Note: Values are means £ SE or ranges when available.

positions may simply have a higher incidence of
successful predation. Additionally, density rela-
tionships were not explained by Spartina alterni-
flora density or height, as has been observed in
other studies (Kiehn and Morris 2009).
Periwinkle density increased with distance
from the Atchafalaya River to a peak in the TB
region and was again lower in two regions of Bar-
ataria Bay (PF and EB) that were closer to the Mis-
sissippi River. This general pattern is similar to
that of S. alterniflora leaf N content where sites
nearest to the two rivers had the lowest N content
and the furthest from either river (TB) had the
highest N content. Periwinkle density tended to
increase with percentage N in S. alterniflora leaf
tissue except in PF, where periwinkle density
decreased as percentage N increased. This differ-
ing relationship and lower densities at PF appear
to be related to predation, where we observed
repair frequencies three to five times higher and
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aperture ridges that were 14-24% thicker than in
other regions. Similar to density, PF shell lengths
decreased with increasing percentage N, but shell
repair frequency increased. Taken together, these
data are consistent with predation pressure being
the main factor shaping the observed differences
at PF compared to other regions. Generally, areas
with higher percentage N tended to have more
snails, which may indicate preference based on N
content as has been found in other studies (laleg-
gio and Nyman 2014), but in PF, interactions with
predators may be changing this relationship.

The allometric relationship between shell length
and biomass varied across southeastern Louisiana
with sites nearer the coast (OB and PF) having
similar, though still statistically different allomet-
ric relationships, and sites situated further inland
(TB and East Barataria) having similar relation-
ships. Cocodrie snail allometry was distinct, hav-
ing more biomass for a given shell length than all
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other regions in our study. Cocodrie sites were the
most protected and furthest inland, which is con-
sistent with the idea that periwinkle morphology
responds to differing environmental pressures
across the region. Interestingly, regional salinities
alone do not explain observed differences in
allometry. To test our models, we applied our
regional equations (Table 4) to periwinkles that
were measured and then dried and ashed in bulk,
rather than individually. We found that in four
out of five regions (OB, TB, PF, and EB), our mod-
els underestimated actual biomass values by
between 7% and 35%, and in the last region (CO),
our models overestimated biomass by 13%. The
two regions in which our models performed the
best were OB and TB where calculated biomass
values underestimated actual values by 7% and
8%, respectively. At EB, our regional model per-
formed the worst, where calculated values under-
estimated actual measured biomass values by
35%, likely due to EB having less diversity in peri-
winkle sizes than in other regions (Fig. 4), which
can skew our derived models toward a certain
size of periwinkle.

Predation pressures could be playing a role in
these observed morphological differences. At PF,
periwinkles of a given shell length weigh less
than in other regions, which could be a response
to long-standing predation pressures where
investing in appearing larger may increase sur-
vival (Schindler et al. 1994). Indeed, PF had some
of the largest shells we found in this study, but
these snails had less biomass. Essentially, with
increased predation pressure, periwinkles appear
to devote more resources into building larger
shells with thicker apertures and less into

Table 4. Allometric equations and range in shell
lengths for five regions in southeastern Louisiana
depicted in Fig. 6.

Range
in shell
Region lengths (mm) Equation n

Oyster Bayou 7.62-24.61  y =477 x 107° x> 173
Cocodrie 10.72-27.84  y =324 x 107*x"? 237
Terrebonne Bay ~ 4.30-23.55  y =6.19 x 107°x** 274
Port Fourchon — 12.45-28.07 y =772 x 107°x** 164
East Barataria 8.82-2640 y =193 x 10 *x*1° 235

Note: Equations are of the form y=kx® where

y = biomass (g) and x = shell length (mm).
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biomass. The region most similar to PF in terms
of allometry was OB; however, there we saw low
shell repair frequencies. Shell repair frequencies
at OB decreased in an inland direction away from
Fourleague Bay, indicating higher predation rates
closer to open waters. Due to our site selection,
we may have failed to capture an accurate repre-
sentation of predation at OB, which likely dis-
plays higher predation pressures along the edge
of the bay than in channels as crab abundance in
the bay would be expected to be higher than in a
channel. Furthermore, shell repair frequencies
were lowest at CO where snail shells tend to be
larger and have more biomass and more interme-
diate at TB and East Barataria. These data imply
that regional predation pressures are shaping
periwinkle morphology and seem to be affecting
these communities more so than variation in
other environmental variables or S. alterniflora
characteristics. These changes in periwinkle body
size could produce spatially localized cascading
effects in terms of S. alterniflora production and
energy flow through marshes (Cammen et al.
1980, Silliman and Zieman 2001).

The fact that periwinkle allometry varies
across the coast could pose a problem for studies
that wish to apply such relationships to organ-
isms from differing areas. For example, Stagg
and Mendelssohn (2012) estimated biomass from
shell length using a linear model derived from a
log-linear regression of shell length and biomass.
Their calculation of 273.3 4 209.5 g/m2 with a
density of only 133 + 17 individuals/m?® is the
highest reported areal biomass for this species.
To put this in perspective, the largest areal bio-
mass value found in our study was 57.61 g/m?
that corresponded to a density of 248 individu-
als/m” in East Barataria. It is possible that peri-
winkles gathered for equation calibration in
Stagg and Mendelssohn (2012) exhibited differ-
ent growth patterns and environmental pres-
sures than the snails measured to estimate
biomass; however, this is unknown. To further
illustrate the degree to which allometric relation-
ships differ regionally, we applied models
derived from our two most different regions (CO
and PF; Fig. 6) to one another. When the PF allo-
metric model was applied to CO periwinkles,
this underestimated actual biomass by 32%, and
when CO models were applied to PF, values
were overestimated by 42%.
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Summary

In summary, we found that Litforaria irrorata
density, allometry, and areal biomass exhibit
strong regional and spatial patterns; however,
general periwinkle morphology was much less
variable between regions and along our marsh
transects. We found a mid-marsh peak in density
and areal biomass; however, these patterns did
not relate to shell repair frequency. Our data indi-
cate that predation pressure may influence peri-
winkle shell morphometry in multiple ways, as
well as their distributions, in that periwinkles
tend to put more resources into appearing larger
where predation is likely higher and to aggregate
away from areas expected to have higher preda-
tion rates near the marsh edge. Previous research
would suggest that areas with more snails would
correspond to higher densities of short S. alterni-
flora stems (e.g., Silliman and Zieman 2001, Kiehn
and Morris 2009); however, we did not find this
relationship. We observed a weak relationship
between periwinkle density and percentage N in
S. alterniflora, but found that this relationship can
change for a given region (e.g., PF) based on pre-
dation pressure. Lastly, we observed an increase
in periwinkle ridge thickness with higher preda-
tion pressure across regions; however, shell scar-
ring and ridge thickness values did not exhibit
spatial patterns along our marsh transects. Our
findings show regional and spatial differences in
snail densities, biomass, and allometry, and cau-
tions against making generalizations about this
species across geographic regions. Since the gen-
eral ecology of this species is less understood
than its impacts on marsh productivity, we
encourage more researchers to examine patterns
in L. irrorata morphology, density, and biomass
along the Gulf and Atlantic coasts of the United
States in order for us to better understand the
ecological drivers of salt marsh periwinkle distri-
bution and morphology.
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