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ABSTRACT

This paper relates differences in flow hydraulics between a main channel (MC) and a side channel (SC) of a river to patterns of
upstream migration by Neritina virginea (Neritidae: Gastropoda), a dominant diadromous snail in streams of Puerto Rico
(Greater Antilles). Near-bed water velocity, snail density and shell size were measured on a weekly basis between August and
December 2000 along cross-sections in a main channel (MC) and an adjacent channel (SC) under a bridge crossing of the Rio
Mameyes of Northeastern Puerto Rico. Near-bed velocity and water depth were used to compute Reynolds (Re) and Froude (Fr)
numbers, and to classify flows within each channel. During base flow conditions (<2 m®s™"), flow was chaotic and supercritical
(Fr> 1) in the MC, and non-chaotic and subcritical (Fr < 1) in the SC. Higher mean densities (>100 ind m 2)of relatively small
snails (mean £s.d., 6.3+2.8mm) were consistently recorded in the MC. Conversely, the SC had lower mean densities
(<20indm™2) and significantly larger snails (7.6 +2.4mm). Within the MC, migratory groups preferred near-bed
velocities > 0.8 ms™'. Within the SC, they preferred the channel thalweg and depths > 30 cm. The spatial arrangement that
was observed between and within the channels may be related to food resources, predation pressure or biomechanics.
Characteristics of preferred upstream migration pathways of N. virginea must be accounted when building road crossings in
coastal streams with diadromous fauna. Published in 2007 by John Wiley & Sons, Ltd.
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INTRODUCTION

Diadromous fauna migrate between marine and stream waters to complete their life cycles and are dominant in
number and biomass in tropical islands (Gross et al., 1988). Both catadromous and amphidromous fish, shrimp and
gastropods migrate upstream in large aggregations as juveniles or postlarvae (Ford and Kinzie, 1982). Upstream
migrations are known in at least 10 gastropod families (Huryn and Denny, 1997). Worldwide, the largest migrations
(>5000ind m_z) have been documented for neritids (Hawaii: Ford, 1979; Costa Rica: Schneider and Frost, 1986;
Schneider and Lyons, 1993; Japan: Nishiwaki et al., 1991; Hirata et al., 1992; French Polynesia: Resh et al., 1990,
1992; Liu and Resh, 1997; Puerto Rico: Pyron and Covich, 2003; Blanco and Scatena, 2005). These migrations
typically occur within 5 days after a flood and end after nearly a week of continuous upstream movement
(Schneider and Frost, 1986; Pyron and Covich, 2003; Blanco and Scatena, 2005). During the migrations, the snails
occur in either clusters of migrating individuals or in long trail-like aggregations.

Habitat preferences of resident individuals have been studied in a few species of atyid shrimps and neritid snails
(i.e. Johnson and Covich, 2000; Scatena and Johnson, 2001; Blanco and Scatena, 2005, 2006), but their preferred
pathways during upstream migrations remain poorly understood. Neritid snails are often referred to as rheophilic
due to their preferences for fast-flowing water habitats (Huryn and Denny, 1997). Greater densities of neritids occur
in stream riffles than pools in Hawaii (Neritina granosa: Ford, 1979; Way et al., 1993), Japan (Clithon spinosus:
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Ohara and Tomiyama, 2000), French Polynesia (C. retropictus: Resh et al., 1990, 1992; Liu and Resh, 1997),
Salomon and Vanuatu Islands (Haynes, 1993, 2000), Costa Rica (N. latissima: Schneider and Lyons, 1993) and
Puerto Rico (N. virginea: Blanco and Scatena, 2005, 2006). Resident neritid snails also prefer boulders and cobbles
over gravel and sand (N. granosa: Ford, 1979; C. spinosus and C. retropictus: Liu and Resh, 1997; Ohara and
Tomiyama, 2000; N. virginea: Blanco and Scatena, 2006).

This paper studies the distribution of the diadromous snail Neritina virginea (Neritidae: Gastropoda) in a
split-channel beneath a road crossing to identify the influence of between- and within-channel scale hydraulics on
migration. In particular, we compared how mean body size and density of N. virginea changed between and within
channels during migratory and non-migratory events.

MATERIALS AND METHODS
Study area

This study was conducted in a lower segment of Rio Mameyes, which drains the Luquillo Mountains in
Northeastern Puerto Rico (Figure 1a). The Rio Mameyes is the most pristine, and the only undammed large river on
the island. The upper part of the watershed is protected and managed by the US Forest Service (Caribbean National
Forest) and is covered by mature cloud and rain forests. The lower elevations of the watershed are covered by
pastures and secondary forests. The highest discharges in the year are typically observed during the two rainy
seasons of the year (April-May and August—-December) and are associated with northern cold fronts, and tropical
depressions, respectively. The study area was described in detail in Blanco and Scatena (2005, 2006).

The study site is located at Bridge 1771 of PR Route 3 (18° 2227 N, 65° 45 50 W, elevation: 5 m a.s.l.). This
reach is located approximately 1 km upstream from the uppermost limit of brackish water intrusion. During most
flows, the study reach is split into two channels by an elevated and stabilized island that formed after the bridge was
constructed in 1982 (Figure 1b). Most of the flow is conveyed through the fast and turbulent flows of the main
channel (MC). This channel has the general morphology of a riffle and is formed by mid-sized boulders (diameter:
<50 cm) and cobbles. This MC is 11 m wide and ~40 cm deep, and has a sloped concrete embankment along its
entire right margin under the bridge. The second, or side channel (SC) has the morphology of a straight run and is
3 m wide, and has an average depth of ~30 cm. Flow through this channel is slower and smoother that in the MC.
Unlike the relatively uniform geometry of the MC, the SC has a skewed geometry. The deepest part of this channel
consists of cobbles, while the shallow part is gravel. The two channels form a uniform reach about 40 m
downstream of the bridge (Figure 1b). At this point, snails moving upstream may choose between the two channels.
Previous observations indicated that snail density was homogeneous where the study channel is a single thread, and
therefore, did not bias upstream habitat selection of migrating individuals (Blanco, 2005).

Sampling and data analysis

The study channels were visited weekly between 15 August and 12 December 2000. Near-bed water velocity was
measured at 2cm above the streambed using a Marsh-McBirney flowmeter. Each velocity measurement was
averaged over 30 s and three to five measurements were made at each point. Ten points every 1 m were sampled
across the MC. Paired sampling points were measured in five cross sections along SC (Figure 1b). Near-bed
velocity and depth were used to compute Reynolds (Re) and Froude (Fr) numbers to characterize flows in both
channels (Statzner et al., 1988):

Re=UDv! (1)

Fr=U(gD)™" ©)

where U is the average of repeated measurements of near-bed velocity at each sampling point, D is the depth of
near-bed velocity measurement (2cm), g is gravity acceleration (9.8ms 2) and v is the kinematic viscosity
(1 x 10°°m?s™" at 20°C). Near-bed flows are classified as laminar (Re < 500), transitional (500 < Re < 2000) or
turbulent (Re >?2000) and as subcritical (Fr<1) or supercritical (Fr>1). A Two-way Analysis of Variance
(ANOVA) was used to compare near-bed velocity, Re and Fr between channels and sampling dates.
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Figure 1. (A) Location of Route 3 bridge at Rio Mameyes (star). LEF = Luquillo Experimental Forest. (B) Sampling design. Circles indicate
location of sampling plots and velocity measurements in cross sections (broken lines) at main and side channels. Arrows show proximate flow
direction. Upstream migrations of snails move against direction of flow (see bottom arrow). Channel length not at scale
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Detailed snail sampling was limited to 10 dates when water level was low and visibility was high (see Blanco and
Scatena, 2005). On these sampling days, snails on and under rocks were counted within 0.5 x 0.5 m quadrats
(n=10) placed on the streambed. Sampling quadrats were placed ~1 m apart across the MC, and in five pairs along
the SC (Figure 1b). At the SC, one quadrat of each pair was placed on the thalweg and another on the shallow part.
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In addition, a random sample of individuals was collected from each quadrat to measure shell size (see Blanco and
Scatena, 2005).

Each sampling date was classified as either a migration or non-migration event. Migratory events were readily
identified because small individuals were abundant and aggregated into dense clusters or long trails that persistently
moved upstream (Blanco and Scatena, 2005). All massive migrations appeared a few days after spates (>2m>s ")
and increased snail density 2—10 times (200-800ind m™~?) over values observed during non-migration periods
(20-100 ind m ). During non-migratory sampling periods, the snails were dispersed and rarely forming groups of
more than five individuals. Over the study period, there were two migration periods that were related to large
channel scouring floods. The first migratory period occurred between 5 September and 3 October 2000. The second
period occurred during November 2000. Non-migration periods were scattered between October and December.
Detailed temporal patterns and hydrologic correlates of upstream migration events are described in Blanco and
Scatena (2005).

To study habitat selection between the two channels, both size and density were log-transformed to reduce
variance effect on the mean and meet homocedasticity assumptions of tests. A Two-Way ANOVA was used to test
differences of size and density between channels, and between migration and non-migration events (Zar, 1999). A
two-way design was preferred over a repeated measures design because (a) sampling quadrats (sampling units)
were never placed in the exact same position, (b) sampling quadrats were pooled according to migration and
non-migration events and (c) every migration event can be considered as an independent trial where individuals
selected upstream pathways in a natural channel-split setting. Homogeneity of variance of untransformed data was
tested between channels and migration events using Levene’s test.

The spatial arrangement of the snails was studied separately within each channel. Within the MC, microhabitat
selection relative to near-bed water velocity was tested. Frequency distribution of near-bed water velocity was used
to determine modes (Labonne et al., 2003), and thus microhabitat availability for N. virginea. Modes from the first
to the fourth interquartile were calculated. Outliers were considered as a fifth category. Snail densities were grouped
into the five near-bed velocity categories within each sampling date. The Ivlev’s electivity index (Manly et al.,
1993) was computed to test microhabitat preferences in N. virginea, as follows:

ri —Ppi
— 3
ri +pi =

where r; is snail density and p; is availability of near-bed velocity in i-th category. I ranges from +1 (complete
preference) to —1 (complete rejection). Homogeneity of density distribution and electivity indices throughout
velocity categories was tested using Chi-square tests within each study period.

Within the SC, microhabitat selection was tested relative to both near-bed water velocity and depth. Sampling
dates were pooled as migratory or non-migratory events. Although some storm-related streambed scour also
occurred in the SC, its geometry remained similar throughout the study. This allowed a comparison of snail density
between the thalweg and shallower microhabitats of the channel relative to migratory and non-migratory events.
Near-bed velocity and snail density were compared between SC microhabitats and migration events using a
Two-way ANOVA.

RESULTS
Hydraulics of the study channels

The two study channels differed in their nearbed hydraulics (Table I). Instantaneous near-bed velocity was more
variable in the MC than in the SC, and had a dominance of unsteady and heterogeneous flows (Levene’s test: Fy
480 = 11.48, p <0.001). However, mean near-bed velocity was not significantly different between the channels
(mean =+ s.d., MC: 0.30+0.30 m s !, 8C:0.27+0.20ms ™ ; Fy, 480 =1.04, p =0.31). Mean near-bed velocity did
change significantly among sampling dates in both channels (Two-way ANOVA: Fg_ 411 =768.00, p < 0.0001) and
the SC had a larger variation between moderate (Q75, > 2m’s™!, Table I) and low (<Qso, Im>s™ 1) discharges
(Two-way ANOVA: channel X time interaction, Fg 417 =3.46, p <0.01). Near-bed flow at both channels was
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Table I. Characteristics of the study channels in lower Rio Mameyes

Variable Main channel Side channel
Bankfull width (m) 11 3

Base flow depth (cm) 30 (10-50) 20 (5-30)
Dominant substrates Boulder, cobble Cobble, pebble, gravel
Near-bed water velocity (m s h 0.15 (0.00-1.00) 0.20 (0.00-0.50)
Reynolds number 3000 (0-20000) 4000 (0-10000)
Froude number 0.21 (0-1.14) 0.14 (0-0.86)

Means and ranges are reported for baseflow (1-2m®s ™) conditions.

turbulent (Re > 2000) at both discharge levels. In contrast, flow at low discharge was subcritical (Fr < 1) in the SC
and supercritical (Fr> 1) in parts of the MC, particularly over the concrete embankment.

Within the MC, the frequency distribution of near-bed water velocity was skewed toward values lower than
0.50 m s~ '. Fifty percent of the sampling quadrats exhibited velocities ranging between 0.10 and 0.40 m s~ '. Modes
from the first to fourth quartiles were 0.05, 0.15, 0.30 and 0.60 m s_l, respectively. Outliers were greater than
0.8 ms ™' and were most frequently observed on the concrete embankment. Within the SC, near-bed velocity was
normally distributed, but significantly greater in the thalweg than at the shallow area of the channel (F;, 14, =6.97,
p <0.05).

Snail density and size patterns between channels

Significant differences in both shell size and snail density of N. virginea were observed between the MC and the
SC (Figure 2). Mean snail size was smaller in the MC than in the SC (mean *s.d., MC: 6.3 £2.8 mm, n =940, SC:
7.6 £2.4mm, n=299; Two-way ANOVA: F; 235=101.96, p <0.0001). Moreover, the smallest individuals
(<3 mm) were always observed at the MC, while the largest individuals (>>10 mm) were predominantly observed in
the SC (Figure 2a). Mean shell size was significantly smaller during migration events in both channels (Fo,
1235 =40.54, p < 0.0001). However, the greatest change in shell size relative to migration events occurred in the SC
(interaction factor: F; 1235 =40.81, p <0.0001). Dispersion around the mean shell size was significantly narrower
in the MC than in the SC, particularly during upstream migration events (Levene’s test: Fy 1535 =76.13, p < 0.001).

Mean snail density was 6.5 times higher in the MC than in the SC (mean £+ s.d., MC: 115.7 £ 118.4ind nfz,
n=286,SC: 17.8+33.8indm 2, n="78; Two-way ANOVA: F; ;59=161.14, p <0.0001). In addition, mean snail
density changed significantly between migratory and non-migratory events (Fg 159 =6.29, p <0.05). During
migration events, snail density was 2-10 times greater than during non-migratory periods (200-800 and
20-100ind m 2, respectively). The interaction factor was significant (F;, 59 =0.35, p <0.05).

Snail density patterns within channels

Within the MC, the snails were not homogeneously distributed and more snails were consistently observed in
specific areas of the cross section (Figure 3a). During the first migration period, the greatest densities were observed
in areas on the concrete embankment or areas in the centre of the channel where near-bed velocities exceeded
0.60ms~ ' (x*=61, n=>5, p<0.001). During the second migration period, greater density was also observed on
the concrete embankment, but a large migratory aggregation was also observed in the centre of the channel where
velocities were 0.15ms ™' (x> =84, n=4, p < 0.001). During non-migration events, density was nearly similar
across the entire MC, though very few snails were observed at 0.60ms™' (x*=65, n=35, p <0.001). When the
availability of microhabitats based on near-bed velocity categories was considered, greater electivity was observed
for areas with velocities > 0.80ms ', regardless if there were migratory (both periods pooled: x> =40.9, n=35,
p <0.001) or non-migratory (x*=38.5, n=5, p <0.001) periods (Figure 3b). Near-bed velocities within the
interquartile range (0.10-0.40 m s~") were either slightly selected or rejected (/= 0.3). Electivity for > 0.8 m s
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Figure 2. Box plots comparing shell size (A) and snail density (B) between channels and migration events

was slightly reduced during non-migration events because large clusters or long trails did not occur on the concrete
embankment and preference for velocities around 0.60ms ™' was increased.

Snail density in the SC dropped to nearly zero during non-migration dates (F,, 93 =34.75, p <0.001). When
snails did migrate through the SC, they were nine times more abundant in the thalweg than in the shallow areas
(Figure 4; F; 93 =19.88, p < 0.001). Near-bed velocity was consistently slower in the thalweg (0.17 =0.10m sh
compared to shallow areas (0.31 &+ 0.10ms™ Y (Figure 4).

DISCUSSION

In general, small (<8 mm) N. virginea migrated through fast and turbulent flows in the MC. Larger individuals
(>7 mm) migrated though the slower velocity, smoother flows in the thalweg of the SC (Figure 5). It is worth noting
that the sloping concrete embankment of the MC seemed to facilitate migration by allowing the formation of long
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Figure 3. Density distribution (A) and electivity (B) relative to various near-bed velocity categories within main study channel. Data are shown
to migration and non-migration events

trails of snails. Similar trails of migrating postlarval shrimp also occurred along the embankment (J. F. Blanco,
personal observations) and are probably facilitated by snail trails (T. Crowl and D. Kikkert, Utah State University,
personal communication). These results confirm that rheotactic behaviour in neritid snails occurs in migrating
individuals as well as resident individuals (Blanco and Scatena, 2006). However, they also demonstrate that
rheotactic behaviour is better expressed in juveniles than adults.
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Mechanisms explaining the observed patterns of between- and within-channel spatial arrangement of migrating
individuals were not directly studied but may include the availability and type of food, predation risk and
biomechanical factors. Primary production and the content of nutritious compounds in periphyton are usually
greater in riffles than slow-flow habitats (Lane, 1991; Johnson and Brown, 1997). Algal biomass and turnover for
grazing neritid snails may be greater in the MC because the fast and turbulent flows reduce sedimentation. Predation
risk can also be a factor in causing the selection of faster flowing areas because eleotrid fishes, well-documented
predators of neritid snails (Corujo-Flores, 1980; Alpirez et al., 1984; Teixeira, 1994; Resh et al., 1999), are usually
more abundant in slow-flowing reaches of the Rio Mameyes (Nieves, 1998). In addition, terrestrial and visual
aquatic predators such as birds, freshwater crabs and palaemonid shrimps may also be less effective in riffles. Ford
(1979) reported that some birds foraged upon N. granosa in Hawaiian streams, and suggested that individuals in
slow-running waters might avoid shallow areas where terrestrial predators are more likely to forage. Similarly, in
headwater stream pools in Puerto Rico, atyid shrimps are reported to avoid shallow areas due to the presence of
various terrestrial predators (Pringle, 1996).
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Stream hydraulics can also exert additional influences on N. virginea, particularly upon large individuals. It is
known that micro-scale forces experienced by benthic invertebrates under fast flows influence their distribution and
directional movement (Huryn and Denny, 1997; Hart and Finelli, 1999). Large snails (>8 mm) were more abundant
on slow and subcritical flows in the SC suggesting that they may experience greater drag and lift under supercritical
flows in the MC. Narrower size range of individuals migrating through the MC, particularly close to the water mark
on the concrete embankment provides further evidence that supercritical and turbulent flows impose biomechanical
constraints to upstream movements in large individuals. Scaling of drag and lift with body size has been
experimentally demonstrated in gastropods and insects (Statzner, 1988; Statzner and Holm, 1989). Measurements
of microvelocities around lotic snails demonstrate that individuals inevitably enter into turbulent flow layers and
experience greater drag force as they grow, regardless of streamlining (Statzner, 1988; Statzner and Holm, 1989;
Way et al., 1993). Future study on the biomechanics of snail migration movement relative to sizes and flow would
be valuable as shown for Hawaiian neritids (Way et al., 1993) and other stream gastropods (Statzner, 1988; Statzner
and Holm, 1989; Huryn and Denny, 1997).

CONCLUSIONS

Neritid snails such as N. virginea show marked habitat and microhabitat preferences as both migrating and resident
individuals. These preferences are proximately related to hydraulic characteristics. Therefore, human and natural
alterations of channel morphology or hydraulics can influence the spatial arrangement of migrating snails between
and within channels. These influences need to be considered in the design of instream structures associated with
roads. In this particular study, a concrete embankment facilitated the migration of small individuals in long trails,
but might impose constraints to larger individuals. This study also demonstrated that migrating individuals of
N. virginea naturally preferred near-bed velocities greater than 0.8 ms™', Fr numbers greater than 1 and Re
numbers between 10> and 10%. Designs with vertical embankments, shallow, rectangular or sand filled channels will
not provide suitable microhabitats and will be greater barriers or filters to migration. Ecologically sound designs
should avoid these extremes and offer greater habitat and microhabitat diversity.
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