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Abstract: The predator-permanence hypothesis predicts that as hydroperiod increases in lentic ecosystems, biotic
interactions—mainly predation—replace physical factors like drying as the main determinant of community struc-
ture and population dynamics. We propose that the same transition occurs over time in seasonally flooded eco-
systems that are connected to permanent water bodies. To test for evidence of successional changes that are similar
to spatial changes in the relative importance of drying and predation, we used a 12-y time series of snail density,
predator density, and water depth at 4 sites arranged along a nutrient gradient in a subtropical, seasonally flooded
wetland, the Florida Everglades, USA. The rate of change in snail population size was negatively correlated with
their density at all 4 sites, suggesting that density-dependent factors such as resource limitation regulate snail
dynamics. The strength of the relationship varied among sites such that when water depth changes were less im-
portant, snail population size was more important in predicting changes in snail population size. At the site that
consistently had the greatest snail density, crayfish density negatively affected the rate of snail population change,
suggesting that crayfish predation may limit snail population growth in areas with more or higher-quality resources
that support larger snail populations. Tethering studies were also conducted, which revealed higher snail mortality
in the wet season, primarily because crushing predators (e.g., molluscivorous fishes) were more common at that
time and added to the chronic mortality by entry-based predators (e.g., crayfish, which access snails through their
aperture). In summary, 3 of the sites resembled temporary or permanent fishless ponds where snail populations
were primarily structured by abiotic factors, intraspecific competition, and invertebrate predators (e.g., crayfish)
during the wet season, whereas 1 site showed evidence that snail populations were also influenced by mollus-
civorous fish. This temporal change in importance of water permanence factors to fish that affected population
dynamics supports the spatial pattern proposed by the predator-permanence hypothesis.
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The predator-permanence hypothesis proposes that aqua-
tic community structure and population dynamics change
across space from temporary to permanent aquatic sys-
tems because of trade-offs associated with a species’ ability
to cope with abiotic and biotic factors along the water-
permanence gradient (Wellborn et al. 1996). For example,
fish do not occur in temporary ponds because they dry,
whereas many quickly developing aquatic invertebrates
and amphibians are excluded from permanent ponds be-

cause they are susceptible to fish predators (Skelly 1997,
Wilbur 1997). This spatial framework of community struc-
ture can be adapted to better understand effects of tempo-
ral variation in water permanence on community structure
and population dynamics at a single location (Tonn et al.
2004, Werner et al. 2007). Aquatic communities of season-
ally flooded wetlands that are connected to permanent wa-
ter bodies (e.g., floodplain river systems, ridge and slough
wetlands, canals) experience a range of abiotic and biotic
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factors that change seasonally. These systems may resemble
temporary ponds upon reflooding, but transition to mirror
permanent water bodies relatively quickly through immi-
gration of fishes and other drying-intolerant animals from hy-
drological refuges (Whiles and Goldowitz 2005, Dorn 2008).
The return time between drying events and immigration rates
of community members combine to determine the relative
similarity to permanent water bodies that these communi-
ties attain during periods of flooding (Trexler et al. 2005).

Disturbance, dispersal, and susceptibility to predation are
the central abiotic and biotic drivers of community structure
and population dynamics along the predator-permanence
gradient. Water permanence is an important disturbance
in freshwater ecosystems that affects population size, stabil-
ity, and growth by removing biomass and affecting commu-
nity structure by excluding species vulnerable to the drying
interval (Grime 1977, Sousa 1984, Grimm and Fisher 1989).
Dispersal enables species to move in search of resources
and avoid unsuitable habitats (Caceres and Soluk 2002,
Abbey-Lee et al. 2013). Predation is an important biotic factor
regulating population growth by altering prey traits (e.g., be-
havior, physiology), removing organisms through consump-
tion, or shifting colonization rates and patterns (Sih et al.
1985, 1998, Lima 2002, Schmitz et al. 2008). For many species
along the predator-permanence gradient, trade-offs among
traits allow them to persist through drought or fish predation,
but usually not both. For example, traits that are successful
in habitats that dry frequently include rapid growth and re-
production, aestivation, and desiccation-resistant egg cases
(Wellborn et al. 1996). These traits typically trade off with
traits that enable coexistence with fish predators like slower
growth, maturation at smaller sizes, lower activity, and behav-
joral changes leading to shifts in habitat use (e.g., avoiding
risky habitats) (Wellborn et al. 1996). However, some species
can persist across the gradient, whether spatial or temporal,
from temporary to permanent habitats and are, therefore,
controlled by both abiotic and biotic factors with the relative
importance of each depending on the prevailing conditions
(Wellborn et al. 1996).

The Florida Everglades in the USA is an expansive sub-
tropical oligotrophic wetland with wet and dry seasons
(Davis and Ogden 1994). The Everglades provides a useful
ecosystem in which to examine predictions based on the spa-
tially structured predator-permanence hypothesis in a sys-
tem dominated by temporal changes in water permanence.
Although the overall system is nutrient poor, there is a
north—south nutrient gradient with more available nutrients
(particularly P) in the northern (upstream) Everglades than
in the south (Gaiser et al. 2006). Topography changes little
across the Everglades landscape, but hydroperiod varies pre-
dictably from annual drying near the wetland margins to
multi-year inundation in central sloughs. Hydrologic varia-
tion is the most important abiotic driver of aquatic commu-
nities in the ecosystem (Ruetz et al. 2005, Trexler et al. 2005,
Dorn and Trexler 2007, Parkos and Trexler 2011). Periphy-

ton (green algae, cyanobacteria, diatoms, and fungi) forms
thick mats in association with bladderworts (Utricularia spp.)
and grows around submerged stems of emergent aquatic
vegetation (e.g., spikerush, Eleocharis spp.) that provide hab-
itat complexity, refuge, and resources for macroinvertebrates
and snails (Browder et al. 1994, Liston and Trexler 2005, Ruehl
and Trexler 2015).

Snails are important primary consumers in the Ever-
glades that exhibit traits enabling them to quickly recolonize
marshes that dry frequently, as well as inhabit sloughs that
rarely dry (Ruehl and Trexler 2011). Of the many snail spe-
cies that occur in the Everglades, Pomacea paludosa (Say,
1820), Physella acuta (Draparnaud, 1805; previously Haitia
cubensis and Physella cubensis [Pfeiffer, 1839]), and Heli-
soma spp. (complex of Helisoma duryi [Wetherby, 1879]
and Helisoma scalaris [Jay, 1839]) are generally thought to
be the 3 most common (Thompson 2004, Ruehl and Trexler
2011, Rogers 2016). We focus on Helisoma spp. in this study,
and reference to snails after this point pertain only to He-
lisoma. A detailed study of Helisoma life history in the Everg-
lades is lacking, but Helisoma are similar to other planorbids
(Dillon 2000). They reach maturity around a month after
hatching (~10 mm shell length) and live for about 1 y (Fretter
and Peake 1979, Dillon 2000). They lay eggs throughout the
wet season and early dry season. In areas where the marsh
dries, snails either aestivate or senesce (depending on age)
with the survivors emerging as the water returns (Dillon 2000,
Ruehl 2010).

Molluscivores can have strong top-down effects on snail
population growth. Crayfish are among the most important
snail predators in freshwater ecosystems (Lodge et al. 1994).
Two species of crayfish occur in the Everglades: the Ever-
glades Crayfish (Procambarus alleni Faxon, 1884), common
in frequently drying marshes; and the Slough Crayfish (Pro-
cambarus fallax Hagen, 1870), common in deeper marshes
and sloughs. Both species burrow in response to drying and
recolonize quickly after reflooding (Dorn and Trexler 2007,
Trexler and Loftus 2016), and both are predators of Heli-
soma snails (Ruehl 2010, Ruehl and Trexler 2013). Large
fish are also important snail predators in the Everglades
where there is sufficient water for their survival, as well as
during the wet season when they disperse (<20 km) into
previously dried marshes (Parkos and Trexler 2011, 2014).
The 2 most common molluscivorous fishes in the Ever-
glades are the Redear Sunfish (Lepomis microlophus Giinther,
1859) and Mayan Cichlid (Mayaheros urophthalmus Gun-
ther, 1862). Both species consume a wide size range of snails
and consume numerous individuals/day (Huckins 1997, Berg-
mann and Motta 2005, Ruehl 2010).

In this study, we examine the value of applying the
predator-permanence hypothesis, originally conceived for
understanding spatial variation in community structure,
to explain temporal variation in community structure at 4
different locations in the Everglades. We developed a model
of marsh drying, habitat complexity, and predation based



on the predator-permanence hypothesis to explain planorbid
snail population dynamics over time (Fig. 1). The model pre-
dicts that snail populations are limited by water depth during
the dry season, habitat complexity facilitates snail population
growth, and molluscivorous fishes negatively affect snail pop-
ulations during the wet season. Crayfish (Procambarus spp.)
are not as susceptible to drought as fishes (Dorn and Trexler
2007) and should present a persistent, year-round negative
influence on snail population growth. Based on these pre-
dictions, we developed 3 general research questions: 1) How
does hydrologic variation affect snail population dynamics?
2) Does habitat complexity help explain variation in snail
population dynamics? and 3) What are the relationships be-
tween planorbid snails and both crayfish and fish (known
predators of snails)?

Disturbance
» Seasonal water depth
+ Change in depth

Habitat complexity

and food availability

« Stem density

= Periphyton and
SAV volume

Fish
= Crushing predator
« CPUE

* Presence

Crayfish
« Entry-based predator
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t—1 t
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(<10 mm) (<10 mm)
Adults Adults

Figure 1. Conceptual diagram of representative ecological
drivers that we measured and could affect Helisoma spp. popula-
tions in the Florida Everglades, USA. Snail populations are shown
separately at times ¢ — 1 and ¢ and for juveniles and adults be-
cause they reproduce continuously with overlapping size struc-
ture. Disturbance, such as seasonal change in water depth, affects
the survival (S) of emergent stems, periphyton, submerged aquatic
vegetation, snails, and crayfish and the presence (P) of large
predatory fish in the marsh. Habitat complexity and food avail-
ability influence the change in juvenile and adult snail density by
affecting resources (R). Fish predators and crayfish predator den-
sity affect the change in juvenile and adult snail density through
survival. CPUE = catch per unit effort, SAV = submerged aquatic
vegetation, r, = per-capita realized population change.
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METHODS

To evaluate support for our model predictions, we used
a 12-y time series of snail density and size, crayfish density,
molluscivorous fish catch per unit effort (CPUE), habitat
complexity (emergent stem density, periphyton, and sub-
merged aquatic vegetation volume), and water depth at 4 sites
with contrasting hydroperiod along a nutrient enrichment
gradient. Insight on the effects of predators on snail popula-
tions was supplemented with field estimates of snail mortal-
ity rates using tethering studies.

Time series for invertebrates, habitat, and hydrology
Data collection To evaluate abiotic and biotic factors affect-
ing snail population dynamics, we chose sites in spikerush-
dominated sloughs with similar water permanence. We
chose 2 sites (3, 11) in Water Conservation Area (WCA)
3A and 2 sites (CP, TS) in Taylor Slough (TSL) (for map
see Ruetz et al. 2005). Though the sites are oligotrophic, they
occur along a P gradient, with sites in WCA relatively en-
riched with P compared with TSL (Gaiser et al. 2006). At
each site, there were 3 plots (100 m?, 0.5-2 km apart) where
either 5 (WCA) or 7 (TSL) samples were taken during each
sampling event (sampling locations within plots were cho-
sen randomly). Aquatic communities at these 4 sites were
sampled during 5 mo each year from July 1996 through De-
cember 2007, representing 12 y (June—May). This sampling
schedule resulted in a maximum of 58 visits site " plot ' for
all sites (except site 11 in WCA, which had a maximum of
53 visits; regular sampling was discontinued in December 2006
because of vegetation encroachment). The annual sampling
regime captured the early (July) and mid (October) wet sea-
son, the transition to the dry season (December), and the
early (February) and late (April) dry season. Plots within
sites were not sampled in periods when water depths were
<5 cm and represent missing values in the dataset. In TSL,
we sampled the 3 plots at site CP 57/58 (98%) of poten-
tial events, and we sampled the 3 plots at site TS 55 (95%),
54 (94%), and 53x (91%). In WCA, at site 3, we sampled
2 plots 56 x (97%) and 1 plot 55 (95%). At site 11, we sam-
pled 1 plot 44x (83%), the 2™ plot 43x (81%), and the 3™ plot
35X (66%). Sampling events represent time steps in our
models.

We collected samples with 1-m* throw traps (1.6-mm
mesh), following standard procedures (see Jordan et al.
1997 for details). Briefly, trained field technicians identi-
fied and counted emergent plants. We quantified periphyton,
floating vascular, and submerged aquatic vegetation bio-
volume with a large graduated cylinder modified with holes
to drain water. Trained technicians collected all animals, in-
cluding snails, with a bar seine (1.6-mm mesh) and 2 nets
(1.2- and 4.8-mm mesh) using standardized effort and pre-
served in 37% formalin, then transferred to 70% ethanol
for later analysis. We estimated snail standing stock by mea-
suring the shell length of all collected snails and estimating
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individual wet-tissue mass with locally derived length-to-
mass relationships (Obaza and Ruehl 2013). The mean snail
standing stock among samples at each plot served as the unit
of observation, resulting in 3 replicates (3 plots sampled) at
each site for each sampling event.

Data analysis To answer our 3 research questions about
snail density’s relationship with hydrologic variation, hab-
itat complexity, and predator density, we used time-series
analysis of the throw-trap dataset. In all time-series mod-
els, we used the per-capita realized population change (r,)
as the response variable, which was calculated as

ry = lOg(N[/Ntfl), Eq 1

where N, is the population density (no./m?) in the current
time (¢) step and N, _ ; is the population density in the pre-
vious time step (i.e., previous sampling event). Using r, as
the dependent variable simplifies model complexity be-
cause it accounts for autocorrelation in the time series
(Turchin 2003).

We used multiple regression to model the data in 3 hi-
erarchical steps driven by the linkages among the response
variables and the 3 types of independent variables in our
conceptual model (Fig. 1). We used a model selection ap-
proach that compared Akaike’s Information Criterion (AIC)
among multiple regression models to choose the best model
at each step. Models with the lowest AIC were considered
preferred (i.e., best) because they captured greater amounts
of information in the data than those with larger AIC values
(Anderson 2008). Models differing by <2 AIC were consid-
ered equivalent models in the amount of information they
explained, whereas models differing by >2 AIC were consid-
ered to capture less information and were not retained in
subsequent steps.

In step 1, we examined the effects of hydrologic varia-
tion on changes in snail population size by contrasting 8
models that contained different combinations of water
depth, change in water depth (4D = D,/ D, _ 1), lag water
depth (LD = D, _ ), days since a site was last dry (DSD),
and DSD?. We used the change in water depth between
sampling events to model recession or flooding of the
marsh. Lag water depth modeled the effect of water depth
in the prior sampling event on the change in snail density.
The DSD variable modeled drying of the site, and we in-
cluded the squared term (DSD?) because past work dem-
onstrated that the effects of days since dry diminishes with
time (Ruetz et al. 2005).

In step 2, we took the best model from step 1 and added
the different variables that described habitat complexity.
Predictor variables in this step included 1) stem density;
2) the combined biovolume of periphyton, floating vascu-
lar, and submerged plants; and 3) the prior 2 combined.
Variables in all 3 datasets were log transformed to correct
for overdispersion.

In step 3, we took the best model from step 2 and added
combinations of lag (t — 1) snail density, lag snail size, and
lag crayfish density to examine biotic interactions. Lag
snail density tested for negative density dependence, and
lag snail size tested for the effect of body size on the change
in snail density. Together, these variables tested for intra-
specific effects on snail populations. For crayfish density,
we combined both crayfish species into a single variable
because laboratory trials (Ruehl 2010) indicated they had
similar effects on snails, smaller individuals were not iden-
tifiable to species, and we were interested in the net effect
of crayfish on snails. We modeled the effects of crayfish on
the change in snail density using crayfish density in the prior
sampling event (lag crayfish density) because if crayfish pre-
dation affects snail population size, past crayfish density
should predict current snail population size. We log trans-
formed crayfish density to correct for overdispersion.

We report the parameter estimates and SE (B + SE), the
standardized B weights, the squared semi-partial correla-
tion, and the adjusted R* for the final model at each site
(Table 1). The standardized 3 weights are parameter esti-
mates that are adjusted by their SD and provide a weighted
effect size for each parameter (Tabachnick and Fidell 2007).
The squared semi-partial correlation relates the amount of
variation explained by the whole model to each parameter.
The adjusted R* reports the amount of variation in the de-
pendent variable that is explained by the total model and ad-
justed for model complexity.

Large molluscivorous fish

Data collection Large fish (>8 cm standard length [SL])
are present at low density in the Everglades (Chick et al.
2004) but could influence snail population dynamics be-
cause they can consume large numbers of snails in short
periods of time (Lodge et al. 1987, Huckins 1997). We ad-
dressed the potential for large Redear Sunfish and Mayan
Cichlids (>8 cm SL) to affect snail density with time series
data from airboat-mounted electrofishing (Chick et al.
1999). CPUE of large fishes was collected from 1997 to
2007 at 3/4 sites (site 11 in WCA was not sampled because
vegetation was too thick to be effective) with three 5-min
electrofishing transects (pulsed DC current at 1500 W/;
Smith-Root, Vancouver, Washington) near the 3 throw-trap
plots around the same time as throw-trap samples were col-
lected (for detailed methods see Chick et al. 1999, 2004,
Parkos and Trexler 2011). We report catches of these fishes
at sites but model their presence for each region because
they travel among sites within regions (Parkos and Trexler
2011).

Data analysis Because large fish are rare in the Ever-
glades, we created a presence—absence variable and used
logistic regression to model the probability of large fish oc-
currence within each region (i.e., TSL, WCA). We tested
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Table 1. Summary statistics for the final models predicting per-capita rate of change in snail density from the model selection proce-
dure for each site in the Florida Everglades, USA. Sites 3 and 11 are in Water Conservation Area (WCA) 3A, and sites CP and TS
are in Taylor Slough (TSL). Model selection steps and Akaike’s Information Criterion selection are in Tables S1-S4. — = no data,

B = standardized regression coefficient, f weights = B adjusted by standard deviation.

Squared
semi-partial
Region Site n Independent variables B +SE B weights correction Adjusted R*  Rank
WCA 3 87 Lag water depth (cm) —0.004 £+ 0.008 —0.082 0.002 0.4 7
A water depth (cm) —-0.2+0.1 -0.2 0.03 - 3
Log periphyton volume (mL) 0.09 £ 0.07 0.1 0.01 - 5
Log lag crayfish density (no./m?) —0.3+0.2 —0.2 0.03 - 2
Log lag snail size (mm) —0.13 +0.19 -0.13 0.004 - 4
Log A snail size (mm) —0.005 £ 0.1 —0.006 0.00 - 6
Log lag snail density (no./m?) —0.6 0.1 —-0.6 0.3 - 1
WCA 11 35 A water depth (cm) —0.2 £ 0.01 -0.3 0.07 0.35 2
Log stem density (no./m?) —0.032 £ 0.16 —0.036 0.001 - 4
Log lag snail density (no./m?) —0.46 +0.19 —0.39 0.13 - 1
Log A snail size (mm) 0.064 + 0.069 0.15 0.018 - 3
TSL (@3 66 A water depth (cm) —0.2 £ 0.06 -0.3 0.07 0.36 2
Log stem density (no./m>) —0.1 £0.07 —0.2 0.03 - 3
Log lag snail density (no./m?) —0.5+0.1 —-0.5 0.2 - 1
Log A snail size (mm) 0.058 + 0.048 0.13 0.016 - 4
TSL TS 55 A water depth (cm) —0.07 £ 0.07 -0.1 0.01 0.46 3
Log periphyton volume (mL) —0.1 £ 0.04 -0.3 0.08 - 2
Log lag snail density (no./m?) —0.784 + 0.125 —0.656 0.4 - 1
Log A snail size (mm) 0.003 £ 0.046 0.006 0.00 - 4

for effects of year, sampling period (month), year-by-
sampling period, water depth, DSD, and DSD?, and we
used model selection to determine the best model from
the set for each region as described above. Effects of large
fishes were investigated independently of the throw-trap
dataset because we conducted electrofishing during only
4 sampling periods/y and sampling was often limited
during the dry season, resulting in different sample sizes
between datasets.

Tethering experiment

Data collection We conducted a tethering experiment to
estimate the relative rate of predation at the 4 sites for each
sampling event during 2007. Tethering was done in con-
junction with throw-trap sampling. We tethered 20 snails
(9-14 mm shell length, sourced from captive populations;
see Ruehl and Trexler 2013, 2015 for details) to separate
PVC stakes that were spaced 3 m apart in 2 blocks at each
site. Stakes were driven into the marsh floor and a 1-m
length of 6-1b (2.7-kg) monofilament was tied to the stake.
We attached the snails to the tether with cyanoacrylate ad-
hesive (superglue) applied to the shells. Tethers allowed snails
to move freely and feed on periphyton and offered the op-
portunity to hide. We retrieved tethers after 4 d. We con-
trolled for effects of handling, abiotic factors (e.g., low dis-

solved oxygen), and the potential for escape from tethers
by tethering 4 snails in a 1-m” cage in each block. There
was no mortality for snails tethered inside cages. A strong
windstorm flipped 1 cage during 1 event, and all but 1 snail
remained attached to their tether in the flipped cage. The
mode of predation was determined based on the remains
at the end of the tether. Crushing predators, like fish, turtles,
or small alligators, left shell fragments. Entry-based or shell-
chipping predators, like crayfish or belostomatid bugs, left
empty shells (Fig. 2). Tethers with no snail or remains were
removed from all analyses because we were specifically in-
terested in quantifying the relative effects of crushing and
entry-based predators.

Data analysis Sites 11 and 3 were too shallow to sample
in April, and site 11 remained too dry in July to sample. Be-
cause this analysis was based on only 1 y of data, idiosyn-
crasies among sites were more easily interpreted than in
the time-series study; therefore, spatial and seasonal varia-
tion were included in a single statistical model. We used
logistic regression to separately model the probability that
snails were consumed in each region, sites nested within
regions, sampling period (month), water depth, tethered
snail size, and the associated interactions (Table S1). Sim-
ilar to the time series, model selection was used to find the
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Figure 2. Representative snail shell remains found at the end
of tethers in the Florida Everglades, USA. Intact empty shells
(tethers removed) were left by entry-based predators like cray-
fish or belostomatids (top), whereas crushing predators, like
fish, left shell fragments (bottom; interpretations supported by
laboratory feeding trials). The glue we used to attach tethers
left the white residue on the shells. Photo credit: CBR.

best model out of the set. We used SAS® (version 9.4; SAS
Institute, Cary, North Carolina) PROC GLM, PROC REG,
and PROC MIXED for time series analyses and PROC LO-
GISTIC for logistic models for all analyses and dataset
management.

RESULTS
Time series for invertebrates, habitat, and hydrology

We found considerable spatial and temporal variation in
snail density (no./m?), crayfish density, and water depth at all
4 sites during the 12-y study but relatively small annual var-
iation in snail and crayfish density within each site (Fig. 3A—
D). At all sites, both snails and crayfish recovered quickly
(<1 sampling period) after sites reflooded. Snail density tended
to be higher and more variable at site 3 in WCA (Fig. 3A) com-
pared with the other 3 sites (Fig. 3B-D). Site 11 in WCA had
many gaps in the time series and experienced large fluctua-
tions in snail and crayfish densities because water residence
times were shorter than at all other sites (Fig. 3B). Site CP in
TSL tended to have fewer variable populations of crayfish
and snails throughout the time series, along with lower cray-
fish densities, compared with other sites (Fig. 3C). Atsite TS
in TSL, populations of snails and crayfish fluctuated consid-
erably, and crayfish tended to be more numerous than at other
sites (Fig. 3D).

Seasonal trends in crayfish density, snail density, and snail
body size were more apparent after averaging across years

(Fig. 4A-D). During the early wet season (July), snail den-
sities were low (Figs 4B, SIA-D) and average body sizes
were large (Fig. 4C). Large snails were replaced with numer-
ous small individuals by December, and populations again
consisted of many large individuals by April (Fig. S2A-D).
These changes in density and snail body size corresponded
with fluctuations in water depth among sampling periods
over the 12-y time series at all 4 sites (Fig. 4D). Water depth
was greatest (50—60 cm) in the wet season (July—December)
and gradually declined during the dry season (February—
April; Fig. 4D). Comparatively, there was much less sea-
sonal variation in stem density and periphyton volume
(Fig. S3A, B).

The 1** set of regression models assessed the impor-
tance of water permanence and depth on the change in
snail density. At site 3, water depth during the prior sam-
pling event (i.e., lag water depth) and change in water
depth between sampling events (i.e., AD) were the best
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Figure 3. Snail density (mean, n = 3 plots, closed circles)
and crayfish density (mean, n = 3 plots, squares) compared
with water depth (mean, n = 3 plots, open circles) for a 12-y
period at 4 sites in the Florida Everglades, USA. The year is
marked on the x-axis every July. Sites 3 (A) and 11 (B) are in
Water Conservation Area 3A, and sites CP (C) and TS (D) are
in Taylor Slough. Note the log scale on the left y-axis for density
and the linear scale on the right y-axis for water depth. Gaps in
the plot indicate when the sites were dry (<5 cm deep).
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We took samples during months labeled on the x-axis. Jul =
July, Oct = October, Dec = December, Feb = February,
Apr = April.

predictors of snail density change and were included in the
final model (Table S2). For the other 3 sites (11, CP, and
TS), change in water depth was the single best predictor
of snail density change and was included in the final mod-
els (Tables S3-S5). Therefore, variables associated with
water depth fluctuation improved model fit more than var-
iables associated with water permanence, such as DSD and
DSD”.

Adding habitat complexity variables to the best models
for water depth improved model fit. Periphyton volume
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predicted snail density change better than stem density at
sites 3 and TS and was included in the final model for those
sites, whereas stem density predicted snail density change
at sites 11 and CP better than periphyton volume and was
included in the final model for those sites (Tables S2—S5).
Interestingly, stem density was highest at site 11 and lowest
at CP (Fig. S3A). Sites 3 and T'S had the highest periphyton
volume among the 4 sites (Fig. S3B).

Adding biotic variables to the best abiotic models im-
proved model fit considerably. Snail density in the previous
sampling event (lag snail density) was the best predictor of
snail density change between sampling events for all sites
and was included in the final models (Tables S2—S5). Snail
body size in the previous sampling event (lag snail size) was
included in the final model at site 3, and change in snail size
between sampling events was included in the final model at
all 4 sites. Crayfish density in the prior sampling event (lag
crayfish density) improved model fit at site 3. None of the
other biotic variables were retained in the final models of
the other sites.

Parameter estimates from the final models for each site
revealed the magnitude and direction of relationships be-
tween the different independent variables and the dependent
variable change in snail density. The rate of snail density
change was negatively related with the change in water depth
at all sites ( weights: 3 = —0.231, 11 = —0.297, CP =
—0.286, TS = —0.116), indicating that changes in snail den-
sity slowed as changes in water depth increased (Table 1,
Fig. 5A-D). None of the relationships between snail density
change and habitat complexity were very strong (Table 1).
However, stem density was negatively related to the change
in snail density at sites 11 (B weight: —0.036) and CP
(—0.191), and periphyton volume was negatively associated
with snail density change at TS (—0.289). Conversely, the
relationship between periphyton volume and change in
snail density was positive at site 3 (f weight: 0.132).

Snail density change was negatively related to snail density
in the previous time step at all sites, indicating negative den-
sity dependence (B weights: 3 = —0.551,11 = —0.391,CP =
—0.447, TS = —0.656). The effects of prior snail density on
the change in snail density were much stronger than changes
in water depth and habitat complexity variables (Table 1).
Crayfish density in the prior sampling event (lag crayfish den-
sity) was negatively correlated with the change in snail density
at site 3 (B weight: —0.216) and ranked 2" in importance
among the variables behind prior snail density. Lag crayfish
density was not included in the final models for the other sites
(Table 1, Fig. 5A-D).

Large molluscivorous fishes

Large molluscivorous fishes were sparsely distributed in
the marshes of the Everglades. Over the 11-y period in
TSL, 60 Mayan Cichlids and 60 Redear Sunfish were caught
at CP, and 46 Mayans and 24 Redear were caught at TS. In
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WCA, 60 Mayans and 40 Redear were caught at site 3 (no
samples were taken at site 11). Selection of potential logistic
regression models revealed that water depth and sampling
event were the best predictors of large fishes in the marshes
surrounding site 3 (df = 2, Wald’s x* = 9.87, p = 0.007, ad-
justed R* = 0.27; Table S6). Sampling event explained more
variation in large fish presence (B + SE = 1.26 = 0.56) than
depth (0.06 + 0.02), indicating that molluscivorous fishes
were more numerous in the marshes during the wet season
regardless of water depth. Another reason sampling event ac-

counted for more variation than water depth was that, in
some years, water remained relatively deep at some sites in
WCA even in the dry season, so sampling period and depth
were imperfectly correlated. Water depth (f + SE = 0.03 £
0.01) was the single best predictor of encountering large
molluscivores in TSL compared with the other candidate
models (df = 1, Wald’s x> = 8.24, p = 0.004, adjusted R*> =
0.06; Table S6). Therefore, in both regions, the probability
of encountering large molluscivores increased with increas-
ing water depth.



Tethering experiment

Of 389 tethered snails, 115 were consumed during the
year, and mortality ranged from 1 to 20%/d among the 4 sites
across the 5 sampling periods. Logistic regression models
that included season or season and water depth were the best
predictors of snail mortality (Table S1). In the season-only
model, snails had a higher probability of being consumed
during the wet season (July, October) than in the dry season
(df = 1, Wald’s x> = 13.26, p = 0.0003, B = —0.367). Adding
water depth to the season-only model did not qualitatively
change the probability of snail consumption due to season
(df = 1, Wald’s x* = 15.34, p <0.0001, B = —0.449), and wa-
ter depth was not strongly related to the probability of snail
consumption (df = 1, Wald’s x* = 2.34, p = 0.126, p =
—0.0145). Among the 115 snails that were eaten, 75 were
consumed by entry-based predators (Fig. 2, top) and 40 were
consumed by crushing predators (Fig. 2, bottom). Water
depth was the only independent variable in the final model
from the set used to predict the mode of predation (Table S1).
The probability of being consumed by a crushing predator
increased with increasing water depth (df = 1, Wald’s x> =
7.89, p = 0.005, B = 0.043).

DISCUSSION

Snail populations in the Everglades are controlled by a
combination of biotic and abiotic factors that vary with
the seasonal hydrologic cycles in the ecosystem (Trexler
et al. 2005, Dorn 2013, Ruehl and Trexler 2013, 2015, Knorp
and Dorn 2014, Dorn and Cook 2015). We took advantage
of this variation to explore the application of the spatially
explicit predator-permanence hypothesis to better under-
stand community structure in a single location over time.
Atall 4 study sites, snail populations experienced strong neg-
ative feedback on population size with a ~3-mo time lag,
consistent with density-dependent regulation during the
12-y study period. Among the 4 sites, prior snail density (bio-
tic) and changes in water depth (abiotic) were the strong-
est predictors of changes in snail population size. We found
that prior crayfish density was negatively correlated with the
change in snail density at site 3, where snails were most
common throughout the time series, suggesting a role for
crayfish in regulating snail populations at that site. These re-
sults generally support our conceptual model that in ad-
dition to the expected abiotic factors, both competition and
predation affect population dynamics (Fig. 1). Moreover,
the seasonal changes in the relative importance of abiotic
and biotic factors we observed at site 3 align with those pre-
dicted by the predator-permanence hypothesis across space
(Wellborn et al. 1996). We discuss the importance of dis-
turbance on planorbid snail population dynamics, how re-
sources may limit snail population growth, despite re-
sources being common, and examine the role of crayfish
and fish in controlling snail populations. We then use our
conceptual model to relate seasonal variation at a site to

Volume 41 December 2022 | 645

the spatial gradient proposed by the predator-permanence
hypothesis.

Wetland drying is a disturbance that affects populations
of aquatic species at different spatial and temporal scales.
Time since the last disturbance, a measure of water perma-
nence, is widely used to quantify population or community
responses to disturbances (Noble and Slatyer 1980, Grimm
and Fisher 1989). DSD generally accounts for development
of small-bodied fish assemblages after a drying event in the
Everglades (Ruetz et al. 2005, Trexler et al. 2005). However,
DSD did not explain changes in snail density in this study.
Rather, change in water depth and lag water depth were
the best abiotic predictors of snail density change (Table 1).
Changes in snail density were negatively correlated with
changes in water depth and lag water depth (site 3), indicat-
ing that increasing water depths corresponded to decreasing
snail densities (no./m?). This pattern was most evident at the
onset of the wet season when the marsh refilled (Figs 3A—
D, 4A-D). Changes in water depth and lag water depth are
more sensitive to processes occurring before and after a dry-
ing event (e.g, rainfall) rather than being representative of
the drying event itself (DSD).

Snail life-history characteristics enable populations to be
more resilient to drying events than fishes and some cray-
fishes. Many aquatic snails aestivate during dry periods,
and large individuals are more likely to survive drying pe-
riods. At the onset of the wet season, survivors reproduce
and then senesce (Richards 1963, Heeg 1977, Fretter and
Peake 1979, Dillon 2000). Body-size variation, which was
also included in the final models for all sites (Figs S2A-D,
S3A-C), exhibited a relatively weak effect on changes in
snail population size. This weak correlation may be explained
by the relatively small size (10-mm shell length; Dillon 2000,
Ruehl 2010) at which snails begin laying eggs, indicating
that snails of many sizes contribute to snail population growth.
Our data on seasonal variation in snail densities strongly
support this mechanism. Snail populations emerged from
the driest months (May, June) with much lower densities of
large individuals that likely laid eggs before senescing. Hence,
water-depth variables (e.g., change in water depth) explain
changes in snail density better than water-permanence var-
iables (e.g., DSD).

Competition for resources may account for much of
the variation in snail density change during the wet season
and early dry season. Periphyton mats are ubiquitous in the
Everglades and range in quantity and quality as both food
and shelter for grazers (Browder et al. 1994, Turner et al.
1999, Gaiser et al. 2005, Liston and Trexler 2005, Ruehl
and Trexler 2011, Trexler et al. 2015). Northern areas of the
system are relatively enriched with P, leading to different
periphyton composition and higher chlorophyll a content
compared with southern areas (Gaiser et al. 2006, 2011).
Field studies and experiments indicate that moderate P en-
richment increases periphyton resource quality and higher
consumer density and biomass of Everglades’ grazers (Turner
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et al. 1999, Gaiser et al. 2005, Sargeant et al. 2011, Trexler
et al. 2015). A similar pattern of increased biomass with P
enrichment emerges specifically from studies on Helisoma
snails (Ruehl and Trexler 2013, 2015). In this study, snail
density peaked and was, on average, higher in the relatively
P-enriched northern region (WCA) compared with the P-
poor southern region (TSL). At all sites regardless of re-
gion, prior snail density was the strongest predictor of snail
density change. This result suggests that P enrichment may
have a positive effect on snail population growth across the
study landscape and that resource limitation from poor-
quality food may account for a large proportion of the fac-
tors regulating snail populations in the Everglades. The re-
lationship between P enrichment and resource availability
for snail populations may also explain the general pattern
of lower snail density and biomass in karst wetlands com-
pared with other freshwater ecosystems (Ruehl and Trexler
2011). However, we could not directly address the relation-
ship between P levels and snail populations using the time
series because nutrient analysis was not included in the sam-
pling protocol.

Predation contributes to prey population regulation in
many freshwater ecosystems, including wetlands (Sih et al.
1998, Batzer et al. 2000, Lima 2002, Dorn et al. 2006, Chick
et al. 2008). Our time-series data revealed a negative cor-
relation between predator density and the change in snail
density at 1 (site 3) of the 2 relatively P-enriched sites in the
northern region, suggesting that predation contributed to
population regulation there. Three lines of evidence from
other studies in the Everglades support the role of fish and
crayfish in limiting snail populations at that site and other
similar sites. First, non-consumptive effects of predators neg-
atively affect snail populations, and those effects tend to be
larger in P-enriched areas. A mesocosm experiment found
that nonlethal crayfish in P-enriched conditions reduced
snail reproductive output by 60% compared with no-crayfish
conditions (Ruehl and Trexler 2013). A field experiment
found that snails grew 21% slower on P-enriched periphy-
ton in areas (near canals) with more predators (mostly fish)
compared with the same periphyton in areas with fewer pred-
ators (far from canals) (Ruehl and Trexler 2015).

Second, crayfish have strong consumptive effects on
snail populations in the Everglades (Dorn 2013), their pop-
ulations rebound quickly after dry-down events (Dorn and
Trexler 2007, Dorn and Volin 2009), and they are common
in marshes (Dorn et al. 2005), enabling crayfish (and other
invertebrate predators) to be a persistent source of snail
mortality year round. Our tethering experiment supported
these other studies, with snail mortality averaging around
10%/d and entry-based predators accounting for 65% of
consumption events. Further, lab-based performance trials
demonstrated that crayfish consumed as many as 2 (0.2 g
wet-tissue mass) snails/d, although only smaller snails were
consumed by crayfish because snails reached a size refuge
from crayfish around 8 mm in shell length (Ruehl 2010).

Third, fish predators consume numerous snails during
the wet season, thereby negatively affecting snail populations
during this period. Mayan Cichlids and Redear Sunfish were
present in both marshes during the wet season based on
electrofishing data (water depth >60 cm). The tethering ex-
periment revealed that 35% of all mortality was from crush-
ing predators (e.g., fish), which was more likely with increas-
ing water depth. Handling-time and consumption-rate trials
revealed that the largest Mayan Cichlids (21-cm SL) ate the
largest snails (~22-mm shell length) and consumed almost
60 (6.8 g wet-tissue mass) snails/d (Ruehl 2010). Smaller
(10-14-cm SL) Mayan Cichlids could only eat snails with
shell lengths <14 mm and consumed as many as 7 (0.6 g
wet-tissue mass) snails/d. Therefore, the combination of P
enrichment (which supports higher snail and crayfish abun-
dance) and greater water permanence (which increases the
probability of encountering molluscivorous fishes during
the wet season) results in stronger bottom-up and top-down
processes controlling snail populations at site 3.

The predator-permanence model predicts that aquatic
communities change along a spatial gradient from tempo-
rary to permanent systems because life-history tradeoffs
enable prey to cope with the dominant abiotic and biotic
processes along the gradient (Wellborn et al. 1996, Skelly
1997, Wilbur 1997). We propose a conceptual model that
substitutes the spatial gradient for a seasonal gradient in
water permanence to account for structural changes in
communities at a single location (Fig. 1). Across seasons, or
drying—reflooding cycles, a wetland could resemble a tempo-
rary pond dominated by abiotic processes, a pond regulated
by a combination of abiotic and primarily invertebrate pred-
ators, and ultimately a pond with large fish primarily regu-
lated by biotic factors.

We found evidence supporting this temporal predator-
permanence gradient at site 3 in the WCA. This site exhib-
ited characteristics of a temporary pond with few crayfish to-
ward the end of the dry season in April. In the middle of the
dry season, site 3 resembled a permanent pond when cray-
fish reached their peak densities before large fish became
numerous. The site was then similar to a permanent pond
with large fish in the wet season based on the presence of
molluscivorous fish in the marsh and a higher number of
mortality events by crushing predators. Site 11 was dominat-
ed by emergent aquatic vegetation and resembled a relatively
nutrient-rich, temporary pond dominated by abiotic factors
because this site dried frequently and had low average depths
(Fig. 3B). Invertebrate predators and, potentially, small fishes
influence snail populations in the wet season (Loftus 2000;
CBR personal observation that Eastern Mosquitofish [Gam-
busia holbrooki Girard, 1859] readily eat Helisoma eggs in
aquaria), but large fish do not appear to, likely because of
the ephemeral nature of this site. Further south in the TSL,
sites CP and TS had characteristics of a permanent pond
dominated by invertebrate predators during the dry season
and a permanent pond with large fish during the wet season



because these sites rarely dried and the presence of large
fish increased during the wet season. However, we did not
see a relationship between crayfish and snail populations
at sites CP and TS as we did at site 3 in the more northern
part of the system. P enrichment may be partially responsi-
ble for this difference given the north—south P gradient in
the Everglades (Gaiser et al. 2004, 2006, 2011) and because
higher P levels lead to higher consumer biomass, structural
changes in aquatic communities, stronger species interac-
tions, and greater snail predation (Turner et al. 1999, Sargeant
et al. 2010, Ruehl and Trexler 2013, 2015).

Use of the conceptual model developed here will facili-
tate identification of relevant abiotic and biotic processes
that contribute to population dynamics and community
structure in time-series data from similar marshes as well
as other systems. For example, wetlands and temporary
ponds that lie in floodplains are irregularly or seasonally
flooded and, therefore, likely experience a range of predator-
permanence conditions over time. Designing sampling pro-
tocols that capture the temporal variation in abiotic pro-
cesses that modify biotic processes will aid in identifying
the relative importance of each process to population dy-
namics and community structure. Likewise, experimental
designs might benefit from using this conceptual model to
choose treatments that will yield greater insights into the
factors controlling populations and communities.
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